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Abstract: The RET receptor tyrosine kinase is a member of the cadherin superfamily and plays a pivotal role in cell
survival, differentiation and proliferation. Currently, 12 ret/ptc chimeric oncogenes, characterized by the fusion be-
tween the intracellular domain of RET and different activating genes, which can cause ligand-independent dimeriza-
tion and constitutive activation, have been described. B-catenin is usually involved in the maintenance of cell-to-cell
adhesion and mediates the Wnt/B-catenin pathway important during embryogenesis and in cellular malignant trans-
formation. Recently, a novel mechanism of RET-mediated function through the B-catenin pathway has been reported
in multiple endocrine neoplasia type 2 and in sporadic thyroid carcinomas. Here, we investigated the effects of the
ZD6474, a small molecule RET-inhibitor, on RET/B-catenin interaction. We confirmed the ZD6474 mediated-
inhibition of recombinant RET kinase and of growth of cells expressing RET/PTC. Interestingly, we firstly observed
reduced cellular mobility and changed morphology of TPC1 treated cells suggesting that RET-inhibitor could affect B-
catenin cellular distribution as resulted in its co-immunoprecipitation with E-cadherin. We further investigated this
hypothesis showing that TPC1 treated cells displayed predominantly 3-catenin cytosolic localization. Surprisingly, RET
and B-catenin co-immunoprecipitated in both ZD6474-treated and untreated TPC1 cells, suggesting that RET/(3-
catenin interaction might not be affected by RET kinase inactivation. All together these results suggest that RET
kinase activation is crucial for 3-catenin stabilization (pY654), localization and its signaling pathway activation but not
for B-catenin/RET physical interactions, in human papillary thyroid carcinomas. In conclusion, ZD6474, by inhibiting
RET kinase, down-modulates f-catenin pathway leading its recruitment to the membrane by E-cadherin.
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Introduction glands, spermatogonia and in thyroid C cells. Its
biological function is not well defined even if
different studies demonstrate its involvement in
embryonic development, cellular migration, pro-

liferation and differentiation [1, 2].

RET is a receptor tyrosine kinase characterized
by an extracellular cadherin-like domain and an
intracellular kinase domain interrupted by an
inter-tyrosine kinase insert region. The c-ret

proto-oncogene is involved in different muta- It is possible to distinguish two classes of ge-

tions and chromosomal rearrangements. RET
receptor is predominantly expressed in tissues
of neuroectodermic derivation. In human em-
bryos, RET is expressed in a cranial population
of neural crest cells, and in the developing nerv-
ous and urogenital systems; while in adults RET
is expressed in several neural crest-derived cell
lines, spleen, thymus, lymph nodes, salivary

netic disease caused by mutations in the c-ret
proto-oncogene: Hirschsprung's disease, that is
due to loss-of-function mutations, and three
types of autosomal dominant cancer syndromes
associated with activating point mutations [3]:
multiple endocrine neoplasia type 2A and 2B
(MEN -2A, -2B) and familial medullary thyroid
carcinoma (FMTC).
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In addition to specific point mutations, the c-ret
proto-oncogene undergoes different gene rear-
rangements that lead to the fusion of the RET
kinase domain to the 5’- terminal regions of
heterologous genes, generating chimeric onco-
genes designated ret/ptc. The hybrid protein
generally is capable of ligand-independent
dimerization, which results in constitutive acti-
vation of kinase function. To date, at least 12
different variants of RET/PTC have been de-
scribed: RET/PTC 1-9, PCM1/RET, ELKS/RET,
and RFP/RET isolated from sporadic and radia-
tion-associated PTCs. In particular, RET/PTC1
originates from chromosome 10 inversion, inv
(10)(q11.2921.2), and results from the fusion
of the RET tyrosine kinase domain and H4
(D10S170) gene, whose function appears to be
related to DNA damage-induced apoptosis [4].
The H4/RET fusion incorporates 101 amino
acids of H4, predicted to encode a leucine zip-
per domain responsible for RET/PTC1 oligomeri-
zation and constitutive tyrosine kinase activity;
interestingly RET/PTC1 rearrangement has
been found to be associated with post-
Chernobyl PTC of long latency [1, 5, 6].

Ret/ptc rearrangements activate the transform-
ing potential of RET by multiple mechanisms.
First, by substituting its transcriptional promoter
with those of the fusion partners, they allow the
expression of RET in the epithelial follicular thy-
roid cells, where it is normally transcriptionally
silent. Secondly, the rearranged constitutively
active chimeric oncoproteins are distributed in
the cytosolic compartment of the cell. More im-
portantly, the RET/PTC kinases form dimers due
to the presence of protein-protein interaction
motifs in RET fusion partners.

B-catenin plays an important role in the mainte-
nance of cell-to-cell adhesion and mediates the
Wnt/B-catenin signal transduction pathway,
important during embryogenesis and in cellular
malignant transformation. In particular, B-
catenin can bind to E-cadherin thus connecting
it to the actin cytoskeleton via B-catenin, while
free B-catenin levels are regulated by activation
of Wnt/B-catenin signaling pathway. In normal
cells, in the absence of Wnt signal, free B-
catenin is constantly targeted for degradation
by a multiprotein complex consisting of Axin, the
tumour suppressor adenomatous polyposis coli
(APC), and the serine/threonine kinase glycogen
synthase kinase 3 B (GSK3B) [7], which phos-
phorylates B-catenin on Ser/Thr residues. Phos-
phorylated B-catenin is then recognized and
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degraded by the proteasome, reducing the level
of cytosolic B-catenin [8-10]. In the presence of
Wnt ligand, the Wnt/ B-catenin pathway is up-
regulated causing inhibition of the degradation
complex. The net result is accumulation of cyto-
solic B-catenin. Stabilized B-catenin will then
translocate into the nucleus and bind to mem-
bers of the T-cell factor (Tcf)/Lymphoid enhanc-
ing factor (Lef) family of DNA binding proteins
leading to transcription of Wnt target genes
such as c-Myc and cyclin D1 [8-10].

Recently, a novel mechanism of RET-mediated
function through the B-catenin signaling path-
way has been reported in multiple endocrine
neoplasia type 2 (MEN 2) and in sporadic thy-
roid carcinoma. In particular, a decrease of RET-
mediated cellular proliferation, colony formation
and tumor growth in nude mice was observed
after down-regulation of B-catenin activity [11].
In addition, a cross talk between RET/PTC and
Met kinase was described in terms of promotion
of B-catenin transcriptional activity, leading to
thyrocyte neoplastic transformation [12]. More-
over, it was demonstrated that in RET/PTC
transfected cells different signaling events,
such as PI3k/Akt and Ras/Erk pathways, down-
stream of RET/PTC, converge on f(-catenin to
stimulate cellular proliferation [13]. All together
these data suggest that RET/PTC fusion pro-
teins could mediate oncogenic transformation
through the B-catenin signaling pathway in pap-
illary thyroid carcinomas.

Here, we investigated the effects of compound
ZD6474 on RET/B-catenin interaction. ZD6474
(Vandetanib, ZACTIMA™) is an anilinoquina-
zoline described by Carlomagno et al. [14] as an
effective small molecule inhibitor of the trans-
forming ability of RET oncoproteins in vitro and
in nude mice and it is currently in phase Il clini-
cal trial for treatment of thyroid carcinomas.

Materials and methods
Antibodies and inhibitors

Anti RET (C-19) rabbit polyclonal antibody
(Santa Cruz), anti b-catenin monoclonal anti-
body (clone 2H4A7, Upstate), E-cadherin anti-
body (Cell Signalling), anti JAK3 (Upstate) and
mouse monoclonal anti-phosphotyrosine 4G10
antibody (anti-PY, Upstate). The horseradish
peroxidase-conjugated anti-mouse or anti-rabbit
secondary antibodies were obtained from GE
Healthcare (Princeton, NJ). ZD6474, RET inhibi-
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tor was synthesized by our laboratory according
to previously described protocol [15].

Cell lines

The human PTC cell lines TPC1 (expressing
RET/PTC1) and NPA (negative for RET expres-
sion and carrying a BRAF(V600E) mutation were
maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% of bovine
serum and 100 U/ml penicillin, 100 pg/ml
streptomycin, 2 mM L-glutamine.

ELISA non-radioactive kinase assay

Recombinant His-tagged RET and ALK kinases
were expressed in Baculovirus system and puri-
fied by Nickel-affinity chromatography as previ-
ously described [16, 17]. Nunclmmuno plates
(Nunc) were coated with peptide at 2.5 pg/well
in 125 pl PBS 1x by incubation overnight at 27 °
C. Wells were washed with 200 ul of wash
buffer (PBS-Tween 0.05%), 80 ul of BSA 4% was
added by incubation for 2 h at 27 °C, then wells
were washed and stored at 4°C.

The kinase reaction was performed by incubat-
ing purified recombinant kinase (50 ng/well) in
reaction buffer (50 mM Tris pH 7.5, 5 mM
MnCl2, 5 mM MgCl2) containing 0.3 mM ATP, in
a total volume of 100 pl/well at 27°C for 20
min. When testing inhibitors, the reaction mix
was pre-incubated with the inhibitor or solvent
control for 10 min at room temperature in a
standard 96-well plate before transferring to the
ELISA plate. The reaction was stopped by imme-
diate washing. Phosphorylated peptide was de-
tected using a monoclonal anti-phosphotyrosine
antibody (4G10, Millipore; 100 pl/well) and a
secondary antibody (anti-mouse IgG-HRP linked
antibody, GE Healthcare). Then the plate was
developed using 100 ul/well TMB
(tetramethylbenzidine) Substrate  Solution
(Endogen) and 0.18 M H2S04 stop solution. The
absorbance was read at 450 nm using an Ultro-
spec® 300 microtiter plate reader (GE Health-
care). ICso values were determined by GraphPad
Prism software fitting the data using nonlinear
regression.

Proliferation assay
Cells were plated (10,000 cells/well) in 96-well
plates. At 24, 48, 72, and 96 h after addition of

increasing concentration of RET-inhibitors, cells
were labelled with 1 uCi/well [3H]thymidine (GE
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Healthcare) for 8 h. Cells were harvested onto
glass fiber filters (Printed Filtermat, PerkinElmer
Life Sciences) and [3H]thymidine incorporation
was measured using a filter scintillation counter
(1430 Micro-Beta, PerkinElmer Life Sciences).

Wound healing assay and cellular morphology

5 x 106 cells were plated in absence of bovine
serum in 60 mm dishes, when cells were at-
tached to the plate a wound has been per-
formed using a p200 tip, then RET inhibitors or
DMSO as control were added and cells have
been visualized under inverted microscope at
the To and at T1gn Of treatment.

Cellular morphology was analyzed on plated
cells on a glass coverslips after May-Grunwald
staining. Treated and untreated cells were then
visualized under inverted microscope.

Immunoprecipitation and Western blotting

Cells (2 x 108) were collected by centrifugation,
washed once with ice-cold phosphate-buffered
saline, and lysed for 30 min in lysis buffer (25
mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% Triton X-
100, 5 mM EDTA, 5 mM EGTA, 1 mM NaVO4, 1
mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, 10 ug/ml of pepstatin-A, leupeptin, and
aprotinin). Lysates were clarified by centrifuga-
tion at 13,000 g for 15 min at 4 °C. Protein
concentration was determined in the super-
natant using the Bio-Rad Protein Assay (Bio-
Rad). Proteins (150 pg) were resolved by SDS-
PAGE and transferred to a nitrocellulose mem-
brane. Primary and secondary antibodies were
added in accordance to manufactory’s instruc-
tions. Proteins were visualized by enhanced
chemiluminescence (ECL) as recommended by
the manufacturer (GE Healthcare). For immuno-
precipitation experiment cell lysate were incu-
bated overnight with primary antibody, then A/G
beads (Santa Cruz) were added for 4 h and then
after washing the unbound proteins were re-
solved by western blotting.

In vitro cold kinase assay

Different recombinant GST tagged b-catenin
mutants, kindly supplied by Dr. A.M.L. Coluccia
(National Nanotechnology Laboratory of CNR-
INFM, University of Salento, Lecce, Italy) ex-
pressed in E.coli were purified using GST-
agarose beads (GE Healthcare) according to the
manufacturer’s instructions. 2 pg of GST tagged
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B-catenin and 2 ug of recombinant RET kinase
domain were incubated for 15 min at 30°C in
the presence of ATP 100 pM. Phosphorylated
proteins were analysed by SDS-PAGE and west-
ern blotting using anti-phosphotyrosine anti-
body.

Preparation of cytosolic and nuclear extract

Tripsinized cells were lysed in a digitonin buffer
(1% digitonin, 150 mM NaCl, 50 mM Tris-HCl,
pH 7.5, 10 mM MgClz, 10 mM benzamidine-
HCI, protease inhibitors). The lysates were cen-
trifuged at 13000 rpm for 10 min, and super-
natants representing cytosolic fractions were
saved. The pellets representing nuclear compo-
nents were lysed in RIPA buffer (150 mM NacCl,
1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS and 50 mM Tris pH 7.5). Same
amount of protein was loaded on and analyzed
by SDS-PAGE.

Confocal Microscopy analysis

TPC1 cells were cultured on glass coverslips
and treated overnight with 5 uM of ZD6474 or
DMSO as a control; then they were fixed with
4% paraformaldehyde, and treated briefly with
0,1 M Glycin in PBS (pH 7.4) followed by 0.3%
Triton X-100 buffer. Cells were incubated over-
night at 4 °C with rabbit anti-RET antibody (c-19,
Santa Cruz Biotechnology) and mouse anti b-
catenin antibody (BD Biosciences). They were
then washed and stained with Alexa Fluor 488-
conjugated donkey anti-rabbit (Invitrogen) and
rhodamine-conjugated donkey anti-mouse
(Rockland, Gilbertsville, PA) secondary antibody
for 1 h at RT. Invitrogen TOTO-3 iodide
(642/660) was used for nuclei staining. Cover-
slips were washed and mounted with 95% glyc-
erol in PBS.

Confocal microscopy was carried out on a Radi-
ance 2100 laser scanning confocal microscope
(Biorad Laboratories) equipped with a Krypton/
Argon laser and a red laser diode. In order to
reduce bleed-through, confocal images were
acquired sequentially. Noise reduction was
achieved by “Kalman filtering” during acquisi-
tion.

Relative quantification by real-time RT-PCR of (3-
catenin target gene

Total RNA was isolated from TPC1 cells, cul-
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tured in presence or not of 5 uM ZD6474 for
18h, using TRIzol (Invitrogen) and cDNA were
prepared using SuperScript Il reverse transcrip-
tase (Invitrogen) according to manufacturer’s.
Real time PCR was carried out using SYBR
Green sequence detection reagents (Applied
Biosystems) in a 25 pl volume containing 100 ng
of cDNA, 12.5 ul of SYBR Green PCR Master Mix
(Stratagene) and 0.1 uM each primer. Primers
used for real time PCR were: c-Myc Fw 5-CTG
TAT GTG GAC GGC TTC TCG-3’; c-Myc Rev 5’-CTG
CTG TCG TTG AGA GGG TAG-3’; cyclin D1 Fw 5’-
GCT GGA GCC CGT GAA AAA GA-3’; cyclin D1 Rev
5’-CTC CGC CTC TGG CAT TTT G-3’; GAPDH Fw
5’-TGC ACC ACC AAC TGC TTA GC-3’; GAPDH Rev
5-GGC ATG GAC TGT GGT CAT GAG-3'. Fluores-
cent signals were detected using an MxPro-
3005 machine (Stratagene). Data analysis was
performed normalizing Ct sample values (c-Myc
and cyclin D1) on GAPDH values used as control
and results of treated cells respect to not-
treated TPC1 cells were presented in bar chart.

Results

ZD6474 inhibits RET kinase activity and trans-
forming ability of TPC1 cells

First, we verified the activity of ZD6474 inhibitor
(Table 1A) on the recombinant His-tagged RET
kinase purified in our laboratory performing an
in vitro ELISA non radioactive kinase assay.
ZD6474 inhibited RET with an I1Cso = 0.097 +
0.006 uM, while it was much less active on ALK
kinase, used as a specificity control (Table 1B).
Then, we assessed the inhibitory effect of
ZD6474 on different cell lines expressing RET/
PTC translocated forms of the RET kinase. In
particular, ZD6474 inhibited proliferation ability
of TPC1 cell line, expressing the RET/PTC1 rear-
ranged form (ICso = 0.1 + 0.01 pM; Table 1C
and Figure 1A) and of BaF3/PTC2 transfected
cells expressing RET/PTC2 translocated onco-
gene (ICso = 0.25 £ 0.03 uM). In contrast,
ZD6474 did not inhibit the proliferation of NPA,
a thyroid carcinoma cell line that does not har-
bour any RET rearrangement, and of non-
transfected BaF3 cells used as controls. In addi-
tion, ZD6474 showed no effect on Karpas299,
an NPM/ALK-transformed cell line (Table 1C).
Therefore, TPC1 cell line is a good cellular
model to assess the effects of ZD6474 on RET-
dependent signaling pathways and in particular
RET/B-catenin interaction.

Am J Cancer Res 2011;1(6):716-725
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A B Table 1. Inhibitory effect of ZD6474 on
RET kinase activity. A. Chemical structure

= B HM (IC50) of ZD6474 compound. B. In vitro non
radioactive ELISA kinase assay on recom-

D/ binant purified His-tagged RET kinase
o N RET ALK domain and GST-ALK kinase domain as
| /)N negative control. Results are presented

le) N as the mean * S.D. (n = 3) of a single
/O/\ 0.09710.006 26.86:1.21 experiment, representative of three inde-
pendent repeats. C. Inhibition of the pro-
liferation ability in cells expressing differ-
c ent forms of RET (TPC1 with RET/PTC1
and BaF3 transfected cells with RET/
PTC2) compared to negative controls.
Results are presented as the mean *
NPA (RET-) TPCL (RET+) BaF3 BaF3-PTC2 K299 S.D. (n = 6) of a single experiment, repre-
sentative of three independent repeats.
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Figure 1. ZD6474 affects the TPC1 cellular mobility and morphology regulating B-catenin distribution. A. Proliferation
assay to determine ZD6474 inhibitor concentration for TPC1 cells compared to NPA cells used as negative control.
Results are presented as the mean = S.D. (n = 6) of a single experiment, representative of three independent re-
peats. B. Wound healing assay performed on TPC1 cells after treatment with 5 mM of ZD6474 or DMSO as control;
percentages of migration are indicated below corresponding slide. On right treated and not-treated samples were
stained with Giemsa in order to underline cellular morphology. Cellular samples were observed under optical micro-
scope with a 10X objective. C. Immunoprecipitation with anti-E-cadherin antibody showing that major amount of B-
catenin co-immunoprecipitated in TPC1 cells treated with 5 mM of ZD6474.

ZD6474 affects TPC1 cellular mobility and mor- concentration that assures complete suppres-
phology by inhibiting nuclear localization of 3- sion of TPC1 proliferation during the assay
catenin (Figure 1A), and a lower ZD6474 concentration

(2 uM). TPC1 cells treated for 18 h with both 5
A wound healing assay was performed with and 2 uM of ZD6474 displayed reduced cellular
TPC1 cells in the presence of 5 uM ZD6474, a mobility compared to the untreated cells (Figure
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Figure 2. ZD6474 affects the B-catenin cellular localization. A. Confocal microscopy analysis showing that TPC1 cells
treated with 5 mM ZD6474 display cyto/membrane localization respect to nuclear localization of the untreated cells.
Cellular samples were observed under confocal microscope with a 60X objective (zoom 2.5X). B. Cyto-nuclear ex-
tracts display that in the treated TPC1 cells B-catenin is predominantly in the cytosol, and not in the nucleus as in the

untreated ones.

1B, T18 h). In particular, the number of ZD6474
-treated cells that moved into the region of the
wound was reduced from 100% to 19% at 5 uM
ZD6474 and to 47% at 2 uM ZD6474 com-
pared to non-treated sample (Figure 1B). More-
over, inhibitor treatment modified cellular mor-
phology, as shown in the corresponding May-
Grinwald staining (Figure 1B, on the right), in
which treated cells appeared to be packed to-
gether with reduced branching formation ability
that was evident in non-treated ones.

Changes in morphology and mobility suggested
an involvement of adhesion molecules such as
E-cadherin and p-catenin, therefore we per-
formed an immunoprecipitation assay using anti
E-cadherin antibody and then western blotting
analysis with anti B-catenin antibody. Cells
treated with ZD6474 compound displayed a
higher amount of B-catenin bound to E-cadherin
compared to the untreated control (Figure 1C).
This result suggested that ZD6474 can influ-
ence B-catenin subcellular localization.

In order to assess this hypothesis we performed
a confocal microscopy analysis to study pB-
catenin and RET/PTC cellular distribution
(Figure 2A). While B-catenin showed a nuclear
localization in untreated cells, it was mainly lo-
cated in the cytosol and on the plasma mem-
brane in cells treated with ZD6474 (Figure 2A
left panels); while RET/PTC did not change its
cellular distribution (Figure 2A middle panels).
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We confirmed confocal microscopy results by
performing a western blotting analysis of sub-
cellular fraction extracts. In this case, we ob-
served that in the treated sample B-catenin was
predominantly localized in the cytosol, while in
the untreated one B-catenin displayed more
nuclear localization (Figure 2B, first panel).
Moreover, we evaluated tyrosine phosphoryla-
tion level of B-catenin in both extracts observing
that only nuclear B-catenin was phosphorylated
(Figure 2B middle panel). The purity of cellular
extracts was controlled by western blotting
analysis with JAK3 antibody that was predomi-
nantly in the nucleus (Figure 2B, nuclear ex-
tracts third panel).

ZD6474 inhibitor effect does not disrupt physi-
cal interaction between RET and B-catenin in
TPC1 cells

In order to determine the effect of ZD6474 on
the physical interaction between RET and B-
catenin, we performed a co-immunoprecipita-
tion assay after treating cells with or without 5 p
M of ZD6474 for 18 hours. Surprisingly, B-
catenin and RET co-immunoprecipitated regard-
less of RET inhibition by ZD6474 (Figure 3). We
verified the inhibitory effect of ZD6474 by ana-
lyzing tyrosine phosphorylation of RET and (-
catenin, which was significantly diminished
upon inhibitor treatment (Figure 3). Therefore
ZD6474 inhibits RET activity and tyrosine phos-
phorylation, leading to a reduction of B-catenin

Am J Cancer Res 2011;1(6):716-725
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Figure 3. ZD6474 inhibitor does not interfere with
RET/B-catenin binding. Co-immunoprecipitation assay
was performed on TPC1 cells treated and not treated
with 5 mM of ZD6474, using anti-RET and anti-B-
catenin antibodies and same antibodies for respec-
tively western blotting as shown in the first and sec-
ond panel. Western blotting analysis using anti-
phosphotyrosine (pY) antibody was displayed in third
and fourth panel respectively for RET and B-catenin.

tyrosine phosphorylation. However, the binding
between the two proteins is not disrupted in
TPC1 cells.

Recombinant RET preferentially phosphorylates
tyrosine-654 of GST-tagged (-catenin

Altogether, our results for the first time sug-
gested a physical interaction between RET and
B-catenin proteins in TPC1 cells, that is not af-
fected by inhibition of RET catalytic activity. At
this point, we asked which tyrosine residues
could be directly phosphorylated by RET kinase.
First, we systematically mutated tyrosine resi-
dues in GST-tagged B-catenin; in particular Y86,
Y142 and Y654, which play an important role in
B-catenin phosphorylation-mediated stability,
were changed to phenylalanine [18]. We gener-
ated single and double mutants. Then we per-
formed an in vitro cold kinase assay incubating
recombinant RET kinase with WT and different
mutants of GST- tagged B-catenin in the pres-
ence or absence of ATP and cofactors. Western
blotting analysis of the kinase reaction products
was then performed using anti-phosphotyrosine
antibody (Figure 4 upper panel). In order to per-
form a quantitative evaluation of this result a
densitometry analysis was performed normaliz-
ing signals on loading control. Interestingly, we
observed a reduced level of tyrosine phosphory-
lation in the Y654F single mutant and Y8G6F-
Y654F double mutant, about 25% and 30% re-
spectively, compared to WT and other mutants,
indicating that Y654 tyrosine residue may be
preferentially phosphorylated by RET kinase
(Figure 4 lower panel).
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Figure 4. RET preferentially phosphorylates Y654
tyrosine residue of B-catenin. Cold non radioactive
kinase assay was performed using 2 ug of each GST
tagged B-catenin purified mutated proteins and re-
combinant His-RET in presence or not of ATP 100
mM. Western blotting analysis was performed using
anti-phosphotyrosine (pY) antibody and anti f-
catenin for loading control. Densitometry analysis
was also performed using Image J program normaliz-
ing values considering corresponding loading and
WT.

Effects of ZD6474 inhibitor on the RET/3-
catenin interaction and signals

We present here a model of the ZD6474 effect
on the interaction among RET, (-catenin and E-
cadherin. In non-treated cells part of B-catenin
may be phosphorylated on Y654 and stabilized
by RET/PTC kinase, thus being able to migrate
into the nucleus and turn target genes transcrip-
tion on. When RET/PTC-expressing cells are
treated with ZD6474 inhibitor, RET/PTC is inac-
tivated, B-catenin does not enter the nucleus
and is recruited by E-cadherin to the membrane,
thus causing a change in morphology and mi-
gration ability of the cells (Figure 5A). Moreover,
B-catenin target genes are shut off. Indeed, real-
time PCR analysis showed suppression of c-Myc
and cyclin D1 expression by ZD6474, in con-
trast to the expression of Jun B that is not a
target of B-catenin and was unaltered (Figure
5B).

Discussion
Papillary thyroid carcinomas are characterized
by different fusion proteins generated by chro-

mosomal rearrangements that fuse the intracel-
lular kinase domain of RET to various heterolo-

Am J Cancer Res 2011;1(6):716-725
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Figure 5. Model describing the effect of ZD6474 inhibitor on RET/B-catenin interaction. A. When Ret/PTC expressing
cells are treated with ZD6474 inhibitor, Ret/PTC is inactivated, therefore more B-catenin can be recruited by E-
cadherin to the membrane changing morphology and migration ability of cells. B. Real Time PCR analysis of normal-
ized expression of c-Myc and cyclin D1, B-catenin target genes in TPC1 cells treated with 5 mM ZD6474 (red) and not-
treated cells (blue). Jun B, that is not a B-catenin target gene, was used as control. Results are normalized to endoge-
nous GAPDH expression used as control and are presented as the mean + S.D. (n = 3) of a single experiment, repre-

sentative of three independent repeats.

gous gene partners. The RET/PTC1 rearrange-
ment, involving the H4 (D10S170) fusion part-
ner, is one of the most frequently detected in
PTCs. Approximately 90% of RET/PTC1-positive
papillary thyroid tumors have lost the expres-
sion of the normal H4 (D10S170) allele. This
might result in a growth advantage in tumor
progression [5, 19, 20].

B-Catenin plays an important role in the canoni-
cal Wnt pathway where it is tightly regulated by
serine-threonine phosphorylation [7-9, 21]. In
addition, B-catenin has a structural function at
cell-cell adhesion sites, acting as a bridge be-
tween the cytoplasmic domain of cadherins and
the actin-containing cytoskeleton [22, 23]. B-
Catenin complex with the cytoplasmic tail of E-
cadherin is mostly regulated by phosphorylation
of the Y654 tyrosine residue, which induces (-
catenin dissociation from E-cadherin [24].

Gujral et al. published a study focused on multi-
ple endocrine neoplasia type 2 (MEN2) and spo-
radic thyroid carcinoma demonstrating that nu-
clear localization of B-catenin was frequent in
thyroid tumours and their metastases from
MEN2 patients and also that down-regulation of
B-catenin activity decreased RET-mediated cel-
lular proliferation, colony formation and tumor
growth in nude mice. In this study for the first
time a close relationship between RET and j-
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catenin proteins was described [11]. Additional
studies described RET and B-catenin pathways
in PTCs [12, 13]. However, the effects of RET
inhibition on B-catenin function have not yet
been investigated. Here we focused our atten-
tion on the inhibition of RET/PTC1 kinase activ-
ity using ZD6474, a potent RET inhibitor that is
being tested in clinical trials for the treatment of
thyroid cancer [14, 25, 26].

First, we verified the inhibitory effect of RET
kinase activity using purified recombinant His-
tagged RET-kinase domain and then in order to
validate our model we performed proliferation
assay on TPC1 cell line and other cell types. Our
results confirmed that ZD6474 compound was
able to inhibit RET kinase activity and to selec-
tively block RET-dependent proliferation in TPC1
thyroid cancer cell line derived from papillary
thyroid cancer (Table 1).

Next, we assessed the effects of RET inhibitor
on TPC1 cells motility and morphology (Figure
1B). In order to be sure that cellular prolifera-
tion was totally inhibited during the wound heal-
ing assay, we used 5 uM of ZD6474 compound,
as demonstrated by the proliferation assay
(Figure 1A). Anyway we observed similar results
using 2 uM of ZD6474 (Figure 1B). The effect
caused by ZD6474 RET inhibitor suggested for
the first time a direct involvement of E-cadherin

Am J Cancer Res 2011;1(6):716-725



RET/B-catenin interaction in TPC1 cells

and B-catenin [24]. Therefore, we performed
immunoprecipitation assay to show that, in cells
treated with the inhibitor, more B-catenin was
bound to E-cadherin compared to untreated
cells (Figure 1C). Moreover, we performed con-
focal microscopy analysis and cell fractionation
to verify the effect of ZD6474 on B-catenin cel-
lular localization (Figure 2). We observed that
cells treated with inhibitor displayed a marked
cytosolic and membranous B-catenin distribu-
tion, suggesting that RET/PTCZ1 inhibition might
cause destabilization of B-catenin that is no
longer able to migrate into the nucleus. Conse-
quently, more B-catenin is available to be re-
cruited to the membrane by E-cadherin. Inter-
estingly, our results showed that ZD6474 inhib-
ited RET kinase activity without interfering with
the RET / B-catenin binding, suggesting that this
interaction is independent of RET activity.

In order to assess which tyrosine residues of [3-
catenin are phosphorylated by RET kinase, we
mutagenized three tyrosine residues of a GST-
tagged B-catenin protein, generating single and
double mutants, and run an in vitro kinase as-
say using recombinant His-tagged RET kinase
domain. Western blotting analysis supported by
densitometry analysis showed that Y654 tyro-
sine residue was directly phosphorylated by RET
Kinase.

Altogether our results suggest that in the ab-
sence of RET inhibitor, B-catenin phosphoryla-
tion on Y654 by RET/PTC kinase leads to (-
catenin migration into the nucleus and activa-
tion of target genes (Figure 5A). When RET/PTC
is inactivated by ZD6474, the lack Y654 phos-
phorylation causes B-catenin recruitment by E-
cadherin to the membrane. This B-catenin accu-
mulation to the membrane triggers a change in
the cells concerning morphology and migration
ability. Moreover, as shown by realtime PCR
analysis of c-Myc and cyclin D1 expression, (-
catenin target genes are dowregulated in
ZD6474-treated cells, confirming loss of B-
catenin transcriptional activity in these cells
(Figure 5B). Surprisingly, however, ZD6474
slightly reduces but does not abolish RET/ B-
catenin interaction. This indicates that RET cata-
lytic activity is not required for RET/B-catenin
association.

Investigating the effects of ZD6474, as a RET

inhibitor, has improved our knowledge of direct
interaction between RET, pB-catenin and E-
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cadherin proteins. We demonstrated that
ZD6474 interferes with B-catenin phosphoryla-
tion and localization without affecting its binding
to RET.
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