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Context: Poorly differentiated thyroid carcinomas are refractory to common anticancer therapies,
and novel inhibitors are being tested in these deadly malignancies. The epidermal growth factor
receptor (EGFR) tyrosine kinase represents an attractive target for treatment because it is up-
regulated in thyroid cancer and plays a role in cancer progression. However, EGFR inhibitors have
provided poor results in thyroid carcinomas.

Objective: We evaluated the possible mechanism underlying the resistance of thyroid cancer cells
to EGFR inhibitors.

Design: We tested the effect of the EGFR tyrosine kinase inhibitor gefitinib in a panel of thyroid
cancer cell lines.

Results: We found thatin most of the cell lines, although gefitinib inhibited EGFR phosphorylation,
it was poorly effective in reducing cell viability. gefitinib , however, was able to inhibit epidermal
growth factor-induced cell migration and matrixinvasion. In most thyroid cancer cell lines, gefitinib
significantly inhibited Akt phosphorylation by inhibiting EGFR activation, but it had limited or no
effect on ERK phosphorylation. The poor cell response to gefitinib was associated with genetic
alterations, leading to constitutive activation of the ERK pathway, including BRAF%%E) and
HRASC12A4/Q61R mtations and RET/PTC1 rearrangement. When BRAFV60%E)_positive thyroid cancer
cells were incubated with the specific BRAF inhibitor PLX4032, sensitivity to gefitinib was restored.
Similar results were obtained with rat sarcoma and RET/papillary thyroid cancer inhibitors.

Conclusions: These results indicate that thyroid cancer resistance to gefitinib is due to the consti-
tutive activation of the mitogenic pathway by either signals downstream of EGFR or other tyrosine
kinase receptors. This resistance can be overcome by the combined use of selective inhibitors. (J Clin
Endocrinol Metab 98: 2502-2512, 2013)

pidermal growth factor (EGF) belongs to a family of
related peptides (EGF-like growth factors), including
TGFa, amphiregulin, heparin binding-EGF, epiregulin,
heregulins, neuregulins, and B-cellulin (1-3). Receptors
for EGF-like growth factors include the following: the
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EGF receptor (EGFR or ErbB1/HER1), ErbB-2/Neu/
HER2, ErbB-3/HER3, and ErbB-4/HER4 (4).

The EGFR is overexpressed in most human carcinomas
(5, 6). The up-regulation of the EGF system has made this
pathway an attractive target for anticancer therapies (7,
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8). Two classes of EGFR antagonists have been developed:
monoclonal antibodies and small-molecule tyrosine ki-
nase inhibitors (9). Cetuximab is a monoclonal antibody
against the extracellular domain of the EGFR, inhibiting
EGF binding (9), whereas gefitinib and erlotinib are 2
small-molecule tyrosine kinase inhibitors that block
EGFR autophosphorylation (10).

Thyroid cancer is the most common endocrine malig-
nancy and accounts for approximately 1% of total cancers
(11). Although most well-differentiated thyroid cancers
(papillary and follicular) can be successfully treated by
surgery, radioiodine and TSH-suppressive T, therapy
(12), no efficacious options are available for poorly dif-
ferentiated or undifferentiated (anaplastic) thyroid carci-
nomas, which display important chemoresistance (13).
Therefore, novel drugs and targeted therapies may repre-
sent an alternative option for these patients.

EGFR is overexpressed in thyroid cancer cells and tis-
sues (14-18), and its expression is associated with a neg-
ative prognosis (3, 14) and a poorly differentiated pheno-
type (19). Studies of thyroid cancer cells indicate that EGF
promotes cell proliferation, an invasive phenotype, and
epithelial-to-mesenchymal transition (20-23). Moreover,
EGF is able to enhance vascular endothelial growth factor
receptor secretion in cells lacking TSH receptors (24). In
thyroid cancer cells, the activation of EGFR by its ligand
is accompanied by the activation of both the ERK and Akt
pathways (25). Accordingly, anti-EGF and anti-TGF-«
antibodies inhibit thyroid cancer cell proliferation in vitro
(26-28), indicating that EGFR is a potential target for the
inhibition of thyroid tumor growth in patients with poorly
differentiated thyroid carcinomas.

Gefitinib is the first EGFR-targeting drug showing
promising results in various solid tumors in preclinical and
clinical studies (9, 29, 30). In thyroid cancer, gefitinib de-
creased tumor cell growth in vitro and in thyroid cancer
xenografts that overexpress EGFR (17). Moreover, ge-
fitinib potentiates the effect of ionizing radiation on thy-
roid cancer cells, suggesting that combined treatment
could achieve a similar growth inhibition effect with a
reduced radiation dose and toxicity (31). Despite these
promising results, thyroid cancer cell sensitivity to EGFR
inhibition has been reported to be variable and unpredict-
able (32).

The present study was aimed at identifying predictive
factors for the response of thyroid cancer to gefitinib . We
evaluated the effect of gefitinib in a panel of thyroid cancer
cell lines and studied the possible signaling pathways in-
volved in resistance to the drug. In particular, we studied
the effect of gefitinib on the EGFR signaling pathway in
different thyroid cancer cells and evaluated the combined
effect of gefitinib with classical chemotherapeutic agents
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or inhibitors of the most common thyroid cancer onco-
genes: BRAF(V9%E) ' renin-angiotensin system (RAS), and
RET/papillary thyroid carcinoma (PTC).

Materials and Methods

Cells and materials

Papillary thyroid cancer cell TPC-1 lines (RET/PTC positive)
and BC-PAP (BRAFV®°E positive) were provided by Drs A.
Fusco and M. Santoro (Naples, Italy). Anaplastic thyroid cancer
cells SW1736 (BRAFV®YE positive), Hth-74, and C-643
(RASC1ZA/QEIR 1 hsitive) were provided by Dr N. E. Heldin
(Uppsala, Sweden), whereas the FF-1 (BRAFY¢%°F positive) cell
line was established in our laboratory. Papillary 8505-C
(BRAFY®°°F positive) and follicular FTC-133 (phosphatase and
tensin homolog deleted from chromosome 10 negative) thyroid
cancer cells were purchased from European Animal Cell Culture
(Salisbury, United Kingdom). The follicular cancer cell line
WRO was provided by A. Fusco (Naples, Italy). Normal thyro-
cytes in primary culture (pooled from 10 different samples) were
established from surgical human specimens as previously re-
ported (33). RAS and BRAF mutations in thyroid cancer cell lines
were confirmed by PCR amplification and sequencing, as pre-
viously reported (34). These cell lines were grown in complete
RPMI 1640 (Sigma, St Louis, Missouri), with the exception of
FTC-133 cells, which were grown in complete DMEM F-12. The
human esophagus carcinoma cells A431 (Dr D. Weir, Boston,
Massachusetts) were grown in complete MEM.

The EGFR tyrosine kinase inhibitor gefitinib (Iressa,
7ZD1839), the BRAF inhibitor PLX4032, the multikinase inhib-
itor BAY73-4506 (regorafenib), and the farnesyltransferase in-
hibitor tipifarnib were purchased from Selleck (Houston,
Texas).

Cell viability

Cell proliferation was evaluated by the methylthiazolyl tetra-
zolium test (MTT; Amersham Biosciences), which measures the
ability of viable mitochondria to reduce soluble tetrazolium salts
to insoluble formazan. MTT was measured by dissolving
formazan in dimethylsulfoxide and reading the absorbance at
405 nm. Cells (1.5 X 10%) were seeded in 96-well plates. After 24
hours, increasing concentrations of gefitinib , PLX4032, rego-
rafenib, and tipifarnib, either alone or in combination, were
added to the incubation medium for 48 hours in dose-response
experiments. Cells were also treated with gefitinib alone or in
combination with chemotherapeutic drugs (2 uM doxorubicin,
5 pg/mL cisplatin, or 5 ug/mL Taxol).

Fluorescence-activated cell sorting analysis

The effect of gefitinib was evaluated by fluorescence-acti-
vated cell sorting (FACS) analysis. The cell cycle distribution and
apoptosis of thyroid cancer cells were evaluated after 48 hours of
treatment with 1 uM gefitinib. For cell cycle analysis, cells were
fixed and permeabilized with absolute ethanol and incubated
with propidium iodide and ribonuclease (Sigma-Aldrich) for 1
hour at 4°C. Cells were then subjected to FACS analysis to de-
termine DNA content (FL2). Apoptosis was measured by stain-
ing intact cells with fluorescein isothiocyanate-annexin and pro-
pidium iodide (BD Biosciences, Franklin Lakes, New Jersey)
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according to the manufacturer’s protocol. The cells were then
evaluated by FACS analysis (fluorescein isothiocyanate, 1/4 FL1,
propidium iodide 1/4 FL2).

Invasion assay

For inhibition studies, cells were preincubated with 1 uM
gefitinib for 12 hours and maintained with this compound for the
duration of the experiment. Approximately 10° cells resus-
pended in 200 uL medium were placed on 6.5-mm-diameter
polycarbonate filters (8 um pore size; Corning Costar Corp,
Cambridge, Massachusetts) coated on the lower and upper side
with 1.2 mg/mL of Matrigel (BD Biosciences Labware, Bedford,
Massachusetts). A total of 1 ug/mL EGF in 1 mL of medium was
added to the lower compartment. The plates were incubated at
37°C with 5% CO, for 48 hours. At the end of the incubation,
the cells and the Matrigel on the upper side of the filter were
removed with a cotton swab. Cells that had migrated to the lower
side of the filter were stained with 0.1% crystal violet in 20%
methanol for 20 minutes. After 3 washes with water and com-
plete drying, the crystal violet was solubilized by filter immersion
in 10% acetic acid. The solubilized crystal violet concentration
was measured as absorbance at 590 nm.

Immunoblot analysis

Cells were incubated with or without 1 uM gefitinib for 2
hours and lysed with radioimmunoprecipitation assay buffer
containing 0.1% sodium dodecyl sulfate and protease inhibitor
cocktail (Roche Biochemical Inc, Basel, Switzerland). Samples
were resuspended in loading buffer, separated by SDS-PAGE,
and transferred to nitrocellulose membranes (Amersham, Little
Chalfont, United Kingdom). The membranes were blocked with
5% milk-Tris-buffered saline and 0.1% Tween 20 and immu-
noblotted with primary antibody (1 wg/mL). Appropriate horse-
radish peroxidase-conjugated secondary antibodies were added
at 1:2000 (Amersham Biosciences), and proteins were visualized
by enhanced chemiluminescence (Amersham). Densitometric
analysis was performed by Image] software (National Institutes
of Health, Bethesda, Maryland).

Immunoprecipitation analysis

Cells were incubated with gefitinib as above and lysed in cold
radioimmunoprecipitation assay buffer. Cell lysates were incu-
bated at 4°C for 2 hours with 4 ug of the anti-EGFR antibody
coated with protein G-sepharose. Inmunoprecipitates were sub-
jected to SDS-PAGE and proteins transferred to nitrocellulose
membranes, immunoblotted with antiphosphotyrosine 4G10
monoclonal antibody, and detected by enhanced chemilumines-
cence. Membranes were stripped and reprobed with an anti-
EGEFR rabbit polyclonal antibody.

The following antibodies were used for Western blotting:
polyclonal anti-phosphorylated (p) EGFR and anti-EGFR anti-
bodies (Santa Cruz Biotechnology, Santa Cruz, California);
polyclonal anti-pERK, anti-ERK, anti-pAKT, and anti-AKT an-
tibodies (Cell Signaling Technology Inc, Danvers, Massachu-
setts); and a monoclonal antiphosphotyrosine antibody (4G10)
from Upstate Biotechnology Inc (Lake Placid, New York).

Statistical analysis
The results were compared by a 2-way ANOVA. Significance
was determined with a # test (*, P < .05; **, P < .01; ***, P <
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.001). Statistical analysis was carried out with Microsoft Excel
software (Redmond, Washington).

Results

Gefitinib inhibits both basal and EGF-stimulated
EGFR phosphorylation in thyroid cancer cells

We preliminarily tested the effect of increasing doses of
EGF on viability of cell lines belonging to different thyroid
cancer histotypes by MTT assay (Figure 1A). The indi-
cated doses of EGF stimulated proliferation of thyroid
cancer cells at variable extent (Figure 1A). The effect was
stronger in A431 cells, overexpressing EGFR (1, 8) and
used as a positive control. In contrast, EGF was without
effect in normal thyrocytes (Figure 1A).

To explore the role of EGFR activation in thyroid can-
cer cell biology, we tested the effect the tyrosine kinase
inhibitor gefitinib on EGFR phosphorylation in the same
panel of thyroid cancer cell lines. A431 cells were used as
a positive control. Cells were exposed to 1 uM gefitinib for
2 hours. This concentration is physiologically relevant be-
cause the plasma levels of the drug obtained in humans
with the current orally administered doses are 0.5-1.0 uM
or more (35). Western blot analysis with anti-EGFR and
anti-pEGFR antibodies indicated that thyroid cancer cells
expressed the EGFR protein to various extents (Figure
1B). Among the thyroid cancer cells tested, the highest
EGFR protein content was observed in SW-1736 cells, and
the lowest was observed in 8505-C cells. Anti-pEGFR
Western blotting showed a variable degree of basal EGFR
phosphorylation in thyroid cancer cells (Figure 1B). In all
thyroid cancer cells and A431 cells, gefitinib markedly
inhibited basal EGFR phosphorylation (Figure 1B). It was
interesting to note that normal thyrocytes displayed a low
level of EGFR phosphorylation (Figure 1A). We then stud-
ied the effect of gefitinib on ligand-stimulated EGFR phos-
phorylation. TPC-1 (RET/PTC positive), BC-PAP and
SW-1736 (BRAFVOF) positive), and WRO and Hth74
(BRAFV69F) pegative) cells were treated with 1 wg/mL
EGF for 5 minutes in either the presence or the absence of
1 uM gefitinib. Cell lysates were immunoprecipitated with
ananti-EGFR antibody and then blotted with an antiphos-
photyrosine antibody as indicated in the Materials and
Methods (Figure 1C). These results indicate that, at vari-
ance with normal thyrocytes, EGF variably stimulated
thyroid cancer cell proliferation, and the mitogenic effect
of EGF did not correlate with the level of expression/phos-
phorylation of EGFR. Moreover, gefitinib markedly in-
hibited both basal EGFR and ligand-stimulated EGFR
phosphorylation (Figure 1C, lower panels).
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Figure 1. Gefitinib inhibits both basal and EGF-stimulated EGFR phosphorylation in thyroid
cancer cells. A, The indicated cell lines were seeded in 96-well plates and incubated with
increasing doses of EGF (0.1, 1.0, 10.0, 100.0, and 1000.0 ng/mL) for 48 hours. Cell viability was
measured by the MTT assay. Each point represents the mean + SE of 3 separate experiments
performed in quadruplicate. B, Cell monolayers were incubated in the presence or absence of 1
uM gefitinib for 2 hours. Lysates were then subjected to Western blot analysis with an anti-
pEGFR antibody, as described in Materials and Methods. A431 cells (overexpressing EGFR) were
used as a positive control. Filters were reblotted with an anti-EGFR antibody for protein
normalization. A representative experiment is shown and results of densitometric analysis are
also indicated. Top, EGFR densitometry (first lane is expressed as 100); bottom, pEGFR
densitometry (first lane is expressed as 100); middle (bold), pEGFR to EGFR ratio. C, Cell
monolayers were incubated with 1 wg/mL EGF for 5 minutes in the presence or absence of 1 uM
gefitinib. Cell lysates were first subjected to immunoprecipitation with an anti-EGFR antibody and
then Western blotted with an anti-PY antibody, as described in Materials and Methods. Filters
were reblotted with an anti-EGFR antibody. PY, phospho tyrosine.
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ure 2A, left panel). These results in-
dicate that, with the exception of
WRO and Hth-74 cells, most thy-
roid cancer cells are refractory to the
effect of gefitinib on cell viability.

To better characterize the effect of
gefitinib on thyroid cancer cell via-
bility, we evaluated the cell cycle dis-
tribution and apoptosis by FACS
analysis (Figure 2B). Cells were in-
cubated for 48 hours in the presence
or absence of 1 uM gefitinib and
then subjected to FACS analysis.
Propidium iodide staining and FACS
analysis indicated that gefitinib in-
duced significant G1 arrest in A431,
WRO, and Hth-74 cells but not in
FTC-133, C643, and SW-1736 cells
(Figure 2B). Annexin staining and
FACS analysis indicated that ge-
fitinib significantly increased apo-
ptosis in A431, WRO, and Hth-74
cells but not in FTC-133, C643, and
SW-1736 cells (Figure 2B). These re-
sults indicate that despite the marked
inhibition of EGFR phosphoryla-
tion, gefitinib reduces cell viability,
cell cycle progression, and apoptosis
only in some thyroid cancer cells and
has only a minor effect in most of the
tested cell lines. These observations
suggest that, despite the inhibition of
EGFR by gefitinib, most thyroid can-
cer cells are resistant to the effect of
gefitinib on cell viability.

Gefitinib enhances sensitivity to
chemotherapeutic drugs in only
some thyroid cancer cells

It has been reported that gefitinib

Gefitinib has little effect on thyroid cancer cell
viability and apoptosis

We then tested the effect of gefitinib on thyroid cancer
cell viability compared with A431 cells. At 10 uM, ge-
fitinib consistently reduced (approximately 40%) the
number of viable WRO and Hth-74 cells, which was close
to the 60% inhibition observed in A431 cells (Figure 2A,
right panels). In the other thyroid cancer cell lines, ge-
fitinib’s effect was variable but always less than 40%, even
at the highest concentration tested (Figure 2A, right pan-
els). Parallel anti-pEGFR Western blots with increasing
doses of gefitinib indicated that 1 uM gefitinib was able to
inhibit EGFR phosphorylation in all cell lines tested (Fig-

may also improve the chemosensitivity of cancer cells via
several mechanisms, including down-regulation of anti-
gen-presenting cell transporter (36). Given the poor effect
of gefitinib alone on thyroid cancer cell viability, we in-
vestigated whether gefitinib could increase the cytotoxic
effects of chemotherapeutic drugs. Cells were treated with
2 uM doxorubicin, 5 ug/mL cisplatin, or 5 uM Taxol in
the presence or absence of 1 uM gefitinib as indicated in
Materials and Methods. The MTT assay revealed that ge-
fitinib potentiated the effect of all 3 chemotherapeutic
drugs in A431, Hth74, and WRO cells; was minimally
effective in FF-1, SW-1736, and BC-PAP cells; and had no
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Figure 2. Effects of gefitinib on thyroid cancer cell viability, the cell cycle, and apoptosis. A, Right,
The indicated cell lines were seeded in 96-well plates and incubated with increasing doses of gefitinib
(0.5,1.0,2.0,5.0, 10, and 20 uM) for 48 hours. Cell viability was measured by the MTT assay. Each
point represents the mean + SE of 3 separate experiments performed in quadruplicate. Left, Cell
monolayers were incubated in the presence or absence of 0.1, 1.0, or 10 uM gefitinib for 2 hours.
Lysates were then subjected to Western blot analysis with an anti-pEGFR antibody, as shown above.
A representative experiment is shown and on top of panels are indicated results of densitometric
analysis (first lane densitometry expressed as 1.0). B, The indicated cell lines were incubated with 1
M gefitinib for 48 hours. Upper panel, propidium iodide staining and FACS analysis of cell cycle
distribution by DNA content. Columns indicate the percentage of total cells in each cell cycle phase
and represent the mean * SE of 3 separate experiments. Statistical comparisons with untreated cells
are shown for each cycle phase. Lower panel, Annexin staining and FACS analysis of apoptotic cells.
Columns indicate the percentage of total cells that are apoptotic and represent the mean + SE of 3
separate experiments. *, P < .05; **, P < .01; *** P < .001.
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effectin FTC-133, 8505, TPC-1, and
C-643 cells (Table 1). These results
indicate that gefitinib enhanced the
cytotoxic effect of doxorubicin, cis-
platin, and Taxol in the same thyroid
cancer cell lines in which it also re-
duced viability when used alone. In
the other thyroid cancer cell lines
(with the partial exception of FF-1
cells), gefitinib had only a minor or
no effect. Collectively, these results
confirm that gefitinib is effective
mainly in the WRO and Hth-74 thy-
roid cancer cells.

Gefitinib inhibits EGF-induced
cell invasiveness

Evidence indicates that EGFR acti-
vation is involved in invasiveness and
the epithelial-mesenchymal transition
of cancer cells (37). We therefore in-
vestigated whether gefitinib was able
to inhibit EGF-induced thyroid cancer
cell invasiveness in a reconstituted
basal membrane system (Matrigel; BD
Biosciences Labware). To this end,
TPC-1, 8505-C, and BC-PAP cells
were selected because these lines were
poorly sensitive to gefitinib in terms of
cell viability. Gefitinib-sensitive A431,
Hth-74, and WRO cells were used as
controls (Figure 3B). Cells were al-
lowed to migrate through modified
Boyden chambers in the presence or
absence of EGF, as described in Ma-
terials and Methods. Gefitinib had
minimal or no effect on basal (un-
stimulated) cell migration in all cells
tested (Figure 3). EGF significantly en-
hanced migration through Matrigel
(BD Biosciences Labware) in all cells
tested, with a more prominent effect in
A431, WRO, and Hth-74 cells (Figure
3). Incubation with gefitinib (1 uM)
significantly reduced EGF-stimulated
cell invasiveness in all cell lines. This
effect, however, was quantitatively
variable, with less effect in TPC-1 cells,
which are poorly responsive to EGF
(Figure 3). These results indicate that
independent of the effect on cell pro-
liferation, the inhibition of EGFR ac-
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Table 1. Effect of Gefitinib on the Cytotoxic Effect of Chemotherapeutics

Doxorubicin, Cisplatin, 5 Taxol, 5
Untreated 2 pM prg/mL prg/mL
A431
Basal 100 = 3.3 9.6 = 19.1 96.4 =45 259 = 11.7
Gefitinib, 1 uM 44.1 = 16.07 5.7 +5.9° 242 + 437 10.2 £ 9.1°¢
WRO
Basal 100 £ 9.5 124+ 48 848+ 11.2 58.7 £12.0
Gefitinib, 1 uM 46.6 = 11.57 3.5 + 45°¢ 19.6 = 8.4° 15.3 £ 5.3°
Hth-74
Basal 100 £ 6.4 47.9 £ 9.1 199 6.9 552 =55
Gefitinib, 1 uM 45.1 = 10.1° 13.5+5.3° 6.3 + 4.6° 16.5 = 9.1°¢
FTC-133
Basal 100 £ 3.5 39.3+6.3 289 =83 51.34.7
Gefitinib, 1 uM 97.1 %29 419=*45 355+ 13.1 51.67 £ 6.6
FF-1
Basal 100 £ 8.7 13474 26.3 = 10.8 524 6.9
Gefitinib, 1 uM 79.3 £8.1° 16.3 9.7 14.2 = 5.4° 44.49 + 9.5°
SW-1736
Basal 100 £ 94 36.5+53 56.7 £9.2 39.0 6.3
Gefitinib, 1 uM 87.9 = 10.2° 346 46 48.8 = 14.5° 326+ 7.1°
8505-C
Basal 100 £ 3.5 288 9.6 78.7 =47 274 +7.8
Gefitinib, 1 uM 106.1 £ 4.6 229 *6.0 82858 339+22
TPC-1
Basal 100 £4.5 13.8 £ 13.3 42.7 £ 9.9 343+ 11.1
Gefitinib, 1 uM 86.2 =174 127 £53 372142 357 *+96
C-643
Basal 100 £ 4.7 102.1 £45 495 * 13.7 51.0 = 9.1
Gefitinib, 1 uM 107.2 £ 3.1 102.5 +6.3 51.9 +12.8 55.8 £ 10.3
BC-PAP
Basal 100 £49 32.0x7.8 50474 30.3 52
Gefitinib, 1 uM 90.6 £ 6.2 29.7 = 8.1 46.3 = 5.7° 36.2 £ 19.1

Table shows the effect of gefitinib, alone or in combination with chemotherapy drugs, on cell viability. The indicated cell lines were seeded in 96-
well plates and grown in 10% fetal bovine serum. Then cells were incubated in the presence or the absence of 1 uM gefitinib alone or in
combination with 2 uM doxorubicin, 5 uM cisplatin, or 5 uM Taxol for 48 hours. Cell viability was then measured by the MTT assay. The data
indicate the mean =+ SE of 3 separate experiments performed in quadruplicate and are expressed as a percentage of the control.

a p<.001.
b pP< .05.
< p< .01

tivation by gefitinib reduces the effect of EGF on the inva-
siveness and migration of most thyroid cancer cells.

Gefitinib inhibits EGFR downstream signaling
molecules to variable degrees in different thyroid
cancer cells

To better understand why most thyroid cancer cells are
not responsive to gefitinib in terms of viability and apo-
ptosis despite the marked inhibition of EGFR phosphor-
ylation, we studied the intracellular pathways down-
stream of EGFR phosphorylation. We evaluated the
phosphorylation of both ERK1/2 (p42 and p44 MAPKs)
and protein kinase B/Akt, 2 major downstream targets of
activated EGFR. Cell lines were exposed to 1 uM gefitinib
, and anti-pAkt or anti-pERK Western blotting was per-
formed. Cell treatment with gefitinib completely inhibited
ERK1/2 phosphorylation in A431 cells and inhibited ERK
phosphorylationin WRO, Hth-74,and FTC-133 cells. No

significant effect was observed in the other thyroid cancer
cell lines (Figure 4) despite the inhibition of EGFR phos-
phorylation. No change in the total ERK protein expres-
sion level was observed (Figure 4). It is interesting to note
that gefitinib inhibited ERK phosphorylation in thyroid
cancer cells expressing wild-type BRAF (WRO, Hth-74,
and FTC-133) (38, 39) but not in cell lines harboring the
BRAFV69E) mutation (8505-C, SW-1736, BC-PAP, and
FF-1) (38, 39). Gefitinib also showed no effect in 2 cell
lines expressing wild-type BRAF but harboring either the
HRASC12A/QEIR 1hytation or the RET/TPC-1 rearrange-
ment (C-643 and TPC-1 cells, respectively).

Gefitinib at 1 uM significantly reduced Akt-stimulated
phosphorylation in all thyroid cancer cell lines with the
exception of C-643 cells [which harbor HRASG12A/QEIR
which may directly activate the phosphatidylinositol 3-ki-
nase (PI3K) pathway] (40) and FTC-133 cells (which are
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Gef. (1uM) - - + + - - + + major role in determining gefitinib

Figure 3. Effect of gefitinib (Gef.) on EGF-stimulated Matrigel invasion (BD Biosciences
Labware). The indicated cells were incubated in the presence or absence of 1 uM gefitinib ,
collected, and allowed to migrate through Matrigel-coated transwells for 48 hours in the

resistance in thyroid cancer cells har-
boring this mutation.

presence or the absence of 1 uM gefitinib , 1 ug/mL EGF, or both as indicated in Materials and

Methods. Migrated cells were stained with crystal violet, and the absorbance was measured at
590 nm. Columns indicate the percentage of basal condition and are the mean + SE of 3
separate experiments performed in triplicate. *, P < .05, **, P < .01, ***, P < .001 for the

effect of gefitinib in EGF-stimulated cells.

phosphatase and tensin homolog deleted from chromo-
some 10 deficient and therefore have PI3K pathway up-
regulation) (41) (Figure 4). No significant change was ob-
served in Akt protein levels (Figure 4). Akt phosphorylation
was fully inhibited in A431 cells (Figure 4).

Taken together, these results indicate that in thyroid
cancer cells, EGFR inhibition by gefitinib may not neces-
sarily imply the inhibition of the downstream ERK path-
way. This discrepancy may be explained by the oncogene-
driven activation of downstream signaling molecules that
may stimulate the signaling pathway independent of
EGFR activation, promoting cell growth.

Inhibition of BRAF increases sensitivity to gefitinib
in thyroid cancer cells harboring the BRAF(V60°F)
mutation

Based on the hypothesis that constitutively activated
pathways downstream of EGFR make gefitinib poorly ef-
fective (42), we first explored the role of BRAFV?%F) | the
most common genetic alteration in thyroid cancer. To this

Inhibition of RAS or RET/PTC
increases sensitivity to gefitinib
in thyroid cancer cells harboring
a RAS mutation or RET/PTC
rearrangement

We then explored whether, similar to BRAF
other molecular abnormalities leading to the constitutive

V600E)
b

activation of the RAS pathway may also be responsible for
thyroid cancer cell resistance to gefitinib . C-643 cells har-
boring the HRASG12A/Q61R mutation and TPC-1 cells
harboring a RET/TPC1 rearrangement were incubated
with the RAS inhibitor tipifarnib (44) and the RET inhib-
itor regorafenib (45), respectively. Tipifarnib significantly
enhanced the effect of increasing doses of gefitinib on cell
viability in C-643 cells harboring the HRASG12A/Q61R
mutation (Figure 5B) but did not change the effect of ge-
fitinib in BC-PAP cells harboring wild-type RAS. In C-643
cells, anti-pERK Western blotting indicated that com-
bined treatment with tipifarnib and gefitinib almost com-
pletely inhibited the phosphorylation of ERK (Figure 5B).
Similarly, regorafenib significantly enhanced the effect of
gefitinib on cell viability in TPC-1 cells harboring the RET/
PTC-1 rearrangement (Figure 5C) but showed no effect in
FTC-133 cells harboring wild-type RET/PTC-1 and RAS.
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Figure 4. Effects of gefitinib on the major EGFR downstream signaling pathways in thyroid
cancer cells. The indicated cell lines were incubated with 1 uM gefitinib for 2 hours. Lysates were
then blotted with either anti-pERK or anti-pAkt antibodies. Filters were reblotted with anti-ERK
antibody, anti-Akt antibody, or an anti-B-actin antibody for protein normalization. A
representative experiment is shown and results of densitometric analysis are also indicated. Top,
pERK and pAkt densitometry (higher signal is expressed as 100); bottom, pERK and pAkt
densitometry (higher signal is expressed as 100); middle (bold), pERK/ERK and pAkt to Akt ratio.

Anti-pERK Western blotting indicated that combined
treatment with regorafenib and gefitinib nearly com-
pletely abolished ERK phosphorylation in TPC-1 cells
(Figure 5C). These results indicate that the constitutive
activation of the RAS pathway caused by BRAF or RAS
mutations or RET/PTC rearrangement makes thyroid
cancer cells resistant to the gefitinib inhibition of EGFR.

Discussion

In accordance with previous reports, the present study
indicates that all thyroid cancer cells express active EGFR
(17), promoting cancer cell proliferation and invasiveness,
and may be effectively blocked by the selective EGFR in-
hibitor gefitinib .

However, despite the marked inhibition of EGFR phos-
phorylation, gefitinib significantly affected cell viability
and apoptosis in only a few cell lines (WRO and HTh-74).
This limited effect of gefitinib on thyroid cancer cell pro-
liferation paralleled its poor inhibitory effect on the acti-
vation of the ERK pathway. In contrast, gefitinib inhibited
Akt activation in most thyroid cancer cell lines. Overall,
gefitinib was not effective in thyroid cancer cell lines har-
boring mutations of molecules that cause the constitutive
activation of the ERK pathway, downstream of EGFR or
independent of EGFR activation (42). Therefore, 8505-C,
SW-1736, BC-PAP, and FF-1 cells, which harbor
BRAFV¢00E) ' C_643 cells, which harbor HRAS¢124/Q61R
(46), and TPC-1 cells, which harbor RET/PTC-1 (47), do

doxorubicin and cisplatin. This ob-
servation is in accordance with pre-
vious data obtained in other cancer
cell types indicating that inhibition
of the EGFR pathway results in im-
paired DNA repair capacity after cell
exposure to DNA-damaging agents
(48, 49) and increased expression of
antigen-presenting cell transporter (36). Gefitinib , how-
ever, was able to inhibit invasiveness in most thyroid can-
cer cells independently of the presence of mutations acti-
vating downstream EGFR signaling on the ERK pathway.
This effect of gefitinib therefore occurs via an ERK-inde-
pendent pathway, most likely by inhibiting the EGFR
postreceptor PI3K/Akt pathway, in accordance with the
hypothesis that this pathway is important in mediating
EGF-induced cancer cell migration (50).

The poor effect of gefitinib on the proliferation and
apoptosis of most thyroid cancer cells is due therefore to
the EGFR-independent overactivation of the ERK path-
way, regardless of the cause. When the specific oncogenic
mechanism of each cell line was addressed by the selective
inhibition of BRAFY®?°®) by PL.X4032 and mutated RAS
or rearranged RET/PTC (by tipifarnib and regorafenib,
respectively), the effect of gefitinib on those thyroid cancer
cells was restored. Moreover, experiments with siRNA for
BRAF indicated that depletion of BRAF in BRAFYV¢0%F)
positive cells restores the effect of gefitinib , thereby con-
firming the specific effect of PLX4032 (see Supplemental
Table 1B, published on The Endocrine Society’s Journals
Online web site at http://jcem.endojournals.org). These
observations are in line with previous data indicating that
BRAF and KRAS mutations are a frequent mechanism of
resistance to EGFR-targeting therapies (51-53). Because
both BRAF and RAS belong to the RAS/RAF/MEK/ERK
pathway, when either BRAF or RAS is constitutively ac-
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Figure 5. Effect of oncogene inhibition on thyroid cancer cell response to gefitinib. A, Effect of BRAF inhibition on thyroid cancer cell response to
gefitinib . The indicated cell lines were seeded in 96-well plates and incubated with increasing doses of gefitinib (0.5, 1.0, and 5.0 uM), PLX4032
(0.1, 1.0, and 10 uM), or both for 48 hours. Cell viability was measured by the MTT assay. B, Effect of the inhibition of mutated RAS on thyroid
cancer cell response to gefitinib . C-643 (RAS mutated thyroid cancer cells) and BC-PAP (wild type RAS thyroid cancer cells) were seeded in 96-well
plates and incubated with increasing doses of gefitinib (Gef.; 0.5, 1.0, and 5.0 wM), the RAS inhibitor tipifarnib (0.1, 1.0, and 10 uM) or both for
48 hours. Cell viability was then measured by the MTT assay. C, Effect of the inhibition of rearranged RET/PTC-1 on thyroid cancer cell response to
gefitinib. TPC-1 thyroid cancer cells harboring the RET/PTC1 rearrangement and FTC-133 thyroid cancer cells expressing wild-type RET/PTC1 were
seeded in 96-well plates and incubated with increasing doses of gefitinib (0.5, 1.0, and 5.0 wM), the RET inhibitor regorafenib (0.1, 0.5, and 1.0
uM), or both for 48 hours. Cell viability was measured by the MTT assay. Each column represents the mean = SE of 3 separate experiments
performed in quadruplicate. Statistical comparison is made with untreated cells. * P < .05; **P < .01; ***P < .001. Representative anti-pERK
Western blots are shown to visualize the effect of the inhibitors on ERK phosphorylation. On top of blots are indicated the results of densitometric

analysis (first lane densitometry is expressed as 1).

tivated, the inhibition of EGFR by gefitinib has no effect
on cell proliferation.

The RET/PTC rearrangement similarly causes consti-
tutive activation of ERK and gefitinib resistance. Experi-
ments performed with the ERK inhibitor PD98059 con-
firm that ERK activation is responsible for the lack of
effect of gefitinib in BRAF(V600E)-positive cells because
ERK inhibition results in a decrease of cell viability at an
extent similar to that obtained in BRAF-depleted cells (see
Supplemental Table 1A). Although these results were ob-
tained in vitro, they may have potential clinical applica-
tions in targeted therapies for poorly differentiated thy-
roid carcinomas, because these malignancies often harbor
BRAFV9%E) and RAS mutations. Clinical trials with ge-
fitinib , performed in small series of patients with this type
of cancer, have provided poor results (54). It is reasonable
to speculate that most of the cancers treated harbored
either BRAF or RAS mutations and therefore were poorly
responsive to gefitinib . Hence, genotyping for BRAF and
RAS can be useful to select patients and combined thera-

pies. For instance, combined treatment with EGFR and
BRAF inhibitors has provided good results in colon car-
cinoma cells, in which EGFR up-regulation is responsible
for the poor response to the BRAF inhibitor PLX4032
(55). Moreover, a multiple-target tyrosine kinase inhibi-
tor, such as vandetanib, which inhibits 3 receptors (EGFR,
vascular endothelial growth factor receptor, and RET),
has recently been documented to improve the clinical out-
come of patients with locally advanced or metastatic thy-
roid cancer (56).

In conclusion, although EGFR is highly expressed in
thyroid cancer cells, this does not imply an EGFR-depen-
dent oncogene addiction that may be easily targeted by
effective EGFR inhibitors. Resistance to gefitinib is pres-
ent in all thyroid cancer cells in which an EGFR-indepen-
dent mechanism for ERK pathway activation is present.
Even in the presence of constitutive activation of the ERK
pathway, gefitinib is still able to inhibit the PI3K pathway
and, via this mechanism, reduce thyroid cancer cell inva-
siveness. Further in vivo investigations are required to val-
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idate these in vitro results and confirm that a multitarget
anticancer therapy may be tailored according to the spe-
cific molecular abnormalities of each cancer to override
the malignant cell resistance to one inhibitor, even though
the inhibitor is effective for its target.
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