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The insulin receptor (IR) occurs in two isoforms (IR-A and
IR-B) resulting from alternative splicing of exon 11 of the
gene. The IR-A isoform is predominantly expressed in fetal
tissues and malignant cells and binds IGF-II with high affin-
ity. We previously observed that IRs are overexpressed in
thyroid cancer cells; now we evaluated whether these cells
preferentially express IR-A and produce IGF-II, which would
activate a growth-promoting autocrine loop. The IR content
ranged 6.0-52.6 ng/100 pg cell membrane protein in thyroid
cancer primary cultures (n = 8) and permanent cell lines (n =
6) vs. 1.2-1.7 in normal thyroid cells (n = 11 primary cultures;
P < 0.0001). IR-A isoform relative abundance ranged from
36-79% in cancer cells (with the highest values in undiffer-
entiated cancers) vs. 27-39% in normal cells. Similar results

were obtained in normal vs. cancer thyroid tissue specimens.
IGF-II caused IR autophosphorylation with an ED;, of 1.5-
40.0 nM in cancer cells vs. more than 100 nM in normal cells;
IGF-II affinity correlated with the relative abundance of IR-A
(r = 0.628; P < 0.0001). IGF-II was expressed in all cancer cells,
highly expressed in anaplastic cells, and less expressed in
normal cells.

In conclusion, malignant thyrocytes, especially when
poorly differentiated, produce IGF-II and overexpress IR, pre-
dominantly as IGF-II-sensitive isoform A. A growth-promot-
ing autocrine loop is activated, therefore, and may affect thy-
roid cancer biology. (J Clin Endocrinol Metab 87: 245-254,
2002)

HYROID CANCER ORIGINATING from the follicular
epithelium is represented by well differentiated tu-
mors (papillary or follicular) in over 90% of cases and by
undifferentiated tumors in the remaining 10% of cases. Can-
cer-related mortality ranges from approximately 10% in dif-
ferentiated tumors up to 100% in undifferentiated tumors (1).
The mechanisms determining thyroid cancer aggressiveness
and/or dedifferentiation are incompletely understood (2, 3).
Pituitary TSH is a major growth factor for differentiated
thyroid tumors, but not for those poorly differentiated (2).
Even in differentiated tumors, however, TSH suppression
may not be sufficient to prevent or inhibit local invasion and
metastatic spread, indicating that other factors may be im-
portant for tumor progression (1). These factors include nu-
merous growth factors and their tyrosine kinase receptors
that may be abnormally overexpressed or constitutively ac-
tivated in thyroid tumors and influence the tumor biological
behavior (4-10).

We recently observed that insulin receptors (IRs) are over-
expressed in most thyroid tumors as an early step in thyroid
carcinogenesis (11). The role of overexpressed IRs was not
clear, because insulin is not locally produced in these tumors.
One possibility is that IRs may contribute to transmit the
mitogenic signals of insulin homolog IGF-I and IGF-II, pro-
duced locally in thyroid cancers (12, 13). IGFs are potent

Abbreviations: HNMPA, Hydroxy-2-naphthalenylmethyl phospho-
ric acid triacetoxymethyl ester; IGF-BP, IGF-binding protein; IR, insulin
receptor; IGF-I-R, IGF-I receptor; MPR, mannose-6-phosphate receptor;
PMSEF, phenylmethylsulfonylfluoride.
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mitogenic and antiapoptotic factors that play a major role in
a variety of human malignancies (14). Both IGFs are believed
to signal through the IGF-I receptor (IGF-I-R), because they
have a low affinity for IR (15, 16). However, we recently
identified new mechanisms for the interaction of IGFs with
IR. One mechanism involves paracrine IGF-I secretion. IR
overexpression may amplify the response of thyroid malig-
nant cells to locally produced IGF-I by increasing the for-
mation of IR/IGF-I-R hybrids (heterodimers formed by one
IR @- and B-subunit complex and one IGF-I-R a- and B-
subunit complex) (17). Hybrid receptors bind IGF-I with high
affinity, similar to that of typical IGF-I-Rs (18). Another
mechanism involves direct IR interaction with IGF-II. Al-
though in most cells IGF-II interacts with IR with relatively
low affinity, atypical IRs that bind IGF-II with high affinity
have been described in human placenta and IM-9 lympho-
blasts (19, 20). In addition, in IGF-I-R-deficient mouse fibro-
blasts that overexpress the IR, IGF-II stimulates cell prolif-
eration via this receptor, which behaves, therefore, as an
IGF-II-R (21). The molecular basis of this phenomenon relies
on the fact that IGF-II binds with high affinity and activates
only one of the two IR isoforms, isoform A (22). The relative
abundance of IR isoforms A and B is tightly regulated in a
tissue-specific manner by alternative splicing of the 36-bp
exon 11 (Ex 11-) of the IR gene (23). Although the IR-B
isoform is predominantly expressed in most adult tissues, the
IR-A isoform, which binds IGF-II with high affinity, is pref-
erentially expressed in fetal tissues and in certain human
malignancies, including breast cancer (22, 24).
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In the present study we tested the hypothesis that the IR,
overexpressed in most thyroid tumors (11, 17), may behave
as an IGF-II-R. We investigated, therefore, the expression of
IR-A in thyroid cancer cells and its relevance in establishing an
autocrine loop with IGF-II. We found that 1) malignant thyro-
cytes overexpress IR, predominantly as isoform A; 2) autocrine
IGF-II production is activated in malignant thyrocytes; 3) IR-A
may be directly activated by IGF-II and mediates its mitogenic
effect; and 4) both IR-A and IGF-II expression in thyroid cancer
correlate with tumor dedifferentiation.

The present data, therefore, identify a novel autocrine
loop, involving IGF-II and the IR-A, which may contribute to
determine thyroid cancer progression and aggressiveness,
especially in undifferentiated carcinomas.

Materials and Methods
Materials

The following materials were purchased: FCS, glutamine, and gen-
tamicin were obtained from Life Technologies, Inc. (Paisley, UK); RPMI
1640 medium, BSA (RIA grade), bacitracin, phenylmethylsulfonylfluo-
ride (PMSF), and porcine insulin were obtained from Sigma (St. Louis,
MO); protein A-Sepharose was obtained from Pharmacia Biotech (Upp-
sala, Sweden); '*I-labeled insulin (SA, 74,000 GBq/mmol) was obtained
from Amersham Pharmacia Biotech (Little Chalfont, UK); IGF-I and
IGF-II were obtained from Calbiochem (La Jolla, CA); human Del(1-
6)IGF-II was obtained from Upstate Biotechnology, Inc. (Lake Placid,
NY).

The following antibodies were employed: 1) anti-IR antibodies:
MA-20 and MA-51 monoclonal antibodies that recognize IR a-subunit
(I. D. Goldfine, San Francisco, CA) (25, 26), CT-1 monoclonal antibody
that recognizes the IR B-subunit (27) and 83-7 monoclonal antibody that
recognizes the IR a-subunit (K. Siddle, Cambridge UK) (28), and rabbit
polyclonal antibody that recognizes the IR -subunit (Transduction Lab-
oratories, Inc., Lexington, KY); 2) anti-IGF-I-R antibodies: «IR3 mono-
clonal antibody that recognizes IGF-I-R a-subunit (29) (Oncogene
Research, Cambridge, MA), and chicken polyclonal antibody that rec-
ognizes IGF-I-R a-subunit (Upstate Biotechnology, Inc.). Antiphospho-
tyrosine 4G10 and anti-IGF-II (clone S7F2) monoclonal antibodies were
purchased from Upstate Biotechnology, Inc. Monoclonal antibody an-
timannose-6-phosphate receptor (anti-MPR) was purchased from
Calbiochem.

Thyroid cell cultures and human tissue specimens

Thyroid primary cell cultures were prepared from both neoplastic
(papillary, n = 7; anaplastic, n = 1) and normal thyroid tissue (n = 11)
obtained at surgery. Briefly, the tissue was fragmented with a scalpel,
suspended in PBS without Ca?" and Mg?", and digested with a solution
of type V collagenase (1 mg/ml) in a 37 C shaking bath for 90 min. The
cell suspension, containing intact and fragmented thyroid follicles, was
centrifuged (400 X g for 10 min), and the pellet was resuspended in
culture medium consisting of RPMI 1640 supplemented with 2 mm
glutamine, 5 ug/ml gentamicin, and 3% FCS. Under these conditions
follicles formed a monolayer after 1-2 d. The medium was routinely
changed every 2 d. To score the degree of nonepithelial cells present in
the cultures, epithelial thyroid cells were identified by indirect immu-
nofluorescence staining with anti-Tg and anticytokeratin antibodies as
previously described (30). Less than 5% cells were cytokeratin negative,
indicating that contamination with nonepithelial cells was low.

Permanent thyroid cancer cell lines (TPC-1, B-CPAP, NPA, FRO,
WRO, and ARO) (31-33) and thyroid primary cultures were grown in
RPMI 1640 supplemented with 2 mm glutamine, 10% FCS, and 5 ug/ml
gentamicin. In all cell lines the medium was routinely changed every 2 d.

Thyroid tissue specimens were collected at surgery, immediately
frozen, and stored in liquid nitrogen until processing. Twenty-one thy-
roid cancer specimens (13 differentiated, 4 less differentiated, and 4
anaplastic) and 5 normal thyroid specimens were used.
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Thyroid membrane fraction preparation

The crude thyroid membrane fractions were prepared as follows.
Briefly, homogenized tissue specimens or confluent cells were harvested
and washed twice with PBS and once with Tris buffer, pH 7.4 (50 mm
Tris-HCl, 20 mm benzamidine, 200 ug/ml bacitracin, 30 ug/ml apro-
tinin, and 10 mM PMSF). They were resuspended in Tris buffer, soni-
cated three times for 10 sec each time, and centrifuged at 2500 rpm for
10 min at 4 C. Supernatants were removed and saved. The pellets were
resuspended in Tris buffer, sonicated three times for 20 sec each time,
and centrifuged as in the previous step. Supernatants were removed and
added to the previous ones. Combined supernatants were centrifuged
at 11,000 rpm for 30 min at 4 C. The pellets were resuspended in Tris
buffer using a syringe with a 25-gauge needle. The suspensions were
aliquoted in microfuge tubes and centrifuged for 30 min. Supernatants
were removed, and pellets were stored at —80 C.

Cell monolayers, tissues, and membrane fractions were solubilized
with 50 mm HEPES buffer, pH 7.6, containing 1 mm PMSF, 1 mg/ml
bacitracin, 150 mm NaCl, 2 mM sodium orthovanadate, and 1% Triton
X-100 for 60 min at 4 C. The solubilized material was then centrifuged
at 10,000 X g, and the supernatant was frozen at —80 C until assayed.
The protein content in the cellular extracts was measured by the bicin-
choninic acid method (Pierce Chemical Co., Rockford, IL).

IR and isoform measurements

IR ELISA. IRs were captured by incubating membrane fraction lysates
from cells or tissues in Maxisorp immunoplates (Nunc, Roskilde, Den-
mark) precoated with 2 pug/ml MA-20, as previously described (24).
After washing, the immunocaptured receptors were incubated with the
biotinylated anti-IR CT-1 antibody (0.3 pg/mlin 50 mm HEPES-buffered
saline, pH 7.6, containing 0.05% Tween 20, 1% BSA, 2 mm sodium
orthovanadate, 1 mg/ml bacitracin, and 1 mm PMSF) and then with
peroxidase-conjugated streptavidin. The peroxidase activity was deter-
mined colorimetrically by adding 100 ul 3,3’,5,5'-tetramethylbenzidine
(0.4mg/mlin 0.1 M citrate-phosphate buffer, pH 5.0, with 0.4 ul/ml 30%
H,0,). The reaction was stopped by the addition of 1 m H;PO,, and the
absorbance was measured at 450 nm.

IR isoform relative abundance was measured by RT-PCR, as previ-
ously described (24, 34). Briefly, total cellular RNA was isolated from
each cell line or specimen using TRIzol RNA isolation reagent (Life
Technologies, Inc., Gaithersburg, MD). First strand cDNA synthesis was
performed on 4-8 ug total RNA using Moloney murine leukemia virus
reverse transcriptase (Life Technologies, Inc.) and random hexamer
primers (Pharmacia Biotech) in a total volume of 40 ul 75 mm KCl, 50
mwM Tris-HCl (pH 8.3), 3 mm MgCl,, and 0.5 mm dNTPs.

c¢DNA synthesis reaction (5-ul volume) was combined in a 50-pul final
reaction volume for PCR amplification containing 0.2 um oligonucleo-
tide primers spanning nucleotides 2229-2250 (5'-AAC-CAG-AGT-
GAG-TAT-GAG-GAT-3") and 2844-2865 (5'-CCG-TTC-CAG-AGC-
GAA-GTG-CTT-3’) of the human IR and 1.25 U Tag DNA polymerase
(AmpliTaq, Perkin-Elmer Corp.). PCR amplification was carried out for
30 cycles of 15 sec at 95 C, 30 sec at 60 C, and 45 sec at 72 C, using a DNA
thermal cycler (Perkin-Elmer Corp.). Products of PCR amplification
were resolved by electrophoresis on 5% polyacrylamide gels. The elec-
trophoretic analysis showed the 600- and 636-bp DNA fragments rep-
resenting Ex11~ and Ex11" IR isoforms, respectively. Gels were silver
stained, and band density was quantified by scanning densitometry.

Ligand-binding assay for IR

Membrane fractions were solubilized as described above, and IR was
immunocaptured by incubating for 22 h in Maxisorp immunoplates
Break-Apart (Nunc, Roskilde, Denmark), precoated with 2 ug/ml an-
ti-IR 83-7. After washing, the immunocaptured receptors were incubated
with [**’I]insulin (10 pm in 50 mm HEPES-buffered saline, pH 7.6,
containing 0.05% Tween 20, 1% BSA, 2 mm sodium orthovanadate, 1
mg/ml bacitracin, and 1 mm PMSF) in the presence or absence of
increasing concentrations of various unlabeled ligands (insulin, IGF-I, or
IGF-II). After 2 h at room temperature, plates were washed, and the
radioactivity in each well was counted in a y-counter.
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IR autophosphorylation: ELISA

IR autophosphorylation in intact cells. Ligand-activated IR autophosphor-
ylation in intact cells was measured as previously described (35). Cells
in monolayer cultures were stimulated with increasing doses (0-100 nm)
of insulin, IGF-II, or IGF-I for 5 min at 37 C. Cells were then solubilized,
and receptors were captured by incubating cell lysates (containing ~2
ng receptor) in Maxisorp plates precoated with antireceptor antibody
MA-20. After washing, a biotinylated antiphosphotyrosine antibody
(4G10 aPY from Upstate Biotechnology, Inc., Lake Placid, NY; 0.3 ug/ml
in 50 mm HEPES-buffered saline, pH 7.6, containing 0.05% Tween 20, 1%
BSA, 2 mm sodium orthovanadate, 1 mg/ml bacitracin, and 1 mm PMSF)
was added to reveal phosphorylated receptors by the peroxidase-con-
jugated streptavidin method. Peroxidase activity was determined colo-
rimetrically by adding 100 ul 3,3’,5,5'-tetramethylbenzidine (0.4 mg/ml
in 0.1 M citrate-phosphate buffer, pH 5.0, with 0.4 ul/ml of 30% H,O,).
The reaction was stopped by the addition of 1 m H;PO,, and the ab-
sorbance was measured at 450 nm.

IR phosphorylation in isolated receptors. IR kinase activity was also mea-
sured in purified receptors. Membrane fractions were solubilized as
described above and IR immunocaptured in Maxisorp plates coated
with the anti-IR antibody MA-20. The immunopurified receptors were
then stimulated with various concentrations of either insulin or IGFs in
the presence of ATP (10 um), MgCl, (10 mm), and MnCl, (2 mm). After
washing, the phosphorylated proteins were incubated with an antiphos-
photyrosine-biotin-conjugated antibody, and the reaction was detected
as described above.

IR autophosphorylation: Western blot analysis

Confluent cells were incubated in serum-free medium for 48 h, stim-
ulated with 10 nm insulin, IGF-II, or IGF-I for 5 min at 37 C, and
solubilized in RIPA buffer [50 mm Tris (pH7.4), 1% NP-40, 0.25% sodium
deoxycolate, 150 mm NaCl, 1 mm EGTA (pH 8.0), 1 mm PMSF, 10 ug/ml
aprotinin, 10 pwg/ml leupeptin, 10 ug/ml pepstatin, 2 mm Na orthovana-
date, and 1 mm NaF]. Cell lysates were immunoprecipitated with either
anti-IR (MA-20 monoclonal), or anti-IGF-I-R («-IR3 monoclonal) anti-
bodies. Immunoblottings were performed using 4G10 antiphosphoty-
rosine antibody. To show the amounts of receptors loaded in each lane,
filters were first subjected to stripping in Tris-HCI buffer (62.5 mm, pH
6.7) containing 2% SDS and 100 mm B-mercaptoethanol for 30 min at 50
C. Next, the half-filter containing IRs was reprobed with an anti-IR
B-subunit polyclonal antibody, and the half-filter containing IGF-I-Rs
was reprobed with an anti-IGF-I-R a-subunit polyclonal antibody. All
immunoblots were revealed by an ECL method (Amersham Pharmacia
Biotech), autoradiographed, and subjected to densitometric analysis.

Measurement of IGF-1/1I production

IGF-I and IGF-II mRNA content in human thyroid cancer cell lines
and tissue specimens was evaluated by PCR. Total RNA was prepared
from cells and tissue specimens using TRIzol RNA isolation reagent (Life
Technologies, Inc.). First strand cDNA synthesis was performed on 4-8
pg total RNA using Moloney murine leukemia virus reverse transcrip-
tase (Life Technologies, Inc.) and random hexamer primers (Amersham
Pharmacia Biotech) in a total volume of 40 ul 75 mm KCl, 50 mm Tris-HCl
(pH 8.3), 3 mm MgCl,, and 0.5 mm dNTPs. PCR amplification was
performed with 5 ul cDNA, adding 1.25 U Taq polymerase (Perkin-
Elmer Corp.), 2.5 mm specific primers, 2.5 mm MgCl,, and 0.2 mm
dNTPs. The following primer sequences were used: 5'-3', GAA-GTC-
GAT-GCT-GGT-GCT-TC; and 3'-5', CTT-CCG-ATT-GCT-GGC-CAT-
CT. Conditions for PCR were: 94 C for 30 sec, 60 C for 30 sec, and 72 C
for 30 sec for 30 cycles. PCR products were resolved by electrophoresis
on 5% polyacrylamide gels and silver stained.

IGF-II protein secreted by cultured thyroid cancer cells in the con-
ditioned medium was measured by a commercial immunoradiometric
assay that detects only the IGF-II mature form (BIOS, Naples, Italy) and
was expressed as nanograms of IGF-II secreted per h/10° cells.

Cell growth studies

To evaluate to what extent the mitogenic effect of IGF-II on thyroid
cancer cells occurred via the IR, the growth of B-CPAP and ARO cells
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was measured in the presence or absence of the anti-IR blocking anti-
body MA-51 as previously described (36). Briefly, cells (1.5 X 10% were
seeded in 96-well plates. After 24 h the medium was removed and
replaced with medium containing 1% charcoal-stripped FCS. After an
additional 24 h various concentrations of insulin, IGF-II, or IGF-I (0-10
nM) were added in fresh medium in the presence of a 5-fold molar excess
of MA-51, alR-3, or both antibodies. Normal mouse IgGs were used in
control wells. Cell growth was measured after 4 d by measuring the rate
of tetrazolium salts reduction to formazan (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide, Amersham Pharmacia Biotech),
which is proportional to the number of living cells (37). At the end of the
incubation the absorbance was read at 540 nm.

To investigate the autocrine effect of IGF-II two different methods
were used: 1) B-CPAP or ARO cells were cultured in serum-free me-
dium, and their growth rate was measured in the presence of a blocking
anti-IGF-II monoclonal antibody at 2 ug/ml concentration or in the
presence of an unrelated monoclonal antibody (control cultures); 2) in
serum-starved cells growth was also evaluated at 2, 4, and 6 d in the
presence or absence of 10 nm exogenous IGF-II with or without the
addition to the culture medium of 1 pg/ml hydroxy-2-naphthalenyl-
methyl phosphoric acid triacetoxymethyl ester (HNMPA), a specific IR
tyrosine kinase inhibitor (38).

MPR Western blot analysis

To measure IGF type Il receptor (MPR), membrane proteins extracted
from thyroid cells were separated by SDS-PAGE (7.5% polyacrylamide)
under nonreducing conditions. Immunoblotting was performed using
an anti-MPR antibody. The immunoblot was revealed by an ECL method
(Amersham Pharmacia Biotech), autoradiographed, and subjected to
densitometric analysis.

Statistical analysis

Differences between means were evaluated using paired f test, Mann-
Whitney test, or one-way ANOVA, as indicated in Results. The ability
of IGF-II to activate the IR and the relative abundance of IR-A were
correlated by linear regression analysis. The statistical program PRISM
(GraphPad Software, Inc., San Diego, CA) was used.

Results

IR overexpression and predominance of IR isoform A in
malignant thyrocytes: relationship with the degree of
cancer differentiation

IRs were measured by ELISA in cell membrane prepara-
tions from both thyroid cell primary cultures and a variety
of thyroid malignant cells in permanent culture. Primary
cultures were obtained from either normal thyroid (n = 11)
or thyroid carcinomas (papillary, n = 7; anaplastic, n = 1).
The median IR content was 8.7- to 37.6-fold higher in ma-
lignant thyrocytes compared with normal thyrocytes, which
expressed the IR at 1.2-1.7 ng /100 ug cell membrane protein
(Table 1).

The relative abundance of the two IR isoforms was then
evaluated by RT-PCR in both normal and cancer thyroid cells
in primary cultures. Interestingly, isoform A (IR-A) was often
predominant in cancer cells, whereas isoform B (IR-B) was
predominant in normal cells. The proportion of IR-A in-
creased from 27-39% in normal thyrocytes to 36—-65.2% in
papillary cancer cells and 69.8% in anaplastic cancer cells
(Table 1 and Fig. 1).

Six permanent thyroid cancer cell lines (papillary, n = 3;
follicular, n = 2; anaplastic, n = 1) were also evaluated.
Similarly to what observed in primary cultures, in these
cancer cells both the IR content and the IR-A relative abun-
dance were clearly increased compared with those in normal
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TABLE 1. IR content and relative abundance of isoform A (IR-A)
in primary cultures obtained from normal thyroid and thyroid
carcinomas

Thyroid cells IR (ELISA; IR-A

ng/100 pg protein) (RT-PCR; %)

Normal thyroid cells (n = 11)

Mean =+ sD 1.5 +0.2 32.6 + 3.8

Range 1.2-1.7 27-39

Median 14 31.6
Papillary cancer cells (n = 7)

Mean =+ sD 135 +7.1 52.3 + 11.6

Range 4.3-22.8 36-65.2

Median 12.2 57.2
Anaplastic cancer cells (n = 1) 52.6 69.8 + 84

IR content: normal vs. cancer (papillary + anaplastic), P = 0.0002;
normal vs. papillary cancer, P = 0.0003. IR-A relative abundance:
normal vs. cancer (papillary + anaplastic), P = 0.0003; normal vs.
papillary cancer, P = 0.0006 (by Mann-Whitney test).

Normal thyroid PTC ATC
1T 1T 1
IR-B
— — 1 [ R S <+
— st _u N e — 4—IR‘A
1 2 3 4 5 6 7 8 9

Fic. 1. IR isoform mRNA expression (RT-PCR) in normal and cancer
thyroid cells. Primary thyroid cell cultures (lanes 1-4) predominantly
expressed the IR-B isoform, whereas primary cultures of thyroid
cancer cells (lanes 5-9) predominantly expressed the IR-A isoform.
The predominance of IR-A was more marked in anaplastic thyroid
cancer cells (ATC; lane 9) than in papillary thyroid cancer cells (PTC;
lanes 5-8).

TABLE 2. IR content and relative abundance of isoform A (IR-A)
in normal thyroid cells and in established thyroid cancer cell lines

. IR (ELISA; IR-A
Thyroid cells ng/100 pg protein)  (RT-PCR; %)
Normal thyroid cells (n = 11) 1.5+0.2 32.6 £ 3.8
Papillary cancer cells
TPC-1 6.0 = 0.6 37.7+0.6
NPA 12.0 £ 1.2 431 +44
B-CPAP 33.2*+11.2 69.8 = 4.3
Median 12 431
Follicular cancer cells
FRO 6.6 =2.1 36.2 1.1
WRO 19.6 = 3.1 451 +19
Median 12.2 40.7
Anaplastic cancer cells
ARO 102 £ 1.2 79.3 £ 5.6

IR content: normal vs. cancer (total), P = 0.0011. IR-A relative
abundance: normal vs. cancer (total), P = 0.0042 (by Mann-Whitney
test).

thyrocytes (Table 2). In particular, the IR content reached
levels up to 23 times higher than normal (in B-CPAP cells),
and IR-A relative abundance increased up to 80% (in the
anaplastic cells ARO; Table 2).

Autocrine IGF-I/1I production and high affinity IR
activation by IGF-II in malignant thyrocytes

IGF-I/II secretion in cultured thyrocytes. We have previously
shown that IR-A, but not IR-B, binds IGF-II with high affinity
(22). As thyroid cancer cells overexpress IR-A, we next eval-
uated whether these cells produce IGF-II, thus raising the
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possibility of an autocrine loop by which IGF-II stimulates
cell growth via the overexpressed IR-A.

We first evaluated IGF-I and IGF-Il mRNA in both primary
cultures and permanent cell lines by RT-PCR. IGF-I mRNA
was absent in all thyroid cells, both normal and malignant,
although it was present in control osteosarcoma cells (data
not shown). At variance with IGF-I, IGF-IIl mRNA was found
in all cancer cell lines and in 7 of 11 primary cultures from
normal thyroid (data not shown). IGF-II protein secretion
was also measured in cell-conditioned medium by an im-
munoradiometric assay. Median values of IGF-II protein se-
cretion were approximately 5- to 7-fold higher in differen-
tiated thyroid cancer cells (from either papillary or follicular
cancer) than in normal thyroid cells. Again, as for the relative
abundance of IR-A, IGF-II secretion was most elevated in
undifferentiated cancer cells (Table 3).

IGF-II binding and activation of IR in malignant thyrocytes: re-
lationship with the relative abundance of IR-A. As malignant
thyrocytes produce IGF-II and overexpress the IR-A, we then
evaluated the ability of IGF-II to bind and activate IRs im-
munopurified from these cells. For this purpose we studied
three cancer cell lines (CA 18-3, B-CPAP, and ARO) with
increasing IR-A relative abundance (approximately 50%,
70%, and 80%, respectively) and compared them with normal
thyrocytes (IR-A, ~30%). To avoid the possible interference
of IGF-binding proteins (IGF-BPs), cell membrane fractions
were extracted and solubilized, and IRs were immunocap-
tured onto Maxisorp plates. *’I-Labeled insulin binding was
displaced with insulin, IGF-I, or IGF-II. Competition for la-
beled insulin binding revealed a low affinity of IGF-II for the
IR obtained from normal thyrocytes and containing only
approximately 30% IR-A. In contrast, labeled insulin binding
was displaced by IGF-II with a high affinity in IRs extracted
from B-CPAP and ARO cells (containing the IR-A isoform up
to 70-80%; Fig. 2).

The ability of IGF-II to activate IR autophosphorylation
was then studied in normal thyrocytes, CA 18-3, B-CPAP,
and ARO cells both in vitro in immunocaptured receptors
and in intact cells. IRs were immunocaptured using MA-20
antibody, and receptor autophosphorylation was measured
by ELISA after stimulation with insulin, IGF-I, or IGF-ILin the
presence of ATP and cofactors. IGF-II activated IR with high
affinity in cells that express predominantly IR-A (EDs, = 2.7
and 2.0 nm IGF-II in B-CPAP and ARO, respectively),
whereas it activated IR with low affinity in normal thyro-
cytes. Intermediate values (EDs, = 16.0 nm IGF-II) were
observed in CA 18-3 cells. Very similar data were obtained
when intact cell monolayers were incubated with the differ-
ent ligands, and IR autophosphorylation was detected by
ELISA (data not shown). Western blot analysis carried out in
normal thyrocytes, CA 18-3, and ARO cells also showed that
the ability of IGF-II to activate the IR was related to the IR-A
relative abundance, being minimal in primary cultures of
normal thyroid cells, very high in undifferentiated cancer
cells (ARO), and intermediate in differentiated thyroid can-
cer cells (CA 18-3; Fig. 3).

Half-maximal dose (EDs) IR activation by IGF-II was then
studied in the 14 cancer cell lines and 11 preparations of
normal thyrocytes previously studied for IR isoform expres-
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TABLE 3. Relative abundance of IR-A, IR autophosphorylation in response to either insulin or IGF-II (ED;,), and IGF-II production in

cultured normal and malignant thyrocytes

IR autophosphorylation (EDg,)

IGF-II production in

Thyroid cells (IZ?IEEC%) Insulin IGF-II conditioned medium
(M) (1) (ng/lO6 cells:h)
Normal thyroid cells (primary cultures, n = 11)
Mean * sD 32.6 = 3.8 1.4 +0.31 >100 3.1 + 2.8
Range 27-39 1.1-1.8 1.1-8.9¢
Median 31.6 1.25 2.1¢
Papillary cancer cells (primary cultures, n = 10; n = 7; cell lines, n = 3)
Mean * sD 55.3 = 11.16 1.1 +£0.21 10.4 + 12.64 12.5 = 8.1
Range 36.0-69.8 0.9-1.2 2.8-40 4.3-27.7
Median 58.8 1.05 4.8 10.7
Follicular cancer cells (cell lines, n = 2)
Mean * sp 40.7 = 6.3 1.0 = 0.26 13.7 = 2.1 14.7 = 0.6
Range 36.2—45.1 0.7-1.2 12.4-15.0 14.3-15.1
Median 40.65 0.9 13.7 14.7
Anaplastic cancer cells (n = 2; primary cultures, n = 1; cell lines, n = 1)
Mean * sD 74.6 = 6.72 0.7 + 0.04 1.6 = 0.07 40.0 = 21.9
Range 69.8-79.3 0.7-0.75 1.5-1.6 24.5-55.5
Median 74.6 0.725 1.6 40.0

IR-A relative abundance: normal vs. cancer (total), P < 0.0001; papillary + follicular vs. anaplastic cancer, P = 0.0383 (by Mann-Whitney
test). IGF-II production: normal vs. cancer (total), P = 0.004; normal vs. papillary + follicular cancer, P = 0.009; papillary + follicular vs.

anaplastic cancer, P = 0.060 (by Mann-Whitney test).
¢ Values in the 7 of 11 IGF-II-positive cultures.
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immunocaptured, and *?*I-labeled insulin binding was displaced with insulin or IGF-I or IGF-IL. Cell lines with a predominance of IR-A revealed
high affinity binding for IGF-II compared with normal thyrocytes that have a low IR-A relative abundance.

€20z Aleniged 60 UO Josn eluejed Ip BNSISAIUN AQ 8.0/ ¥82/SHZ/1/.8/0I01He/Wwaolwod dno-olwapese)/:sdpy Wolj papeojumoq



250 J Clin Endocrinol Metab, January 2002, 87(1):245-254

Vella et al. ® Insulin Receptors and IGF-II in Thyroid Cancer

A Normal
Thyrocytes ‘ B-CPAP
100 Insulin 100 IGF-1I
_5 80 E: 80 Z Insulin
= =
£3 k]
_é E 60 _§ E 60
&% IGF-1 8% i
S 40 £ 40
‘g L5 IGF-II % & IGF-1
-] L]
B 20 B 20
n
i = - . . 0
g | 0.0 0 1 10 100 g : 0.0 01 1 10 100
Ligand (nM) Ligand (nM)
CA 18/3 _ ARO
100 Insulin 100 IGF-11
o Insulin
_E_i 80 5 80
s IGF-11 B
== =
£% £
% =40 g‘c\c' 40 IGF-1I
=i IGF-1 5~
-] ]
B 2 B 20
Q0 0 r
. 001 01 1 10 100 g T om 01 1 10 100
Ligand (nM) Ligand (nM)
B i ot caneer IP: aIR (MA-20)
thyroid Papill i $a 3
y apillary Anaplastic IB: aPy
- - e

Insulin - 4+ - - +
IGF-I1 = = 4+ = -

” - 97KDa
-

+ - - +

Fic. 3. IGF-II-induced IR autophosphorylation in receptors immunopurified by thyroid cells with different IR-A relative abundance. A, In vitro
autophosphorylation of immunopurified IR. IRs immunocaptured with antibody MA-20 from lysates of unstimulated cells were stimulated in
vitro with various concentrations of either insulin or IGFs in the presence of ATP and cofactors. IR activation was measured as described in
Materials and Methods. B, Western blot analysis. Primary cultures of normal thyroid cells, papillary cancer cells, and anaplastic cancer cells,
incubated in serum-free medium for 16 h, were stimulated with either insulin or IGF-II (10 nM) and lysed in 1 ml lysis buffer. Samples were
then immunoprecipitated with the anti-IR monoclonal antibody MA-20 and subjected to Western blot analysis using an anti-PY antibody to
detect receptor autophosphorylation. In both A and B IGF-II-induced IR autophosphorylation was directly related to the relative abundance
of the IR-A isoform, being minimal in normal thyroid cells (IR-A, 27.0%), high in anaplastic cancer cells (IR-A, 79.1%), and intermediate in

differentiated cancer cells (IR-A, 48.4%).

sion. Cells cultured in monolayers were exposed to increas-
ing doses of insulin, IGF-I, or IGF-II, and IR autophosphor-
ylation was detected by ELISA. IR autophosphorylation in
response to insulin occurred with a similar ED5, in normal
and malignant thyrocytes (1.1-1.8 vs. 0.7-1.2 nM, respec-
tively; Table 3). In contrast, IR autophosphorylation in re-
sponse to IGF-II differed in malignant vs. normal thyrocytes.
In normal thyrocytes IGF-II induced IR autophosphorylation

with an affinity that was always less than 1% that of insulin
(EDsy, = >100 nMm), whereas in all thyroid cancer cells IGF-II
activated IR autophosphorylation with an ED5, much closer
to that of insulin. Median EDs, values were 4.8 nM in pap-
illary cancer cells, 13.7 nm IGF-ILin follicular cancer cells, and
1.6 nm in anaplastic cancer cells (Table 3).

In the 25 cell cultures studied (Table 3), the relative affinity
of IGF-II for the IR (calculated as the percentage of insulin
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Fi1G. 4. Correlation between IR autophosphorylation by IGF-II and
IR-A relative abundance. In 25 thyroid cell cultures (normal, n = 11,
cancer,n = 14) a correlation (linear regression analysis) was observed
between the IGF-II relative affinity for the IR (calculated as the
percentage of insulin ED;/IGF-II EDj;, for stimulation of IR auto-
phosphorylation) and the relative abundance of the IR-A isoform as
determined by RT-PCR.
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Fic. 5. IGF-II/MPR content in thyroid cell lines. Western blot anal-
ysis of MPR in primary culture of normal thyroid cells (2), papillary
cancer cells B-CPAP (3), and anaplastic cancer cells ARO (4). As a
positive control, HepG2 cells were used (1). Membrane fractions were
solubilized and subjected to Western blot analysis using an anti-MPR
antibody to detect receptor content.

EDs,/IGF-11 EDs, for stimulation of IR autophosphorylation)
was correlated with the relative abundance of IR-A expres-
sion (r = 0.628; P = 0.0001; Fig. 4). IGF-I was always less than
1% as effective as insulin in stimulating IR autophosphory-
lation (data not shown).

Cell growth studies

IGF-II stimulation of thyroid cancer cell growth: role of the IR-A.
To evaluate whether IR-A overexpression may have a role in
mediating a mitogenic response to IGF-II in thyroid cancer
cells, we studied B-CPAP (papillary cancer) and ARO cells
(undifferentiated cancer), which predominantly express
IR-A (approximately 70% and 80%, respectively). The bio-
logical effects of IGF-II in target cells may be regulated by
mechanisms that influence IGF-II bioavailability, including
the expression of IGF-II/MPR, which decreases IGF-II bio-
availability, and the presence of IGF-BPs, which may either
increase or decrease IGF-II bioavailability. Therefore, we first
studied the expression of IGF-II/MPR in these cell lines.
Western blot analysis showed that IGF-II/MPR was unde-
tectable in normal thyroid cells and expressed at low levels
in B-CPAP and ARO cell lines (Fig. 5). To evaluate the pos-
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TABLE 4. Effect of receptor blockade on insulin-, IGF-I-, or IGF-
II-induced cell growth in B-CPAP cells

e oD % of
Conditions (540 nm) basal pPe

Basal 0.51 +£0.19 100
Insulin 0.98 = 0.04 191.9
Insulin + control Ab 0.95 + 0.07 185.9
Insulin + MA-51 0.75 = 0.02 147.3 0.001
Insulin + «IR3 0.94 + 0.06 184.1 0.204
Insulin + MA-51 + oIR3 0.74 = 0.04 144.6 0.007
Basal 0.51 = 0.19 100
IGF-II 0.98 + 0.02 190.9
IGF-II + control Ab 0.95 = 0.05 185.4
IGF-II + MA-51 0.78 + 0.05 152.8 0.005
IGF-II + oIR3 0.83 = 0.02 162.5 0.008
IGF-II + MA-51 + «IR3 0.67 + 0.03 132.0 <0.001
Basal 0.51 +£0.19 100
IGF-1 1.03 = 0.04 201.9
IGF-I + control Ab 0.99 = 0.06 194.1
IGF-I + MA-51 1.01 = 0.05 198.0
IGF-I + oIR3 0.71 + 0.02 139.2 <0.001

Results are the mean = SEM of three separate experiments.
@ Statistical significance is calculated vs. growth stimulation in the
presence of control IgG (by paired ¢ test).

sible effect of IGF-BPs, serum-starved cells were exposed for
4 d to different doses of IGF-II or del(1-6)IGF-II, a truncated
IGF-II analog that does not bind to IGF-BPs. In B-CPAP and
ARO cell lines both ligands stimulated 3-[4,5-dimethylthia-
zol-2-yl]-2,5-diphenyltetrazolium bromide incorporation in
a dose-dependent manner. The maximal growth effect was
observed at 10 nM for each ligand and ranged from 152-169%
in B-CPAP cells and from 174-207% in ARO cells, with no
difference between the two ligands. The very similar growth
response obtained with both IGF-II and del(1-6)IGF-1I sug-
gests that IGF-BPs do not have a major role in regulating the
IGE-II growth response in this system.

To evaluate the relative contribution of either IR-A or
IGF-I-R to IGF-II-induced growth, cells were incubated with
10 nMm insulin, IGF-II, or IGF-I. Cell growth in response to
each ligand was measured in the presence of MA-51 (IR-
blocking antibody), aIR3 (IGF-I-R-blocking antibody), or a
combination of these two antibodies. An unrelated mono-
clonal antibody was used as control.

In B-CPAP cells, insulin-induced cell growth was effec-
tively blocked by MA-51 (P < 0.001), but not by aIR-3 (Table
4). A combination of the two antibodies was as effective as
MA-51 alone. In contrast, IGF-II-induced growth was sig-
nificantly inhibited by either MA-51 or alIR-3 to a similar
extent (P = 0.025), suggesting that both IR-A and IGF-I-R are
similarly important in mediating IGF-II effects in B-CPAP
cells (Table 4). The two antibodies together were more ef-
fective than either antibody alone and almost completely
blocked the growth response to IGF-II. As expected, IGF-I-
induced growth was significantly decreased by aIR-3 (P <
0.001), but not by MA-51. A combination of the two anti-
bodies was as effective as aIR-3 alone (Table 4). Similar
results were obtained in ARO cells (data not shown).

Blockade of the autocrine IGF-11/IR-A loop: effect on cell growth.
Asboth B-CPAP and ARO cells produce substantial amounts
of IGF-II (27.7 = 0.4 and 24.5 + 2.6 ng/10° cells:h, respec-
tively), but not IGF-I, we evaluated the effect of blockade of
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FiG. 6. Thyroid cancer cell growth after interruption of the IGF-II/
IR-A autocrine loop. A, By an IGF-II blocking antibody. B-CPAP cells
were seeded in monolayer cultures, and cell proliferation was mea-
sured after 5 d of culture, in the presence of either a blocking antibody
to IGF-II or an unrelated monoclonal antibody (control cultures). Cell
growth was significantly reduced in cultures treated with anti-IGF-II
antibody compared with control cultures (P = 0.0016). Results are the
mean * SD of three separate experiments. B, By IR tyrosine kinase
inhibitor HNMPA. HNMPA markedly inhibited B-CPAP cell growth
in response to 10 nM IGF-II and reduced unstimulated cell growth
most likely due to IR stimulation by autocrine IGF-II production.

the autocrine IGF-II/IR-A loop on spontaneous cell growth.
First, B-CPAP were cultured in serum-free medium in either
the presence or absence of an IGF-II-blocking antibody. After
5din culture cell proliferation was significantly decreased by
the IGF-II-blocking antibody compared with normal mouse
IgGs (—26%; P = 0.0016).

Next, we evaluated the effect of HNMPA, a specific IR
tyrosine kinase inhibitor. HNMPA (1.0 nm) markedly inhib-
ited the growth of serum-starved B-CPAP cells in response
to 10 nm exogenous IGF-II (Fig. 6). Spontaneous cell growth
was also significantly reduced by the presence of 1.0 nm
HNMPA (Fig. 6), suggesting that IR tyrosine kinase inhibi-
tion blocks cell growth induced by autocrine IGF-II produc-
tion. Very similar results were obtained with ARO cells (data
not shown).

Vella et al. ® Insulin Receptors and IGF-II in Thyroid Cancer

TABLE 5. Total IR content and proportion of IR-A in normal
thyroid tissue and cancer thyroid tissue specimens

IR (ELISA; IR-A
ng/100 pg protein) (RT-PCR,; %)
Normal thyroid (n = 6)
Mean * sp 1.3+05 452+ 3.9
Range 0.7-2.1 40.0-50.5
Median 1.3 44.3
Papillary cancer (n = 14)
Mean * sp 5.8 + 3.8 53.5 = 5.7
Range 1.8-16.8 40.5-60.5
Median 5.7 53
Follicular cancer (n = 4; poorly differentiated)
Mean * sp 10.8 = 8.6 56.6 = 7.1
Range 5.2-23.7 49.5-65
Median 7.2 56
Anaplastic cancer (n = 4)
Mean * sp 12.6 = 9.6 69.4 =43
Range 6.6-26.7 60.3-73.0
Median 9.6 70.5

IR content: normal vs. cancer (total), P = 0.0007 (by Mann-Whitney
test); normal vs. papillary vs. follicular vs. anaplastic cancer, P =
0.013 (by one-way ANOVA).

IR and IGF-I-R expression and IR-A relative abundance in thyroid
tissue specimens obtained at surgery. To investigate the poten-
tial in vivo relevance of the IGF-II/IR-A interaction in human
thyroid carcinomas, we measured the IR content and the
relative abundance of the two IR isoforms in surgical spec-
imens of normal thyroid (n = 6) and cancer thyroid tissues
(papillary, n = 14; follicular, n = 4; anaplastic, n = 4).

The total IR content was elevated in cancer specimens of
all histotypes (range, 1.8-26.7 ng/100 pg cell membrane
protein) compared with normal thyroid specimens (range,
0.7-2.1 ng/100 ug cell membrane protein; Table 5). Median
IR values were increased approximately 4-fold in differen-
tiated cancers and 8- to 10-fold in poorly differentiated and
undifferentiated cancers. The IR-A transcript accounted for
40.0-50.5% (median, 44.3%) of total IR in normal thyroid
tissues, whereas it ranged from 40.5-73% (median, 55.7%) in
cancer specimens. This difference is highly significant (P =
0.006). Poorly differentiated and undifferentiated carcino-
mas expressed both higher total IR content and relative abun-
dance of IR isoform A compared with well differentiated
papillary carcinomas (P = 0.005; Table 5).

In four cases of papillary carcinomas, paired specimens of
cancer and normal thyroid tissue from the same patients
were available; the proportion of the IR-A transcript in cancer
tissues clearly exceeded that in adjacent normal tissues in
three cases, and it was similar in one case (Fig. 7).

To evaluate the relative contributions of IR and IGF-I-R in
the activation of the IGF system in thyroid cancer, we also
measured IGF-I-R content in the same thyroid specimens.
IGF-I-R was 5.2 = 1.9 ng/100 ug cell membrane protein in
normal thyroid specimens and increased to 9.8 * 4.3 in
papillary cancer, but was not increased in poorly differen-
tiated and undifferentiated carcinomas (5.2 = 1.6 and 6.6 =
4.5 ng/100 ug cell membrane protein, respectively).

Taken together these data indicate that IR-A, but not IGF-
I-R, overexpression is the key factor of IGF system activation
in both poorly differentiated and undifferentiated thyroid
cancers. Even in differentiated cancers the increase in IR-A
is more marked than that in IGF-I-R.
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Fia. 7. IR-A transcript relative abundance in paired specimens of
normal and cancer thyroid tissue. IR isoform mRNA expression in
four specimens of papillary carcinomas (CA) and in the contralateral
normal thyroid tissues (N). Products of PCR amplification were re-
solved by electrophoresis on 5% polyacrylamide gels and silver
stained. IR-A relative abundance in paired normal and cancer thyroid
tissues was quantified by scanning densitometry. Results are repre-
sentative of three separate experiments.

Discussion

IGF-I and IGF-II are believed to play an important role in
cancer progression and malignant cell protection from apo-
ptosis (39-41), as they may be locally produced in tumors
and exert their autocrine or paracrine action by binding to
and activating the IGF-I-R (15).

We previously observed that IGF-I is overproduced in
human thyroid cancer in a paracrine fashion and that the
IGF-I-R homolog IR plays a role in mediating the IGF-I re-
sponse. In fact, IR is overexpressed in most thyroid cancer
cells (11) and thyroid cancer tissue specimens and amplifies
the biological effects of IGF-I by forming hybrid IR/IGF-I-R
receptors that bind IGF-I with high affinity (17). By this mech-
anism IR overexpression also causes a marked increase in IGF-
I-binding sites in those cancers that do not overexpress IGF-I-Rs.

Here we demonstrate that IR overexpression may also
directly increase the thyroid cancer cell response to IGF-1I by
activating a newly recognized autocrine loop involving IR-A,
which behaves as a high affinity IGF-II-R. Differential splic-
ing of IR mRNA is tightly regulated in a tissue-specific man-
ner, generating various proportions of IR-A and IR-B iso-
forms (23). We recently demonstrated that isoform A, but not
isoform B, is a physiological receptor for IGF-II in fetal tissues
(22), where IR-A is predominantly expressed, whereas IR-B
is predominantly expressed in adult tissues. These findings
provide a mechanistic basis to studies suggesting that during
fetal development the growth-promoting effect of IGF-1I is par-
tially mediated by signaling through the IR (22). We also ob-
served that IR-A might be the predominant isoform expressed
in major human carcinomas (22, 24). In breast cancer, however,
IGF-II is mainly produced in a paracrine manner, and the rel-
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ative abundance of IR-A appears not to be related to tumor
stage, grading, or ER status (24). Further studies, however, are
needed to assess the clinical relevance of IR-A in breast cancer.

In contrast, in the thyroid model, the relative abundance
of IR-A progressively increases from normal thyrocytes (that
predominantly express IR isoform B) to differentiated pap-
illary thyroid cancer cells, to undifferentiated thyroid cancer
cells that express a very high (>70%) IR-A proportion. Au-
tocrine IGF-II production is also activated in thyroid cancer
cells and follows the same expression pattern as IR-A, being
especially elevated in poorly differentiated tumors. In con-
trast, primary cultures from normal thyroid produced IGF-II
in only in 7 of 11 cases and only in small amounts. IR acti-
vation by IGF-II is directly and significantly related to the
relative abundance of IR-A.

Therefore, in thyroid cancer this newly identified auto-
crine loop involving IGF-II and IR-A appears particularly
relevant in poorly differentiated thyroid cancers. The biological
relevance of the IGF-II/IR-A loop in thyroid cancer is confirmed
by the observation that blockade of either IGF-II or IR, by
multiple approaches, significantly reduces thyroid cancer cell
growth induced by either exogenous or autocrine IGF-II.

In contrast to IRs, IGF-I-Rs are overexpressed only in well
differentiated thyroid papillary tumors where paracrine
IGF-I secretion is also increased (17), but not in poorly dif-
ferentiated or undifferentiated tumors, where paracrine
IGF-I secretion is rarely increased (17).

Taken together these studies indicate that IR-A overex-
pression is a major determinant for the overactivation of the
IGF system in poorly differentiated thyroid cancer, both by
activating the autocrine loop involving IGF-II and by con-
tributing to the paracrine loop involving IGF-I, via the for-
mation of IR/IGF-I-R hybrids (17). In differentiated thyroid
cancer, both the paracrine IGF-I/IGF-I-R loop and, to a lesser
extent, the autocrine IGF-II/IR-A loop are activated.

In addition to the specific growth factor (TSH), therefore,
a variety of growth factors (IGF-I and IGF-II, hepatocyte
growth factor, epidermal growth factor, and fibroblast
growth factor) and their tyrosine kinase receptors (4-10) may
play an important role in thyroid cancer growth and pro-
gression. These mechanisms should be taken into account in
thyroid tumors that progress despite TSH suppression, as
therapeutic strategies that involve the interruption of these
autocrine/paracrine loops may positively influence cancer
biology and patient outcome.
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