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Thyrotropin (TSH) is a thyroid-specific growth factor
inducing differentiated function and growth of thyro-
cytes in vitro. In thyroid cancer, loss of TSH-receptor
(TSHR) expression is a sign of de-differentiation and is
believed to contribute to the malignant phenotype.
The present studies aimed to determine the in vitro
and in vivo effects of functioning TSHR in the follicu-
lar thyroid cancer cell line HTC, a subclone of FTC133
cells, lacking endogenous expression of TSHR, and
HTCtshr+ cells transfected with human TSHR-cDNA.
HTCtshr+ cells grew faster in vitro (doubling time 1.15
vs 1.56 d, p < 0.05) and TSH caused a dose-dependent
growth response. Adhesion to and invasion through
reconstituted basement membrane were reduced in
HTCtshr+ cells, but when stimulated with TSH increased
to levels comparable to naïve HTC cells. In vivo, tumor
latency was 11 d for naïve HTC as compared to 21 d
for HTCtshr+ xenografts. Smaller tumor volumes were
registered for HTCtshr+ cells (250 ± 217 vs 869 ± 427
mm3, p < 0.05). Angiogenesis, as determined by vas-
cular surface density (VSD) of experimental tumors,
was enhanced in naïve HTC tumors (VSD 0.87 ± 0.1
µm−−−−−1 vs 0.55 ± 0.2 µm−−−−−1 in HTCtshr+, p < 0.05). VEGF
secretion was more pronounced in naïve HTC cells
stimulated with EGF, than in HTCtshr+ cells stimulated
with either TSH or EGF. In conclusion, regained expres-
sion of functional TSHR in the follicular thyroid can-
cer cell line HTC alters in vitro features commonly asso-
ciated with the malignant phenotype. Smaller tumors
and reduced angiogenesis of xenotransplanted HTC
cells with functioning TSHR suggest a less aggressive
in vivo phenotype. The present data highlight the piv-
otal role of TSHR to affect transformed thyrocytes in
vitro and in vivo. They also suggest a role for EGF as
a modulator of angiogenesis in thyrocytes devoid of
TSHR.
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Introduction

The therapeutic usefulness of thyroid hormone admin-
istration in differentiated thyroid cancer was first outlined
in 1937 when thyroid extract was given to children with
differentiated thyroid cancer (1). It is now well established
that suppression of thyrotropin (TSH) is important for pre-
vention of recurrent disease (2,3). However, despite attempts
to define the growth regulating effect of TSH, the results
remain controversial to date. Commonly, TSH is regarded
as a specific growth factor inducing differentiation and, at
concentrations higher than necessary for differentiated
function, growth of thyroid cells in vitro (4). In human thy-
roid cancer cells, TSH stimulates differentiated function and
growth by activation of TSH-dependent adenylate cyclase–
protein kinase A pathways, independently of insulin or IGF
(5–7). However, TSH also stimulates adhesion, migration,
and invasion of thyroid cancer cells in vitro mediated by
the phospholipase C (PLC-β)–protein kinase C (PKC) path-
way (8–12).

Other growth factors that are involved in malignant thy-
roid disease are tyrosine kinase–mediated growth factors,
in particular epidermal growth factor (EGF). In fact, consti-
tutively activated EGF receptor and enhanced EGF recep-
tor expression are frequently observed in undifferentiated
thyroid cancer and have been established as independent
indicators of tumor recurrence and survival (13–15). While
differentiated function decreased upon exposure of thyro-
cytes to EGF, proliferation, migration, and invasion of thy-
roid carcinoma cells increased in response to EGF in vitro
and in vivo (8–10,12,16–18). Accordingly, in vitro growth
was inhibited when anti-EGFR antibodies were applied to
thyroid carcinoma cell lines (19).

Such findings supported the concept that less differen-
tiated thyroid carcinoma cells escape from the control of
growth factors thought to inhibit the malignant phenotype
in vitro. Indeed, loss of responsiveness to TSH is consid-
ered a sign of de-differentiation of thyroid cancer and loss
of the TSH receptor (TSHR) has been included into the
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concept of malignant progression of thyroid cancers (20).
This view is supported by clinical reports of reduced sur-
vival of patients with thyroid carcinomas not expressing
TSHR (21).

Irrespective of this empirical evidence, it has yet to be
shown that the presence of functioning TSHR affects the
malignant phenotype of thyroid tumor cells in vitro and in
vivo. The few in vivo studies published to date fail to con-
vincingly show any effect of endogenous TSH, exogenous
administration of TSHR antibodies (Graves’ serum), or
exogenous TSH administration on the growth of thyroid car-
cinoma tissue xenografts to nude mice (22–24). We there-
fore evaluated the effect of TSHR by a comparative evalua-
tion of a follicular thyroid carcinoma cell line expressing
functioning recombinant TSHR following stable transfec-

tion (HTCtshr+) and the naïve parental cell line, lacking
endogenous expression of the TSHR (HTC).

Results

In Vitro Proliferation

HTC cells transfected with TSH receptor cDNA (HTC
tshr+) grew faster than naïve HTC cells in vitro (Fig. 1).
Population doubling times of HTCtshr+ cells maintained
in growth medium supplemented with 1% and 10% FCS
averaged 27.6 and 30.96 h as compared to 37.44 and 35.28
h for naïve HTC cells (p < 0.05). In the presence of TSH
(0.001–100 mU/mL) proliferation of HTCtshr+ cells in-
creased (Fig. 2), whereas that of HTC cells remained un-
changed (minimum 90.5 ± 10.4% and maximum 103.5 ±

Fig. 1. Percentage difference of cell numbers of HTCtshr+ cells as compared to HTC cells lacking TSH receptor (% diff.). HTCtshr+
cells grew faster at all times and all media conditions. Both cell lines were grown in chemically defined serum-free growth medium (H5)
and regular growth medium containing 1% and 10% of fetal calf serum (FCS).

Fig. 2. Dose response of HTC cells transfected with functioning TSH receptor: percentage difference of numbers of HTCtshr+ cells
cultured in the presence of bovine TSH at the indicated concentrations for 72 h, as compared to the TSH-free control (No TSH; 100%,
MTT-assay).
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9.6% of controls). Proliferation of HTCtshr+ cells decreased
at concentrations of TSH considered physiologic (TSH
0.001–1.0 mU/mL), and increased at supraphysiologic
concentrations 10–100 mU/mL). Figure 3 displays the dif-
ferential proliferation of HTC and HTCtshr+ cells and
documents a dose-dependent increase of the number of
HTCtshr+ cells. After five generation times, the number of
HTCtshr+ cells had increased between 80 and 150% over
HTC cells (p < 0.05, Fig. 3).

In Vitro Cell–Substratum Adhesion

HTC cells lacking TSH receptor adhered significantly
better to uncoated culture dishes and to purified proteins of
the extracellular matrix (ECM). This was particularly ob-
served in the early phase of attachment. However, even

after 120 min, TSHR-positive HTC cells displayed de-
creased attachment of some 15% on average (Fig. 4). When
HTCtshr+ cells were incubated with rising doses of bTSH,
attachment to uncoated dishes increased and, at concentra-
tions above 1 mU/mL of TSH, was no longer different from
that of naïve HTC cells. Naïve HTC cells remained unaf-
fected by TSH (Fig. 5). Likewise, TSH induced adhesion
of HTCtshr+ cells to purified proteins of the ECM. For
example, when incubated with 10 and 100 mU/mL of TSH,
the differences of attachment to Matrigel, fibronectin, and
collagen IV previously observed between HTCtshr+ and
naïve HTC cells were reduced by more than 50% and com-
pletely abolished to laminin and collagen I. Induction of
adhesion by TSH was already apparent after 30 min (Table
1), i.e. the initial phase of cell–substratum interaction, but

Fig. 3. Percentage difference of cell numbers of HTC cells cultured in the presence of bovine TSH at the indicated concentrations (mU/
mL), as compared to HTC cells lacking TSH receptor in chemically defined serum-free growth medium (H5). Experiments were con-
ducted over the entire range of TSH concentrations (0.001–100 mU/mL). For convenience, only the results of unequivocally stimulating
concentrations of TSH are depicted.

Fig. 4. Differential attachment (% diff.) of HTCtshr+ cells as compared to naïve HTC cells. HTC cells without a functioning TSH receptor
adhere faster and better to purified extracellular matrix proteins (EHS-BM, reconstituted basement membrane).
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likewise observed at 60 and 120 min (data not shown). These
results suggest that TSH bound to its receptor gradually
shifted the adhesive properties of HTCtshr+ cells gradually
toward that of naïve HTC cells.

In Vitro Invasion

HTCtshr+ cells invaded reconstituted basement mem-
brane to a lesser extent than naïve HTC cells, although
these results were significant only for media containing
10% FCS (p < 0.05, Fig. 6). Upon incubation with TSH in
serum-free H5 medium, invasion of naïve HTC cells re-
mained grossly unaffected, whereas HTCtshr+ cells showed
a dose-dependent increase of invasion. Maximum stimula-
tion of invasion occurred at 10 mU/mL TSH, where it ex-
ceeded that of naïve HTC cells by more than 30%. In accor-
dance with previous reports, invasion of HTCtshr+ cells
decreased at higher concentrations of TSH.

Tumorigenicity and In Vivo Growth of HTC Xenografts

The tumor take-rate was 100% in both groups. Tumor
latency was 11 d for naïve HTC cells and 21 d for HTCtshr+
cells. Final tumor volumes were calculated with 869 ± 427
mm3 (median 880 mm3) for xenografts grown from naïve
HTC cells and averaged 250 ± 217 mm3 (median 293 mm3,
p < 0.05) for tumors grown from HTCtshr+ cells. Tumors
from naïve HTC xenografts weighed three times heavier
than HTCtshr+ xenografts (HTC: median 1.1, mean 0.99 ±
0.46, range 0.5–1.8 g; HTCtshr+: median 0.3, mean 0.34 ±
0.26, range 0.1–0.7 g, p < 0.05).

Angiogenesis and Markers of Proliferation

VEGF and CD34 expression was confirmed in all tumors.
With respect to the average intensity and distribution of
VEGF immunoreactivity, the differences were not signifi-

Table 1
Differential Adhesion of HTC Cells to Purified ECM Proteins,

Following Stimulation of Both HTC CellLines with TSH at the Indicated Concentrations at 30 Mina

Laminin Fibronectin Collagen I Collagen IV Matrigel

100 mU/mL TSH −6.9 −13.6 −0.5 −10 −16
10 mU/mL TSH 4.4 −21.1 3.3 −21 −29
1 mU/mL TSH 9.7 −37.1 −8.4 −19.8 −22.4
0.1 mU/mL TSH 8.8 −21.3 −5.7 −19.7 −29.4
0.01 mU/mL TSH −1.7 −23.8 −14.1 −24.7 −42.4
No TSH −15 −37.1 −33.3 −42 −39.4

aValues represent the percentage difference of adhesion of HTCtshr+ cells as compared to HTC cells
lacking TSH receptor.

(Standard deviation between individual experiments averaged less than 17% in both cell lines.)

Fig. 5. Attachment of HTCtshr+ cells and naïve HTC cells (HTCtshr−) in the presence of bovine TSH (serum-free H5 medium, 0.01–
100 mU/mL) to uncoated dished at 120 min. An increase in a dose-dependent fashion is appreciated for HTCtshr+ cells as compared to
insignificant changes of HTC cells devoid of the TSH receptor.
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cant between the two cell lines. Tumors had a percentage
area of positive VEGF stains of 1.7 ± 0.54 for tumors grown
from HTCtshr+ cells vs 1.2 ± 0.88 for naïve HTC tumors.
Vascular surface density was determined with an average
0.547 ± 0.16 µm−1 for HTCtshr+ tumors and was signifi-
cantly less than in naïve HTC tumors, (VSD: 0.873 ± 0.08
µm−1, p < 0.05. Rate of mitoses and Ki-67 staining were
similar between both groups. Both cell lines grew tumors
that stained positively for EGFR without discernible dif-
ferences (data not shown).

In Vitro VEGF Production

VEGF gene expression and accumulation of VEGF pro-
tein were documented in HTC cells, confirming their abil-
ity to synthesize and secrete VEGF. EGF induced VEGF
gene expression in both cell lines, but TSH did not induce

VEGF gene expression in naïve HTC cells (Fig. 7). Un-
stimulated HTCthsr+ cells secreted more VEGF than naïve
HTC cells, both into regular growth medium as well as
serum-free H5 medium. The cell-number-adjusted average
basal VEGF protein accumulation into H5 medium was 388
± 55 pg/mL for naïve HTC cells and 1143 ± 361 pg/mL for
HTCtshr+ cells. VEGF protein accumulation increased by
20% when HTCtshr+ cells were exposed to bTSH, whereas
HTC cells without TSHR were largely unaffected (Fig. 8).
However, EGF was far more effective in stimulating VEGF
gene expression and secretion of VEGF protein than TSH.
For instance, the amount of VEGF protein following stimu-
lation with a single pulse of EGF exceeded that of the TSH
response by 2.5-fold in HTCtshr+ cells and up to 10-fold
in naïve HTC cells. Overall, the highest levels of VEGF pro-
tein were measured following stimulation of naïve HTC

Fig. 6. Percentage difference of cell numbers of HTCtshr+ cells invading reconstituted basement membrane in the presence of bovine
TSH at the indicated concentrations (mU/mL) and fetal calf serum (FCS), as compared to serum-free H5 growth medium (Control, 100%).
HTCtshr+ cells appeared to invade to a lesser extent when kept in FCS media. A dose-dependent increase of invasion of HTCtshr+ cells
as compared to insignificant changes of naïve HTC cells (HTCtshr−) was noted in serum-free H5 medium.

Fig. 7. Northern blot analysis of growth-factor stimulated VEGF gene expression (steady-state levels) of naïve HTC cells lacking TSHR
expression. VEGF gene expression increased following a single pulse of EGF at the indicated concentrations (ng/mL, respectively),
whereas it was largely unaffected by TSH (mU/mL).
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cells with EGF. Thus, in the HTC thyroid carcinoma cell
lines, EGF increased VEGF gene expression and secretion
of protein more effectively than TSH and particularly in
the absence of a functioning TSHR.

Discussion

The HTC cell line, which lacks endogenous TSHR, has
been subcultured from the follicular FTC 133 cell line by
Derwahl and Bröcker (4). Following transfection with hu-
man TSHR-cDNA, the resultant HTCtshr+ cell line has
been shown to express some 3000–5000 TSHR per cell,
which is within the range of non-neoplastic thyroid cells
(34). Moreover, functional TSHR was confirmed by cAMP
accumulation in response to TSH as well as studies on
TSHR–G protein–coupled signal transduction (26,27,34).

Most of the follicular thyroid cancer cell lines studied to
date were stimulated by exogenous TSH with respect to in
vitro growth, adhesion, and tumor cell invasion through
reconstituted basement membranes (8–10,12,25,26,34–36).
Increasingly de-differentiated follicular cell lines have been
shown to be less sensitive to TSH (9,10). This evidence led
us to hypothesize that undifferentiated thyroid tumor cells
may have escaped from the control of their differentiating
growth factor, TSH. Such loss of control was observed in
human thyroid cells immortalized by SV40 large T antigen
or following the loss of tumor suppressor genes such as
p53, p16, and p15 (25). In accordance with this hypothesis,
a moderate reduction of in vitro growth of HTCtshr+ cells
had been noted previously when these cells were exposed
to TSH at physiologic concentrations (34). A similar ob-
servation was made in the anaplastic thyroid cell line C643,

transfected with TSHR-cDNA. In this cell line, decrease of
thymidine incorporation of some 10% had been reported
after exposure to TSH, although no mention was made with
regard to the effects of TSH on the naïve cell line (36).

The results presented here suggest that low and presum-
ably physiologic concentrations of TSH appear to moder-
ately inhibit proliferation, whereas concentrations of TSH
considered supraphysiologic apparently stimulate prolif-
eration of HTC follicular thyroid cancer cells. This is in
accordance with previous reports and the established dual
effect of TSH on human thyrocytes: one that affects cell
function (mediated by cAMP and phosphokinase A) and
another that affects cell growth. The latter requires consid-
erably higher concentrations of TSH and involves phos-
phokinase C (25,37). In the current study the presence of
TSHR already increased unstimulated in vitro proliferation,
which was further enhanced when cells were stimulated with
the ligand, TSH.

With respect to adhesion and invasion, the presence of
TSHR resulted in less adhesive and invasive potential,
suggesting attenuated malignant phenotype in vitro. How-
ever, TSH entirely compensated for any loss of adhesive or
invasive propensity of TSHR-positive HTC cells. Although
most of these effects were observed at concentrations of
TSH considered to be supraphysiologic, it is evident that
activation of transfected TSHR by its ligand shifted the in
vitro phenotype of TSHR-positive HTC cells toward that
of their originally more malignant TSHR-deficient naïve
parental cells. In accordance with previous observations,
this study has documented that functioning TSHR stimu-
lates follicular thyroid tumor cell proliferation, adhesion
and invasion in vitro, and all of these properties are attributes

Fig. 8. Percentage difference of the magnitude of stimulation of VEGF into serum-free, defined medium of HTCtshr+ and naïve HTC
cells  (HTCtshr−). VEGF protein accumulation was enhanced by TSH in TSH-receptor positive HTC cells and by EGF in both cell lines.
Note that in the absence of TSHR, EGF enhanced VEGF accumulation more effectively than TSH.
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of the malignant phenotype (9,12,38). This study has also
documented that thyroid cancer cells without functioning
TSHR have enhanced ability to adhere to and invade through
basement membrane, which is considered to be a hallmark
of malignant cells.

However, whether TSH stimulates growth of differenti-
ated thyroid cancer in vivo has been a matter of controversy
(39). In the current paper, we have documented signifi-
cantly slower growth of xenografted follicular thyroid can-
cer cells transfected with functioning TSHR. These findings
to our knowledge are the first to describe growth inhibition
of thyroid tumor cells in vivo by functioning TSHR. A
possible explanation for the divergence to historic studies
may be the fact that we have made use of a well-character-
ized established in vitro model of follicular thyroid cancer,
rather than poorly defined tumor tissue transplanted to nude
mice (22–24). A study involving anaplastic C643 cells is,
to our knowledge, the only other study employing a thyroid
cancer line transfected with TSHR-cDNA. Although only
small groups of three and four grafts had been studied
and the naïve cell line was unavailable for comparison, the
authors discussed a TSH-dependent inhibition of tumor
growth, because there was a trend toward smaller tumors
when mice were treated with PTU (36).

Further evidence in support of TSH-regulated in vivo
growth of neoplastic thyroid cells comes from another
study employing the FRTL5 transformed rat thyroid cell
line. Successful establishment of xenografts was, with one
exception, only achieved in hypothyroid mice, resulting in
cell lines that like the parental line were TSH dependent.
Of the one exception of a tumor arising in an euthyroid
animal, two cell lines were established and found to be
TSH independent for growth. The cell lines displayed rapid
in vivo growth, undifferentiated histology and were unable
to concentrate radioiodine (40). In another study, growth
of thyroid carcinomas from mice bearing a thyroid-targeted
RET/PTC1 oncogene was enhanced when animals received
a low iodine diet, suggesting that these carcinomas had
retained TSH responsiveness (41). Moreover, continuously
elevated serum TSH levels cause the TSHR or the second
messenger to downregulate in non-neoplastic thyroid cells,
resulting in time-limited TSH effects. Lack of such “desen-
sitization” was convincingly shown in thyroid carcinoma
cell lines and could account for a continuous stimulation of
proliferation in vivo (42,43). Finally, there have been reports
of tumor expansion following L-thyroxine withdrawal and
enlargement of thyroid cancer remnants in response to the
administration of recombinant TSH (44). Together with the
results of the present study, this accumulated evidence sup-
ports the concept of TSH to be a modulator of in vivo
growth of neoplastic thyroid cells. Specifically, in the HTC
xenograft model, expression of functioning TSHR decreases
in vivo growth. If this observation were confirmed in non-
experimental tumors, it would seem to call into question the
current clinical concept of TSH-suppressive thyroxin ther-

apy for patients with differentiated thyroid cancer. How-
ever, empirical clinical evidence argues against such a hy-
pothesis. Thyroid hormone treatment has repeatedly been
shown to result in fewer recurrences and a lower mortality
rate (45).

This raises the question as to why HTCtshr+ cells grew
smaller tumors in vivo albeit significantly enhanced ability
to proliferate in vitro. We found the in vivo proliferation of
xenografted HTC cells not to be different, as evidenced by
a similar rate of mitoses and Ki-67 staining. Apart from in
vivo proliferation rates of tumor cells, their ability to in-
duce angiogenesis may be a decisive feature. Recruitment
of blood vessels is essential for expanding tumors and
VEGF, a specific mitogen for endothelial cells, has been
identified as the major autocrine regulator of angiogenesis
in the thyroid (46,47). TSH induces VEGF in cultures of
non-neoplastic human thyroid cells as well as thyroid can-
cer cells in vitro and upregulation of VEGF in human thy-
roid cancer correlates with malignancy and poor prognosis
(48–53). Such evidence prompted us to address tumor an-
giogenesis and we found HTC cells without expression of
functioning TSHR to grow tumors with enhanced angio-
genesis. Moreover, EGF appeared to be a strong inductor
of VEGF, both at mRNA and at protein level. A first indica-
tion that EGF may be involved in thyroid angiogenesis was
made when EGF was shown to induce thrombospondin and
plasminogen activator inhibitor, both of which are associ-
ated with the angiogenic cascade (54). We have recently
reported that EGF induced VEGF in thyroid carcinoma cell
lines and suggest that EGF is a potent stimulator of VEGF
in follicular thyroid carcinoma cells, more effective than
TSH, particularly in cell lines not expressing TSHR (55).
This may be an explanation for a previous observation that
“priming” of thyroid cancer cells with EGF resulted in
accelerated in vivo growth of FTC133 follicular thyroid
cancer xenografts (9). It is likely that the effects of EGF on
thyroid cancer cells are mediated by autocrine or paracrine
pathways as suggested by the synchronous expression of
EGF, TGF-α, and EGFR (56). In this context it is notewor-
thy that increased synthesis of EGF or expression of EGFR
as well as resistance to the inhibitory action of TGF β have
been shown to become dominating pathways in the absence
of TSHR and that the autocrine stimulation of tyrosine ki-
nase receptors such as the EGFR found in many human thy-
roid cancer cells has also been detected in HTCtshr+ cells
(9,57–59). It is thus conceivable that EGF may have contrib-
uted to the growth of xenotransplanted TSHR-negative HTC
cells through enhanced VEGF-mediated angiogenesis in
vivo. However, EGF did not affect in vitro proliferation of
HTC cells, suggesting that in the HTC in vivo model angio-
genesis may be more important than proliferation.

In conclusion, regained expression of functional TSHR
in the follicular thyroid cancer cell line HTC had a pro-
found effect on biological in vitro features associated with
the malignant phenotype. Restoring TSHR was associated
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with reduced in vivo growth, suggesting a less aggressive
in vivo phenotype. Taken together, the present data high-
light the crucial role of TSHR to modulate the biological
properties of transformed thyrocytes and suggest a novel
role for EGF as a modulator of angiogenesis in undifferen-
tiated thyroid cancer cells devoid of TSHR.

Materials and Methods

Materials

Culture flasks, dishes, and Boyden-type transwell cham-
bers were obtained from Nunc (Nunc, NY), cell culture
medium was from Sigma (Rödermark, Germany). EHS-
basement membrane preparations (Matrigel), and all other
matrix proteins, were purchased from Collaborative Re-
search (Bedford, MA). Bovine thyroid stimulating hormone
(bTSH) was from Sigma. Random primer labeling kit (Deca-
prime II) was from Ambion (Austin, TX) and [α-32P]-dCTP
from DuPont-NEN (Boston, MA). The human β-actin
cDNA insert and ExpressHyb solution were purchased from
Clontech (Palo Alto, CA). All other reagents including
MTT and EGF were from Sigma.

HTC Thyroid Tumor Cell Lines

The HTC cell line is a follicular thyroid cancer cell line,
subcultured from the well-described FTC 133 cell line (25).
HTC cells have no endogenous expression of the TSHR as
documented by functional assays as well as PCR (26). These
cells were transfected with a human TSHR cDNA and iso-
lated after G418 selection. Expression of functional TSHR
was established by specific binding of radiolabeled TSH
and cAMP production. The resultant cell line was desig-
nated HTCtshr+ and has been shown to express a number of
functioning TSHR comparable to non-neoplastic differen-
tiated thyroid cells (27). These cell lines were generously
provided by Dr. Derwahl, Berlin, Germany. HTC cells were
maintained in DMEM-h21/Ham’s F12 1:1 (v/v), with 25
mM HEPES, 0.055 g/L sodium pyruvate, 0.365 g/L glut-
amine, 10% bovine serum (“full growth medium,” FGM),
10,000 U/L penicillin, and 100 mg/L streptomycin at 37°C
in a 100% humidified, 5% CO2 atmosphere. Transfected
HTC cells were expanded in the presence of G418 (100 µg/
mL). Cells planned for experiments with stimulators were
switched to serum-free H5 medium for 48 h (28). H5 con-
tains bovine insulin (10 µg/mL), human transferrin (5 µg/
mL), somatostatin (10 ng/mL), glycyl-L-histidyl-L-lysine
(2 ng/mL), and hydrocortisone (10−8 M). For experiments,
cells in exponential growth were harvested by ice-cold
trypsin-EDTA, resuspended in H5, and vitality assessed by
tryphan blue exclusion.

In Vitro Proliferation Assays

HTC cells were repeatedly washed with calcium- and
magnesium-free PBS (CMF), resuspended, and plated at a
density of 1 × 104 viable cells into triplicate wells of micro-

titration plates. Cells were allowed to adhere and resume
full growth over 24 h. Bovine TSH (0.001–100 mU/mL)
was added to H5 and incubations were continued for five
generation times. Cell numbers were determined every 24–
72 h by MTT assay as described (9). Optical densities were
read at 570 nm with a reference filter of 630 nm (Emax,
Molecular Devices, Munich, Germany).

In Vitro Cell–Substratum Adhesion

Adhesion assays to purified constituents of the extracel-
lular matrix (ECM) were carried out as published previ-
ously (9). Briefly, 100 µL of laminin (20 µg/mL PBS),
collagen I (20 µg/mL 0.1% acetic acid), collagen IV (20 µg/
mL 0.4 N NaHCl), and fibronectin (20 µg/mL PBS) were
added to microtitration plates and allowed to air dry at 4°C
over night. Wells were blocked with bovine serum albumin
(BSA, Cohn fraction V, 20 mg/mL) for 2 h at 37°C and
rinsed twice with CMF, before adding 50 µL of H5 supple-
mented with 200 µg/mL BSA (adhesion medium: AM).
Single cell suspensions were repeatedly washed with CMF,
resuspended in AM, and plated at a density of 7.5 × 104

cells. Plates were spun at 200g to synchronize attachment
and allowed to adhere for 30, 60, and 120 min. Plates were
then inverted and spun at 40g for 2 min, washed to com-
pletely remove detached cells, and the number of attached
cells was quantified by MTT assay. Assays evaluating cell
substratum attachment in the presence of bTSH (0.01–100
mU/mL) represent data from two experiments in triplicates.

In Vitro Invasion

Boyden chamber translocation assays were performed
as reported earlier (9). Briefly, HTC cells (1 × 105 viable
cells/100 µL) were plated to upper wells of 10 mm Transwell
chambers with 8 µm pore membranes in H5 supplemented
with bTSH (0.001–100 mU/mL) and allowed to penetrate
for 48 h. For invasion assays, membranes were coated with
Matrigel (300 µg protein/mL). The number of cells in the
upper and lower wells was determined by MTT assay.

Tumorigenicity and In Vivo Growth of HTC Xenografts

Four- to five-wk old female, pathogen-free BALB/c
NCR-NU congenitally dysthymic mice (Harlan–Winkel-
man, Borchen, Germany) were housed in a semisterile envi-
ronment with a 12 h light/dark cycle, and fed an autoclaved
standard breeding chow and water ad libitum. Groups of
nine mice each had either 1 × 106 HTCtshr+ or naïve HTC
cells injected to the interscapular space. After 7 wk, mice
were sacrificed and tumor weights and sizes measured using
calibrated micrometer calipers. Volumes were calculated
according to (length × width × high) × 0.5236 (29). Tumors
were harvested and fixed in formalin. All procedures in-
volving animals were approved and monitored by the local
ethics committee and animal welfare authorities and con-
ducted in accordance to the guidelines for the welfare of
animals in experimental neoplasia.
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Morphometric Analysis of In Vivo Angiogenesis

Three representative tumors of each HTC line were sub-
mitted to morphometric analysis of VEGF expression and
tumor angiogenesis. Immunostains of 3 µm slides were ob-
tained using a polyclonal anti-VEGF-antibody (SC152,
Santa Curz, Biotechnology, CA) and a polyclonal anti-
CD34-antibody (MEC13.3, Pharmingen, Heidelberg, Ger-
many). Vascular surface densities (VSD) of the tumors were
evaluated as described (30,31). To this end, contiguous tu-
mor sections were analyzed for the number of CD34-stained
vessels and the area they covered, as well as the relational
areas of tumor cells allowing for a calculation of the area
covered by microvessels in relation to a given tumor volume
(vascular surface density, VSD, 1/mm). Twenty random
areas were analyzed for each tumor (Leica Q500 MC/Leica
imaging system QWin).

Northern Blot Analysis

Total RNA of HTC cells from experiments described
above was isolated using the RNeasy-kit (Qiagen, Hilden,
Germany). Ten micrograms of total RNA was separated
on 1.5% agarose/formaldehyde (2.2 M) gel and transferred
to Hybond N+ nylon membranes by capillary blotting. Ran-
dom prime labeling and hybridization procedures were car-
ried out as reported (32,33). A 320-bp 32P-labeled VEGF-
probe hybridizing to three mRNA species of VEGF was
kindly provided by Dr. Sander, Regensburg, Germany. Hy-
bridizations with human β-actin cDNA verified equal amounts
of RNA were loaded.

VEGF Protein Measurement

HTC cells were plated at a density of 1–5 × 105 into trip-
licate wells of multiwell plates and allowed to adhere. They
were then shifted to H5 for 24 h, medium was renewed, and
cultures continued for 48 h to obtain conditioned medium
(CM). CM was centrifuged (15,000g, 20 min, 4°C) and ali-
quots stored at −80°C until analyzed. In some experiments,
cells were incubated in the presence of EGF (10–100 ng/
mL) or TSH (1–100 mU/mL). VEGF was quantified by
ELISA (VEGF-DuoSet, R&D Systems; Emax, Molecular
Devices, Munich, Germany, 450–570 nm).

Statistics

Descriptive statistics were computed for all parameter.
Naïve HTC cells were compared to HTCtshr+ cells (test
condition) by means of repeated measures analysis of vari-
ance. Whenever significant differences occurred, paired
Student’s t-test was performed for further analysis. To eval-
uate microvessel densities, Fisher’s exact test was used. A
probability value of p < 0.05 was accepted to indicate sig-
nificance. Values are presented as mean ± standard devia-
tion if not stated otherwise. With the exception of TSH-stim-
ulated adhesion assays, all experiments were carried out
three times in triplicates or duplicates (tumor cell invasion
assays).
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