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Abstract
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Thyroid growth and function is partly regulated by growth factors binding to receptors on the
cell surface. In the present thesis, the transforming growth factor-β (TGF-β) superfamily
members have been studied for their role in regulation of growth and differentiation of both
normal and neoplastic thyroid epithelial cells.

TGF-β1 is a negative regulator of thyrocyte growth and function. However, the
importance of other TGF-β superfamily members has not been fully investigated. TGF-β1,
activin A, bone morphogenetic protein (BMP)-7 and their receptors were found to be
expressed in porcine thyrocytes. In addition to TGF-β1, activin A was also found to be a
negative regulator of thyroid growth and function, and both stimulated phosphorylation and
nuclear translocation of Smad proteins. Furthermore, TGF-β1 and epidermal growth factor
(EGF) demonstrated a synergistic negative effect on thyrocyte differentiation. Simultaneous
addition of the two factors resulted in a loss of the transepithelial resistance and expression of
the epithelial marker E-cadherin. This was followed by a transient expression of N-cadherin.

Despite the extremely malignant character of anaplastic thyroid carcinoma (ATC) tumor
cells, established cell lines are still responsive to TGF-β1. A majority of the cell lines were
also found to be growth inhibited by BMP-7. BMP-7 induced cell cycle arrest of the ATC cell
line HTh 74 in a dose- and cell density-dependent manner. This was associated with
upregulation of p21CIP1 and p27KIP1, decreased cyclin-dependent kinase (Cdk) activity and
hypophosphorylation of the retinoblastoma protein (pRb). TGF-β1, and to some extent also
BMP-7, induced the expression of N-cadherin and matrix metalloproteinase (MMP)-2 and -9.
Stimulation of HTh 74 cells with TGF-β1 increased the migration through a reconstituted
basement membrane indicating an increased invasive phenotype of the cells.

Taken together, these data show that TGF-β superfamily members not only affect
growth and function of normal thyroid follicle cells but may also, in combination with EGF,
play a role in cell dedifferentiation. This study additionally suggests that the TGF-β
superfamily members may be important for the invasive properties of ATC cells.
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Abbreviations

ActR activin receptor

ATC anaplastic thyroid carcinoma 

BMP bone morphogenetic protein

BMPR bone morphogenetic protein receptor

cAMP cyclic adenosine 3’,5’-monophosphate

Cdk cyclin-dependent kinase

CDKI cyclin-dependent kinase inhibitor

ECM extracellular matrix

EGF epidermal growth factor

EMT epithelial to mesenchymal transdifferentiation

Erk extracellular regulated kinase

HGF hepatocyte growth factor

IGF-1 insulin-like growth factor-1

MAPK mitogen activated protein kinase 

MMP matrix metalloproteinase

NIS sodium iodide symporter

PAI-1 plasminogen activator inhibitor type 1

PDGF platelet-derived growth factor

PP2A protein phosphatase 2A

pRb retinoblastoma protein

RTK receptor tyrosine kinase

T3 tri-iodo-thyronine

T4 thyroxine

TβR transforming growth factor-β receptor

Tg thyroglobulin

TGF-β transforming growth factor-β

TIMP tissue inhibitor of matrix metalloproteinase

TPO thyroperoxidase

TSH thyroid stimulating hormone

TSHR thyroid stimulating hormone receptor
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Introduction

Tight regulation of both growth inhibitory and stimulatory factors is essential for maintaining

normal homeostasis in tissues. This is achieved through cell-cell communication and

extensive interaction between different signalling pathways. Genetic alterations, which

activate oncogenes or inactivate tumour suppressor genes, will eventually disturb the normal

behaviour of the cell resulting in the progression of cancer. It has been suggested that

successful tumour development needs to overcome or acquire six different features: self-

sufficiency of growth factors, insensitivity towards growth inhibitory signals, limitless

replicative potential, insensitivity towards apoptotic signals, sustained angiogenesis as well as

invasion and metastasis (Hanahan & Weinberg, 2000). Transforming growth factor (TGF)-β,

which is a multifunctional cytokine, is involved in most of the above mentioned events. It is

growth inhibitory for most normal epithelial cells, while a common feature of transformed

cells is insensitivity towards TGF-β-induced growth arrest. Despite that, TGF-β seems to

have an important role in tumour progression, and overproduction of TGF-β is common in

many neoplasms. In the present thesis, the effects of members of the TGF-β superfamily on

both normal and neoplastic thyroid epithelial cells have been investigated, as well as their

possible role during tumour progression.

The thyroid

Normal thyroid physiology and function

Epithelial cells of the thyroid are organised in follicles and are therefore termed follicle cells.

The cells are polarised, with the basolateral side facing the outside and the apical side facing

the interior of the follicle (Figure 1). The main function of the thyroid is to produce, store and

release the thyroid hormones tri-iodo-thyronine (T3) and thyroxine (T4). Thyroid stimulating

hormone (TSH), which is released by the pituitary gland upon stimulation from the

hypothalamus, is the key regulator of thyroid follicle cell function. TSH acts by binding to the

TSH receptor (TSHR) situated on the basolateral membrane of the thyroid follicle cells.

Binding of TSH to the G-protein coupled TSHR increases the intracellular levels of cyclic

adenosine 3’,5’-monophosphate (cAMP), being the major second messenger of the TSHR.

The sodium iodide symporter (NIS), situated on the basolateral side, actively traps iodide in

the thyroid resulting in highly increased concentrations within the gland. Iodide is converted
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into iodine, which is incorporated into thyroglobulin (Tg) by a process involving

thyroperoxidase (TPO). The iodinated Tg is stored in the follicle lumen as colloid. Upon

stimulation of the TSHR, the colloid is endocytosed by the follicle cell, degraded and released

as T3 and T4 into the blood. 

Figure 1 Schematic illustration of thyroid hormone synthesis
Abbreviations used: AC, adenylate cyclase; AJ, adherens junction; ATP,
adenosine triphosphate; P, pendrin; PKA, protein kinase A; TJ, tight junction.
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The role of TSH as a growth factor for thyroid follicle cells is a controversial issue. Both

increased growth and insensitivity towards TSH have been shown in numerous in vitro studies

of thyrocytes from different species (reviewed by Lewinski et al., 1993). However, Gärtner et

al. (1990) showed that primary porcine thyroid follicle cells grown in suspension culture were

not growth stimulated by TSH while the same cells grown in monolayer were. It has also been

proposed that the stimulatory effects of TSH require co-stimulation with mitogenic factors

such as insulin-like growth factor-1 (IGF-1) or insulin (Dumont et al., 1991) and since

stimulation of follicle cells with TSH induces the expression of IGF-1 (Hofbauer et al., 1995)

the growth stimulatory effect of TSH might be a secondary event. 

Thyroid growth and function has also been shown to be regulated by several other growth

factors such as epidermal growth factor (EGF), hepatocyte growth factor (HGF) and fibroblast

growth factor (FGF) acting in an autocrine or paracrine manner (Dumont et al., 1991). EGF

and HGF potently stimulate growth of thyroid follicle cells as well as induction of a

dedifferentiated phenotype (Dremier et al., 1994; Errick et al., 1986; Heldin & Westermark,

1988; Westermark & Westermark, 1982). The dedifferentiated phenotype caused by EGF

could be reverted if the cells were treated with TSH (Roger et al., 1985) showing that TSH is

necessary for maintaining normal thyroid physiology. However, TSH potentiates the growth

stimulatory effect of EGF by upregulating the number of EGF receptors (EGFR) (Westermark

et al., 1986) indicating a dual role of TSH in affecting EGF-induced growth and function. 

Differentiated thyroid carcinoma

Papillary and follicular carcinoma are differentiated thyroid carcinomas, which constitute 80-

90 % of all thyroid carcinomas in humans, with papillary thyroid carcinoma being the most

common of the two. Papillary carcinomas usually affect younger people and the tumours

metastasise locally to lymph nodes in the neck. Due to the local growth and high differential

status of the tumour, the prognosis is good if the disease is diagnosed and treated in time.

Follicular carcinomas affect older patients and the tumours are more or less encapsulated,

resembling normal thyroid follicle growth. Due to their slow growth, the tumours are usually

discovered at an early stage and the prognosis is good; however, distant metastases decrease

the survival time (Mizukami et al., 1995). Ret/PTC rearrangements are specific for papillary

carcinoma but elevated erbB-2/neu and p21Ras mutations are also common (Sugg et al.,

1999; Sugg et al., 1996).
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Anaplastic thyroid carcinoma

Anaplastic thyroid carcinoma (ATC) is considered one of the most malignant of all human

solid tumours (Ain, 1998). It mainly affects women over the age of 50, and because of the

aggressive and invasive growth, the patient usually dies within 6 months of diagnosis. By the

time of diagnosis ATC patients already have large tumour masses spread to the soft tissue of

the neck as well as the trachea. The tumour metastases primarily to the lungs, but bone and

brain metastases are also commonly found (Ain, 1998). Histological studies of ATC shows

three distinct cell patterns: spindle, giant and squamoid cells, and these are usually found in

different combinations mixed with large areas of necrosis and a high degree of invasion

(Carcangiu et al., 1985). The expression of growth factors in ATC is not significantly

different compared to that in other thyroid neoplasms and normal thyroid tissue, however

IGF-I and the receptor for EGF and TGF-α,  EGFR, are produced to a higher degree in ATC

than in normal thyroid cells (van der Laan et al., 1995). Mutations of p53 are a common

finding in ATC (Fagin et al., 1993), and p53 re-expression can restore thyroid specific protein

expression in ATC cell lines (Moretti et al., 1997). 

The TGF-β superfamily

TGF-β was originally discovered through its ability to potentiate the transforming activity of

EGF on non-neoplastic fibroblasts (Roberts et al., 1981). Since then, many new members and

functions have been discovered. TGF-β, activins, inhibins, bone morphogenetic proteins

(BMP), growth and differentiating factors (GDFs) and Mullerian inhibiting substance (MIS),

all belonging to the same superfamily of growth factors, regulate growth, differentiation,

matrix production and apoptosis of many different cell types. 

TGF-β 

Three isoforms of TGF-β have been cloned: TGF-β1 (Derynck et al., 1985), TGF-β2 (de

Martin et al., 1987) and TGF-β3 (Derynck et al., 1988). They all show a high degree of

homology, but different expression patterns as well as divergent phenotypes of knock-out

mice indicate different biological roles (de Martin et al., 1987; Derynck et al., 1985; Derynck

et al., 1988; Goumans & Mummery, 2000). TGF-βs are produced as precursors that need to

be dimerised and cleaved before secretion. In the case of TGF-β the removed pro-peptide,

latency activated peptide (LAP), remains associated with the ligand in a non-covalent bond. In
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this state, the ligand is inactive and can not bind to the receptors. There are several ways to

activate latent TGF-β and factors such as plasmin (Sato & Rifkin, 1989), matrix

metalloproteinases (MMPs) (Yu & Stamenkovic, 2000), thrombospondin (Crawford et al.,

1998) integrin αvβ6 and αvβ1 (Munger et al., 1998; Munger et al., 1999) have been reported

to have this ability. The mature 25 kDa protein can bind to TGF-β receptors on the cell

surface. 

Activin/Inhibin

Activins are hetero- or homo-dimers of activin/inhibin β-subunits while inhibins are hetero-

dimers of one β- and one α-subunit. Inhibins act as antagonists of activins. Activin promotes

FSH synthesis and secretion and is therefore important in control of the reproductive system

(Pangas & Woodruff, 2000). Activin A inhibits the growth of many epithelial cell types

(Cocolakis et al., 2001; Shimizu et al., 1998; Wang et al., 1996b; Yasuda et al., 1993;

Zauberman et al., 1997) and in breast cancer cells, activation of p38 mitogen activated protein

kinase (MAPK) by activin A is necessary for the inhibitory effect (Cocolakis et al., 2001). In

the liver, activin A, but also TGF-β, are thought to be important for maintaining constant liver

mass since blockage of the two pathways give rise to increased hepatocyte proliferation

(Ichikawa et al., 2001). Knock-out mice lacking either of the two activin type II receptors

(ActR-II) show divergent phenotypes. Most ActR-II (-/-) mice survive and develop normally

until adulthood but they are less fertile, contrary to the ActR-IIB (-/-) that die directly after

birth with cardiac and skeletal defects (Matzuk et al., 1995; Oh & Li, 1997).

BMPs

BMPs are the largest subgroup of the TGF-β superfamily with more than 30 members. BMPs

were first discovered through their ability to induce bone formation, but have also been shown

to control other processes such as proliferation and differentiation. Many BMPs are important

during embryogenesis (Ducy & Karsenty, 2000). Similar to TGF-β and activin, BMPs can

inhibit the growth of several cell types. Breast cancer cells (Ghosh-Choudhury et al., 2000a;

Ghosh-Choudhury et al., 2000b), smooth muscle cells (Dorai et al., 2000; Nakaoka et al.,

1997), osteosarcoma cells (Maliakal et al., 1994) and B cells (Yamato et al., 2001; Yamato et

al., 2000) are all growth inhibited by BMPs. 
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Figure 2 TGF-β superfamily signalling
Abbreviations used: RI, type I receptor; RII, type II receptor.
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TGF-β receptor signalling

Members of the TGF-β superfamily act by binding to type I and type II receptors present on

the cell surface (Figure 2). To date, seven different type I receptors (Franzen et al., 1993; ten

Dijke et al., 1993; ten Dijke et al., 1994a; ten Dijke et al., 1994b) and four type II receptors

(Attisano et al., 1992; Lin et al., 1992; Liu et al., 1995; Mathews & Vale, 1991; Mathews et

al., 1992; Rosenzweig et al., 1995) have been cloned (Table 1). There is a also a TGF-β type

III receptor, known as betaglycan, believed to present ligands to the type II receptor (López-

Casillas et al., 1993) and thereby enhancing the TGF-β signalling. The receptors bind the

various TGF-β superfamily ligands with varying affinity, and the type I receptor determines

the cellular response (Cárcamo et al., 1994; Marcías-Silva et al., 1998; Persson et al., 1998).

Upon binding of TGF-β to a dimer of active type II receptors, the type I receptor will be

recruited to the complex and is phosphorylated in a region called the GS-domain (Wrana et

al., 1994). Once phosphorylated, it will in turn transduce the signal to the downstream

signalling molecules, the Smad proteins. For BMPs, the presence of both the type I and type II

receptor is needed for efficient binding (Liu et al., 1995; Rosenzweig et al., 1995). Several

proteins can interact with the TGF-β receptors and thereby modulating the response positively

or negatively (see Table 2). 

Table 1 Specific binding of the TGF-β superfamily members to type I and type II
receptors

Ligand Type I receptor Type II receptor
TGF-β TβR-I (Alk-5) TβR-II

Alk-1
Alk-7

Activin ActR-IB (Alk-4) ActR-II
ActR-IIB

BMP ActR-I (Alk-2) BMPR-II
BMPR-IA (Alk-3) ActR-II
BMPR-IB (Alk-6) AcR-IIB
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Smad proteins

There are three different classes of Smads: pathway restricted Smads (R-Smads), common

mediator Smad (Co-Smad) and inhibitory Smads (I-Smads). R-Smads, Smad1, Smad2,

Smad3, Smad5 and Smad8 interact transiently with the type I receptor (Marcías-Silva et al.,

1998; Zhang et al., 1996) and become phosphorylated on C-terminal serine residues

(Kretzschmar et al., 1997b; Souchelnytskyi et al., 1997). Smad2 and Smad3 are

phosphorylated after TGF-β or activin stimulation (Eppert et al., 1996; Nakao et al., 1997b;

Zhang et al., 1996) while Smad1, Smad5 and Smad8 mediate BMP signals (Chen et al.,

1997b; Kretzschmar et al., 1997b; Liu et al., 1996; Tamaki et al., 1998). However, there has

been a report that TGF-β stimulation can activate Smad1 (Liu et al., 1998). SARA (smad

anchor for receptor activation) and Axin act by presenting the R-Smads to the type I receptors

(Furuhashi et al., 2001; Tsukazaki et al., 1998) and once the Smad is phosphorylated it will

complex with the co-Smad, Smad4 (Lagna et al., 1996), and translocate to the nucleus (Figure

2). 

The specificity of the downstream signalling is mediated through interactions between the

L45 loop in the type I receptor (Feng & Derynck, 1997; Persson et al., 1998) and the L3 loop

in the Smad molecule (Lo et al., 1998). Switching the amino acids that differ between TβR-I

and BMPR-IB in the L45 loop resulted in Smad1 activation by the mutant TβR-I and Smad2

activation by the mutant BMPR-IB (Persson et al., 1998), showing that this region of the type

I receptor is essential for determining the specificity of the downstream signalling. However,

the type II receptor is also important for the cellular response. Mutation of threonine 315 in

the kinase domain of TβR-II inhibits TGF-β-induced growth inhibition but did not affect

TGF-β induced expression of plasminogen activator inhibitor type 1 (PAI-1) (Lu et al., 1999).

Smad6 and Smad7 belong to the group of I-Smads. The I-Smads interact with the receptors

but are not phosphorylated since they lack the C-terminal SSXS motif; instead they inhibit the

interaction between the R-Smads and the type I receptors (Hayashi et al., 1997; Imamura et

al., 1997; Nakao et al., 1997a). 

Binding of Smad3/Smad4 complexes to DNA was mapped to a sequence termed Smad

binding element (SBE) found in many promoters regulated by TGF-β (Zawel et al., 1998).

Although Smad2 and Smad3 share 92% homology, they have distinct and different features.
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Smad2 has two extra domains in the MH1, the TID and GAG-domains which prevent direct

binding of Smad2 to DNA (Figure 3) (Dennler et al., 1999). Studies of fibroblasts lacking

either Smad2 or Smad3 have shown that they affect both common and distinct targets (Piek et

al., 2001). Both Smads are important for TGF-β-induced growth inhibition, but Smad2 is

necessary for TGF-β-induced upregulation of MMP-2, while induction of c-fos, Smad7 and

TGF-β1 genes are Smad3-dependent. Luciferase-reporter constructs used to study TGF-β-

responsiveness are also affected differently by Smad2 and Smad3 (Piek et al., 2001). Both

3TP-lux (containing parts of the PAI-1 promoter) and (SBE)4-luciferase reporter (SBEs from

the junB promoter) are mainly dependent upon Smad3 while activin responsive element

(ARE)-luciferase is Smad2 dependent. Since the Smad2/Smad4 complex can not bind directly

to DNA, interaction of Smad-complexes with DNA-binding proteins facilitate or enhance

transcription of sensitive genes. During recent years, several proteins that modulate the

response positively or negatively have been cloned (Table 2). 

To terminate the TGF-β signal and to prevent constitutive activation of the target genes, the

Smad signal needs to be shut off. This is believed to be caused by SMURFs, ubiquitin ligases,

that target the Smads for ubiquitination and proteasome-mediated degradation (Lo &

Massague, 1999; Zhang et al., 2001).

Figure 3 Functional domains in the Smad2 protein
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Table 2 Activators and inhibitors that modulate TGF-β/Activin/BMP responses

Function Reference
Activators:
Axin Present Smad3 to TβR-I. Facilitate

phoshorylation
(Furuhashi et al., 2001)

SARA Recruit Smad2 to TβR-I (Tsukazaki et al., 1998)

AML Interact with Smad3/Smad4. Enhance binding to
Iα1 promoter

(Pardali et al., 2000a)

AP-1 Co-operate with Smad3/Smad4. Enhance
transcriptional response towards TGF-β  

(Liberati et al., 1999;
Zhang et al., 1998)

FAST-1 Bind DNA together with Smad2 and Smad4 (Chen et al., 1997a)
FAST-2 Bind DNA together with Smad2 and Smad4 (Liu et al., 1999)
OAZ Bind activated Smad1/Smad4 complexes. (Hata et al., 2000)
p300/CBP Interact with phosphorylated Smads. Enhance

DNA binding
(Pouponnot et al., 1998;
Shen et al., 1998)

RUNX2 Gain increased transactivator activity when
interacted with Smads

(Zhang et al., 2000)

TFE3 Transcription factor that binds E-boxes together
with Smad3 and Smad4

(Hua et al., 1998)

TSF-1 Bind DNA together with Smad3 and Smad4 (Ohta et al., 2000)

Inhibitors:
BAMBI Resembles type I receptors. Prevent receptor

hetrodimerisation
(Onichtchouk et al., 1999)

FKBP12 Prevents ligand independent activation of TβR-I
by TβR-II

(Chen et al., 1997c)

STRAP Interacts with both TβR-I and TβR-II. Inhibits
signalling

(Datta et al., 1998)

TRAP-1 Interacts with activated TβR-I (Charng et al., 1998)
TRIP-1 Associate with TβR-II. Inhibit some TGF-β

responses
(Chen et al., 1995; Choy
& Derynck, 1998)

E1A Inhibit Smad3 binding to p300/CBP (Nishihara et al., 1999)
Evi-1 Suppress transcriptional activity of Smad3 (Kurokawa et al., 1998)
Hoxc-8 Interacts with and inhibit Smad1 (Shi et al., 1999)
SIP1 Bind strongly to Smad3. Inhibit gene

transcription
(Verschueren et al., 1999)

Ski Repress transcription by interaction with the
Smad-complex

(Luo et al., 1999b; Sun et
al., 1999a)

SNIP1 Prevents formation of Smad/p300 complex (Kim et al., 2000c)
SnoN Repress TGF-β responses but is also degraded by

TGF-β 
(Sun et al., 1999b)

TGIF Repress the TGF-β-induced DNA binding
complex

(Wotton et al., 1999)
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Crosstalk with other signalling pathways

Extensive crosstalk between the TGF-β pathway and receptor tyrosine kinase (RTK)

signalling has been known for many years. Recently, possible mechanistic explanations have

been proposed. It was shown by Kretzshmar et al. that signalling through EGFR and MAPK

can phosphorylate Smad1, Smad2 and Smad3 in the linker region and thereby inhibit Smad

translocation to the nucleus (Figure 3) (Kretzschmar et al., 1997a; Kretzschmar et al., 1999).

Other possible mechanisms that inhibit TGF-β superfamily signalling are through

upregulation of the I-Smads, Smad6 and Smad7, induced by EGF or interferon-γ (INF-γ)

(Afrakhte et al., 1998; Ulloa et al., 1999). 

Modulatory effects of TGF-β and BMP-2 on the cellular response to EGF and platelet derived

growth factor (PDGF) have also been reported. Giehl et al. (2000) showed that TGF-β

inhibited the EGF-induced phosphorylation of Erk and its translocation to the nucleus. It was

proposed that a TGF-β-dependent serine/threonine phosphatase inactivated Erk, and that

protein phosphatase 2A (PP2A) was a possible candidate. Similarly, BMP-2 can inhibit

signals from both the EGFR (Ghosh Choudhury et al., 1999) and PDGFR (Ghosh

Choundhury et al., 1999). 

There are reports of positive effects of the MAPK and stress-activated protein kinase/c-Jun N-

terminal kinase (SAPK/JNK) pathways in inducing Smad2-dependent responses (Brown et

al., 1999; de Caestecker et al., 1998). TGF-β can also induce a rapid but transient activation

of the Ras/MAPK pathway (Hartsough & Mulder, 1995; Mulder & Morris, 1992; Yan et al.,

1994). 

The TGF-β superfamily is a large group of growth factors, which all signal through seven

different transmembrane type I receptors, and uses only five R-Smads to modulate a great

number of genes. The complexity is therefore substantial. The discovery of proteins that bind

and affect TGF-β signalling at different levels of the pathway as well as cross-talk with other

growth factors has partly helped in understanding the mechanisms how the same signal can

give such divergent responses in different cells. 
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The TGF-β superfamily and the thyroid

Effects of TGF-β superfamily members on normal thyroid follicle cells

TGF-β is growth inhibitory for thyroid follicle cells just as for most epithelial cells (Morris III

et al., 1988; Taton et al., 1993) and it also inhibits EGF- and IGF-1-induced growth

stimulation (Tsushima et al., 1988). Porcine thyroid follicle cells exposed to TGF-β over a

longer time period show decreased expression of IGF-1 and 3H-thymidine incorporation,

indicating another mechanism for TGF-β inhibition of thyroid growth (Beere et al., 1991).

Normal thyroid follicle cells express active TGF-β, suggesting stimulation in an autocrine

manner since the endogenous production induced a basal growth inhibitory response (Cowin

& Bidey, 1995). 

TGF-β reduces the degree of differentiation of thyroid follicle cells. Stimulation with TGF-β

inhibits TSH-induced iodide uptake (Tsushima et al., 1988), probably due to inhibition of

TSH-induced expression of NIS (Kawaguchi et al., 1997; Pekary & Hershman, 1997). The

expression of other thyroid specific proteins such as Tg, (Colletta et al., 1989; Toda et al.,

1997), TPO (Widder et al., 1991) and TSHR (Morris III et al., 1988) are also downregulated

by TGF-β. However, there is some controversy regarding the effect on TSH-induced cAMP

production since it has been shown to be either inhibited or unaffected by TGF-β (Colletta et

al., 1989; Morris III et al., 1988; Taton et al., 1993; Tsushima et al., 1988).

Normal porcine thyrocytes in collagen gel cultures developed a mesenchyme-like cell shape

and folliculogenesis was inhibited upon TGF-β stimulation (Toda et al., 1997). Thyroid

follicles embedded in collagen responded with increased migration and disruption of the

epithelial integrity when both EGF and TGF-β were added (Nilsson et al., 1995). TGF-β

stimulation also promoted follicle disruption and increased migration of monolayer cultures

(Claisse et al., 1999). 

The closely related activin A stimulated growth but inhibited TSH-induced cAMP production

in primary porcine thyroid cells (Kotajima et al., 1995). Human thyroid follicle cells stained

positive for activin A in immunohistochemical analysis showing that activin A is also

produced within the thyroid gland (Wada et al., 1996). It was recently proposed that the

increased serum levels of activin A in males, together with the fact that activin A is growth
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inhibitory for human thyrocytes, is a possible mechanism for protection against goiter

(Schulte et al., 2000). 

Altered TGF-β signalling in thyroid neoplasms

TGF-β inhibits the growth of several papillary thyroid carcinoma cell lines in a dose- and

time-dependent manner (Ohta et al., 1996; Usa et al., 1994). However, ATC cell lines have

been shown to be either unsensitive or growth inhibited by TGF-β (Heldin et al., 1999; Ohta

et al., 1996). Other reports have shown decreased responsiveness towards TGF-β and

decreased expression of TβR-II in thyroid tumours (Coppa et al., 1997; Lazzereschi et al.,

1997; Matoba et al., 1998; Wyllie et al., 1991). A correlation between the reduction of TβR-II

expression in papillary thyroid carcinomas and increased tumour size has been observed,

indicating that loss of TGF-β sensitivity promotes tumour growth (Matoba et al., 1998). K-

Ras transformation of FRTL-5 cells as well as Ha-Ras transformation of normal rat thyroid

cells were accompanied by TGF-β resistance, and in the case of FRTL-5, also decreased

levels of TβR-II (Burns et al., 1992, Coppa, 1997 #326). Reintroduction of TβR-II in the K-

Ras transformed FRTL-5 cells diminished the tumourigenic phenotype of the transfected cell

clones (Turco et al., 1999). Interestingly, expression of TGF-β has been shown to increase

with malignancy (Jasani et al., 1990, van der Laan, 1995 #295), during goiter induction

(Grubeck-Loebenstein et al., 1989; Logan et al., 1994; Patel et al., 1996) and after tumour

necrosis factor (TNF)-α stimulation (Pekary et al., 1995).

The cell cycle

The eukaryotic cell cycle is tightly regulated to ensure that replication and division takes

place in a controlled manner. This is carried out by subsequently entering four different

phases in order to divide: the gap 1 (G1), synthesis (S), gap 2 (G2) and mitosis (M) phase

(Figure 4). Depending on growth inhibitory or growth promoting stimuli the cells decides

whether to divide, arrest or exit the cell cycle. Exit from the cell cycle is called the G0 phase.

The main regulators of the cell cycle are cyclins and cyclin-dependent kinases (Cdks) which

form intermediate complexes during different stages of the cell cycle (Johnson & Walker,

1999). As the name indicates, Cdks depend on binding to cyclins to become active. Binding

of cyclin to Cdk induces a conformational change of the Cdk, opening up its catalytic cleft 
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Figure 4 Schematic picture of the cell cycle with special emphasis of the G1 phase



21

whereby it can phosphorylate the retinoblastoma protein (pRb) (Jeffrey et al., 1995). The first

cyclin/Cdk complex active in the G1 phase is the association between cyclin D and Cdk4/6.

The level of cyclin D does not oscillate regularly during the cell cycle, but its expression is

instead regulated by stimuli from different growth factors. Downregulation of cyclin D can

delay or inhibit entry to the S-phase while overexpression can shorten the G1-phase (Sherr,

1994; Sherr, 1995). Cyclin E is active in late G1-phase and forms a catalytic complex with

Cdk2 (Ohtsubo et al., 1995). The expression of cyclin E is maximum at the G1-S transition

(Koff et al., 1992). 

Cyclin-dependent kinase inhibitors (CDKIs)

One way of regulating the activity of the cyclin/Cdk complex is through a group of proteins

called cyclin-dependent kinase inhibitors (CDKIs). There are two families of CDKIs, the

INK4 family and the Cip/Kip family (Johnson & Walker, 1999). The INK4 family consists of

p15INK4B, p16INK4A, p18INK4C and p19INK4D, and the Cip/Kip family of p21CIP1, p27KIP1 and

p57KIP2. INK4 members interact with the cyclin D/Cdk4/6 complex and are therefore active in

mid to late G1-phase while Cip/Kip members can interact with both cyclin D/Cdk4/6 and

cyclin E/Cdk2. Since cyclin E/Cdk2 complexes are essential for the transition from G1 to S

phase, inhibition of this complex is believed to be a later event than cyclin D/Cdk4/6

(Ohtsubo et al., 1995; Reynisdottir & Massague, 1997). Interestingly, p21CIP1 has been found

to be associated with both active and inactive cyclin/Cdk complexes, implying a dual role of

this cell cycle inhibitor (Zhang et al., 1994).

TGF-β and the cell cycle

The growth inhibitory effect by TGF-β involves cell cycle arrest in the G1 phase (Laiho et al.,

1990; Pietenpol et al., 1990). The mechanisms behind TGF-β-induced cell cycle arrest seem

to differ depending on the cell type studied. Koff et al. (1993) showed that mink lung

epithelial cells exposed to TGF-β had unaltered levels of cyclin E and Cdk2 but the active

cyclin E/Cdk2 complex was not assembled. On the other hand, TGF-β induced a rapid

decrease of the cyclin E mRNA level in human keratinocytes (Geng & Weinberg, 1993). In

the same cells TGF-β also inhibited Cdk2 and Cdk4 mRNA expression while cyclin D was

unaffected. A conclusion of the two studies is that TGF-β must be active early in the G1

phase to induce an arrest and that it can affect synthesis, assembly and activity of cyclins and

Cdks. The CDKIs has been shown to be upregulated by different members of the TGF-β
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superfamily and are therefore believed to be important factors in TGF-β induced G1-arrest.

p27KIP1 was initially cloned as a TGF-β-induced inhibitor of the cyclin E/Cdk2 complex

(Polyak et al., 1994) and the closely related p21CIP1 is also upregulated by TGF-β (Datto et

al., 1995; Reynisdottir et al., 1995), activin A (Zauberman et al., 1997) and BMP-2 (Ghosh-

Choudhury et al., 2000a; Ghosh-Choudhury et al., 2000b). TGF-β induces p21CIP1 gene

transcription through interaction of Smad proteins with Sp1 and binding to Sp1-sites in the

proximal parts of the p21CIP1 promoter (Pardali et al., 2000b). BMP-2-induced upregulation of

p21CIP1 has been mapped to a 29-basepair region further upstream of the promoter (Yamato et

al., 2001). This region does not contain Sp1-binding sites, suggesting a different activating

mechanism by BMP-2 compared to that of TGF-β. Other possible ways for TGF-β to arrest

the cell cycle is to upregulate p15INK4B, (Reynisdottir & Massague, 1997; Reynisdottir et al.,

1995) or to downregulate cdc25A (Iavarone & Massague, 1997), Cdk activating kinase

(CAK) (Nagahara et al., 1999) or p70S6K (Petritsch et al., 2000).

The rat thyroid epithelial cell line FRTL-5 responds to TGF-β with reduced levels of cdk2 and

cyclin A (Coppa et al., 1995) as well as decreased cyclin E/Cdk2 activity and

hypophosphorylation of pRb (Carneiro et al., 1998). Furthermore, numerous reports have

shown that TGF-β stimulation of thyroid follicle cells and FRTL-5 cells induce apoptosis

(Bechtner et al., 1999; Carneiro et al., 1998; Kolaja et al., 1999; Kolaja & Klaassen, 1998).

Adherens and tight junctions

Adherens junctions

Adherens junctions are made up of cadherin-cadherin interactions between neighbouring cells

and are important for maintaining normal tissue architecture (Figure 5) (Nagafuchi, 2001;

Steinberg & McNutt, 1999). E- and N-cadherins belong to the group of classical cadherins.

They are glycosylated, Ca2+-dependent, transmembrane proteins made up of five extracellular,

one transmembrane and one cytoplasmic domain. The extracellular domains are responsible

for the cell-cell interactions, while the intracellular domain is responsible for interactions with

the catenins and hence the actin cytoskeleton. β-catenin, p120ctn and plakoglobin (γ-catenin)

bind the cadherin while α-catenin binds actin, vinculin and ZO-1 (Nagafuchi, 2001; Steinberg

& McNutt, 1999). Phosphorylation of β-catenin, p120ctn or plakoglobin by different growth
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factors, like EGF and HGF, can cause dissociation from the cadherin-associated complex and

thereby disrupt the cell-cell interaction (Behrens et al., 1993). 

Figure 5 Adherens junction

Adherens junctions in cancer

Tumourigenesis of epithelial cells is usually accompanied by downregulation of E-cadherin

and upregulation of N-cadherin. Islam et al. (1996) showed that the expression of E-cadherin

and N-cadherin is mutually exclusive; transfection of epithelial cells with N-cadherin caused

downregulation of E-cadherin and induced a fibroblast phenotype. Blocking the N-cadherin

production reverted the mesenchymal phenotype and caused re-expression of E-cadherin.

However, another report showed that N-cadherin could promote motility even in the presence

of E-cadherin (Nieman et al., 1999). Expression of N-cadherin by epithelial derived tumour

cells has often been correlated to invasion and migration (Hazan et al., 2000; Kim et al.,
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2000b; Nieman et al., 1999). Contrary, E-cadherin can act as a tumour suppressor since

invasive tumour cells lacking E-cadherin could turn non-invasive when transfected with E-

cadherin (Frixen et al., 1991; Vleminckx et al., 1991). 

The level of E-cadherin expression is downregulated in various neoplastic thyroid tissues

(Brabant et al., 1993; Serini et al., 1996; von Wasielewski et al., 1997) and the loss of E-

cadherin expression is believed to be due to hypermethylation of the gene and not caused by

mutations (Graff et al., 1998; Soares et al., 1997). Immunohistochemical analysis of thyroid

carcinoma showed that with increasing malignancy, the membrane localisation of E-cadherin,

β-catenin and α-catenin was gradually lost (Baloch et al., 2001; Cerrato et al., 1998). Several

ATC cells lines in the present study, but not the KAT-4 cells, lack expression of E-cadherin

but show high expression of N-cadherin (Husmark et al., 1999). The protein levels of α- and

β-catenin did not differ compared to those in normal porcine follicle cells and the β-catenin

could be found in complex with the neo-expressed N-cadherin in the anaplastic cell lines

(Husmark et al., 1999). However, the β-catenin gene has been reported to be frequently

mutated in ATC resulting in increased nuclear accumulation, and the possibility of β-catenin

to act as an oncogene (Garcia-Rostan et al., 1999). Contrary to α- and β-catenin, the

expression of γ-catenin was partially or totally lost in thyroid carcinomas (Cerrato et al., 1998;

Huang et al., 1998; Husmark et al., 1999).

Stimulation of epithelial cells with TGF-β is known to cause a phenomenon called epithelial

to mesenchymal transdifferentiation (EMT) (Miettinen et al., 1994; Piek et al., 1999; Portella

et al., 1998). The changes involve downregulation of E-cadherin, formation of actin stress-

fibres and upregulation of the mesenchymal marker fibronectin. TGF-β represses E-cadherin

expression by upregulation of the transcription factors Snail (Batlle et al., 2000; Cano et al.,

2000) and SIP1 (Comijn et al., 2001). Recently, loss of E-cadherin during EMT has been

shown to be accompanied by upregulation of N-cadherin (Bhowmick et al., 2001). The

mechanism behind TGF-β-induced upregulation of N-cadherin is still unknown. 

Tight junctions

Maintenance of a tight epithelium and prevention of paracellular leakage is mediated by the

tight junctions (TJs). They consist of a cluster of proteins including occludins and claudins

that bridge neighbouring cells to each other. The tightness of the epithelium differs between
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body tissues depending on the different physiological needs. Intracellularly, TJs are regulated

by interactions from different signals cascades and the junction can relax or strengthen due to

extracellular stimulation (Cereijido et al., 2000). 

Matrix metalloproteinases (MMPs) 

The MMP family consists of 20 members that can be divided into six main groups according

to their ability to degrade different extracellular matrix (ECM) components (Stetler-Stevenson

& Yu, 2001). They are therefore important for cellular invasion, but besides the direct effect

on ECM degradation, MMPs modulate processes such as angiogenesis (Bergers et al., 2000;

Brooks et al., 1998; Patterson & Sang, 1997) and activation of invasion and migration

promoting factors such as TGF-β and IGF-1 (Manes et al., 1997; Yu & Stamenkovic, 2000). 

MMP-2 and MMP-9 belong to the group of gelatinases or type IV collagenases. The enzymes

are produced and secreted as inactive pro-forms that need activation by proteolytic cleavage

(Stetler-Stevenson & Yu, 2001). MMP-2 expression levels can be elevated by growth factors

such as TGF-β by increasing the mRNA half-life (Overall et al., 1991) and by stabilisation of

the 72kDa proenzyme (Sehgal & Thompson, 1999). MMP-2 is post-secretion activated by

MT1-MMPs bound to TIMP-2 (Strongin et al., 1995; Will et al., 1996). Integrin αvβ3 can act

as a docking site for activated MMP-2 on invasive cancer cells (Brooks et al., 1996) and

complete the maturation of MMP-2 initiated by the MT1-MMP/TIMP-2 complex (Deryugina

et al., 2001). By this mechanism, active MMP-2 is localised to the invasive front of migrating

cells. Collagen IV, which is the substrate of MMP-2, can also activate MMP-2 and inhibit

TIMP-2, showing a possible mechanism of MMP-2-induced invasion (Maquoi et al., 2000).

MMP-9 expression can be enhanced by activating AP-1 and Ets-binding sites in the promoter

(Sato et al., 1993; Watabe et al., 1998; Yamamoto et al., 1998). Activation of MMP-9 can be

achieved by plasmin and urokinase-type plasminogen activator (uPA) (Kleiner & Stetler-

Stevenson, 1993) but also by other MMPs such as MMP-2 (Fridman et al., 1995). Just as

MMP-2, MMP-9 bind with high affinity to collagen IV, localising active MMP-9 close to its

substrate (Olson et al., 1998). 

TIMPs are endogenous inhibitors of MMP activity. The C-terminal of TIMP binds MMP

while the N-terminal acts as an inhibitor (Sternlicht & Werb, 2001). Interestingly, TIMP-2 is



26

necessary for MMP-2 activation. Depending on the TIMP-2 level it can either act as an

activator, in co-operation with MT1-MMP, or an inhibitor of MMP-2 (Strongin et al., 1995).

The expression of MMPs are elevated in cancer tissue compared to the adjacent normal tissue

(McKerrow et al., 2000). However, the role of MMPs and their inhibitors, TIMPs, during

cancer progression is not fully understood, but MMP-overproducing mice tend to be more

susceptible towards oncogenic stimuli than normal mice (Sternlicht & Werb, 2001). MMPs

can also cause EMT by cleavage of E-cadherin and thereby induce a malignant phenotype

(Lochter et al., 1997). Contrary to the study by McKerrow et al. (2000), Zedenius et al.

(1996) showed that thyroid tumours did not produce MMPs themselves, but it was expressed

by the surrounding fibroblasts. However, in several reports, higher levels of MMPs were

found in neoplastic thyroid cells compared to the normal controls, as well as in thyroid cell

lines (Hofmann et al., 1998; Korem et al., 1999; Maeta et al., 2001; Nakamura et al., 1999).

TGF-β and cancer

Escape from TGF-β-induced growth inhibition is common in many cancers. The common

mediator Smad4 was originally cloned as a frequently mutated protein in pancreatic cancer,

making the cells insensitive towards growth inhibition by TGF-β (Hahn et al., 1996). Since

then, mutations and decreased levels of TβRs (Kim et al., 1996; Markowitz et al., 1995; Park

et al., 1994; Wang et al., 1996a) and mutations in Smad2 (Eppert et al., 1996) have been

found in tumours of varying origin. Another possible mechanism behind TGF-β insensitivity

in tumours is upregulation of the nuclear proteins that interfere with and inhibits Smad

complex binding to the DNA (Luo et al., 1999b). Mutations of Smad2 usually found in

colorectal cancer do not prevent growth inhibition like the C-terminal mutations does (Prunier

et al., 1999). However, cells expressing mutated Smad2 responded to TGF-β with increased

invasion.

Expression of TGF-β1 has in many cases been reported to be higher in tumour cells than in

the normal surrounding cells [Derynck, 1987 #19; Gomella, 1989 #30; Ito, 1991 #41. Dual

roles of TGF-β have been reported during tumourigenesis. Since TGF-β is growth inhibitory

for most epithelial cells, it acts as a tumour suppressor at early stages but at later stages, TGF-

β is a tumour promoter (Derynck et al., 2001). This was shown in an animal model by Cui et
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al. (1996) where TGF-β inhibited the development of benign tumours but those benign

tumours that expressed TGF-β had a higher turnover to malignant tumours. Similarly,

transgenes expressing TGF-β and exposed to chemical carcinogenesis developed metastatic

tumours earlier than the control mice (Weeks et al., 2001). These tumours had become

insensitive towards TGF-β-induced growth inhibition and they expressed decreased levels of

TGF-β receptors. However, the transgenes expressed higher amounts of MMP-2 and MMP-9

(Weeks et al., 2001). TGF-β type II receptors are essential for the growth inhibitory effects of

TGF-β while a dominant negative TβR-II does not affect TGF-β-induced junB, PAI-1 and

fibronectin expression (Chen et al., 1993). Therefore, the inactivating mutations of TβR-II

seen in many tumours seem to be a way for tumour cells to protect themselves against the

growth inhibitory effects of TGF-β while the tumour promoting properties are left intact. 

Several reports have correlated TGF-β to increased invasion and in many cases also to its

ability to upregulate MMPs (Chang et al., 1993; Ellenrieder et al., 2001; Festuccia et al.,

2000; Fujimoto et al., 2001; Janji et al., 1999; McEarchern et al., 2001; Oft et al., 1996;

Rodriguez et al., 2001; Sehgal et al., 1996). MMP-2 and MMP-9 expression is increased by

TGF-β and for MMP-2 it has been shown to be a Smad2 dependent event (Piek et al., 2001)

but not dependent on Erk (Zavadil et al., 2001). However, a constitutive active Ras/MAPK

pathway is in some tumour cells necessary for TGF-β induced invasion (Fujimoto et al.,

2001; Oft et al., 1996; Samuel et al., 1992). In Ras-transformed epithelial cells, the initial

exogenous TGF-β stimulation eventually turned on endogenous TGF-β expression leading to

stimulation in an autocrine manner and maintenance of the fibroblast phenotype (Oft et al.,

1996). Since MMP-9 has been shown to be upregulated by TGF-β, but also able to activate

latent TGF-β, this might be a possible mechanism for the autocrine stimulation seen in many

tumours (Samuel et al., 1992; Sehgal et al., 1996; Yu & Stamenkovic, 2000).  
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Aim

The overall aim of the present study was to extend the knowledge on the effects of members

of the TGF-β superfamily on normal and neoplastic thyroid epithelial cells. Specific interest

has been focused on the role in regulation of normal thyrocyte proliferation and

differentiation, as well as the modulation of the malignant invasive phenotype of thyroid

carcinoma cells. 
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Results and Discussion

Effects of TGF-β superfamily members on normal porcine thyroid follicle cells (Paper I)

It has previously been shown that TGF-β is a negative regulator of thyroid growth and

function. However, the data presented has been conflicting regarding the production of TGF-β

and the effect of TGF-β on TSH induced cAMP production. Therefore, the aim was to study

the effect of TGF-β but also other members of the TGF-β superfamily i.e. activin A and

BMP-7 on thyroid growth and function. 

As previously reported, we also found that TGF-β1 inhibited the growth of normal thyroid

follicle cells (Morris III et al., 1988; Taton et al., 1993; Tsushima et al., 1988). In our studies

Activin A was growth inhibitory, although not as potently as TGF-β1. This finding was

contradictory to a previous report where activin A was found to be growth stimulatory for

thyroid follicle cells (Kotajima et al., 1995), although, activin A has been shown to be growth

inhibitory for many other cell types of epithelial origin (Cocolakis et al., 2001; Shimizu et al.,

1998; Wang et al., 1996b; Yasuda et al., 1993; Zauberman et al., 1997). The difference

between our data and the results from Kotajima and colleagues (1995) may be due to the fact

that our cells were grown in suspension culture compared to monolayer cultures used in their

study. As mentioned earlier, culture conditions seem to be important for the effect of TSH on

porcine thyroid cell growth (Gärtner et al., 1990). Contrary to TGF-β1 and activin A, BMP-7

was slightly growth stimulatory for thyroid follicle cells, but only when added at very high

concentrations and in combination with EGF.

All three ligands inhibited thyroid function, measured as inhibition of TSH-induced cAMP

production. Addition of TGF-β1 and activin A induced an inhibitory effect already after two

hours of stimulation, which was further increased up to 24 hours. Once again, TGF-β1 was

more potent than activin A. The effect by TGF-β1 could be explained by downregulation of

TSHR, previously also seen after TGF-β stimulation of FRTL-5 cells (Morris III et al., 1988).

Our observations were contradictory to a previous report showing that TGF-β did not affect

TSH-induced cAMP production in porcine thyrocytes (Tsushima et al., 1988). Differences in

the experimental design could explain the discrepancy between the results obtained. The

present data of activin A fits well with the report of Kotajima et al. (Kotajima et al., 1995)

where the cells, as in our case, were treated with activin A for a shorter time period. The
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effect by BMP-7 was temporary and could only be seen when the cells were preincubated for

two hours with BMP-7 and seemed to be overcome if the ligand was added for a longer time. 

Moreover, we also studied the expression of receptors as well as the phosphorylation and

nuclear translocation of Smads. TGF-β1 bound to complexes of TβR-I and TβR-II, while

activin A primarily bound to complexes with ActR-IB and ActR-II. ActR-IIB could not be

detected in the porcine thyrocytes. Differences in cellular responses depending on which

activin type II receptor is expressed has not been shown so far, but as mentioned above, the

phenotypes of ActR-II and ActR-IIB knock-out mice are completely different (Matzuk et al.,

1995; Oh & Li, 1997). We could not detect any expression of TβR-III protein by the porcine

thyrocytes measured by affinity crosslinking of 125I-TGF-β1 or TβR-III mRNA by Northern

blot analysis. The expression of TβR-I and TβR-II on human thyrocytes has been shown

earlier by our group but in these cells the receptor complex also consisted of the type III

receptor (Heldin et al., 1999). However, as shown here and by others, TβR-III expression is

not necessary for cells to be sensitive to TGF-β and re-expression of TβR-III can inhibit TGF-

β stimulation presenting a novel mechanism of TβR-III function (Eickelberg et al., 2001;

López-Casillas et al., 1993). Expression of ActR-I, BMPR-IA and BMPR-II mRNA was

found in the porcine thyrocytes, however, we could not detect any crosslinking of 125I-BMP-7

to any of these receptors at the cell surface. This could be due to low numbers or low affinity

of the BMP receptors, which may be the reason why BMP-7 does not seem to be a major

regulator of normal thyroid follicle cells. Unlike TGF-β and activin which bind to the type II

receptor, BMP-7 needs the presence of both type I and type II receptors for efficient binding

(Liu et al., 1995; Rosenzweig et al., 1995). Smad2 was phosphorylated after TGF-β1 and

activin A stimulation and Smad2, Smad3 and Smad4 was translocated to the nucleus. Once

again TGF-β1 was more potent than activin A in inducing these effects. As expected, we

could not detect any phosphorylation of Smad2 after BMP-7 stimulation and we also failed to

detect phosphorylation of any of the BMP-dependent R-Smads, Smad1, Smad5 or Smad8.
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Synergistic dedifferentiating effects of EGF and TGF-β1 on thyroid follicle cells (Paper

II)

A synergistic effect between EGF and TGF-β on migration of porcine follicle cells in

collagen gels has been known for several years (Nilsson et al., 1995). In the present

investigation the effect of the two factors on thyrocyte differentiation was studied to find a

possible link to the more migrating phenotype. 

Porcine follicle cells in monolayer cultures establish a tight epithelium with high

transepithelial resistance (TER) which can be increased further if TSH is added (Nilsson et

al., 1998; Nilsson et al., 1996). TGF-β1 and EGF added separately had no effect on the TER

even though both have dedifferentiating effects on thyrocytes (Errick et al., 1986; Tsushima et

al., 1988). Toda et al. (1997) showed that TGF-β alone could induce a mesenchymal

phenotype of thyrocytes in collagen gels. However, this is not the case in the present report,

but when TGF-β1 and EGF were added together they induced a total drop in resistance and

increased paracellular permeability of inulin. This was also accompanied by down-regulation

of the tight junction proteins occludin and claudin-1, together with an induction of a more

fibroblast-like morphology. Increased permeability of retinal endothelial cells after

stimulation by TGF-β was also followed by decreased levels of occludin (Behzadian et al.,

2001). Contrary to our data, upregulation of occludin in prostate cells has been correlated to

differentiation to a luminal phenotype and by upregulation of TGF-β2 and TGF-β3

(Danielpour, 1999). 

Studies of the adherens junction proteins E- and N-cadherin showed a complete loss of E-

cadherin expression and a transient neo-expression of N-cadherin when the thyrocytes were

costimulated with EGF and TGF-β1. TGF-β-induced EMT is partly characterised by loss of

E-cadherin expression and membrane localisation (Miettinen et al., 1994; Piek et al., 1999;

Portella et al., 1998). N-cadherin is usually not expressed by normal porcine thyrocytes but is

highly expressed in most ATC cells (Husmark et al., 1999). Many reports have correlated loss

of E-cadherin and neo-expression of N-cadherin to an invasive phenotype (Islam et al., 1996;

Vleminckx et al., 1991). Kim et al. mapped the EMT-promoting domain of N-cadherin to a

69-amino acid portion of the extracellular domain (Kim et al., 2000b). TGF-β-induced

downregulation of E-cadherin in mammary epithelial cells is accompanied with neo-

expression of N-cadherin in a RhoA dependent manner (Bhowmick et al., 2001). It has been
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shown that both RhoA and Ras have to be active for a malignant transformation of fibroblasts

(Qiu et al., 1995). 

An active Ras protein has in some cases also been shown to be important for TGF-β-induced

invasion (Fujimoto et al., 2001; Oft et al., 1996). In concordance with these findings, the

present study shows that blocking a downstream protein in the Ras/MAPK pathway, Mek,

with a specific inhibitor prevents the drop in TER as well as the changes in cadherin

expression. Furthermore, we studied the phosphorylation status of Erk and Smad2 by using

phosphorylation specific antibodies towards Erk and the C-terminal of Smad2. As expected,

EGF stimulation did not interfere with the TβR-I induced C-terminal phosphorylation of

Smad2, since it has previously been reported that the three C-terminal serines are not

important for Erk-induced phosphorylation of Smad2. There are one threonine and possibly

three serines in the linker region that serve as Erk phosphorylation sites (Kretzschmar et al.,

1999). However, it is still possible that EGF inhibits TGF-β1-induced nuclear translocation of

Smad2 or Smad3 by phosphorylations in the Smad linker region. Co-stimulation of EGF and

TGF-β1 partly inhibits the EGF-induced Erk phosphorylation. This was also observed by

Giehl et al. (2000), who proposed involvement of the TGF-β-dependent phosphatase PP2A.

This phosphatase has previously been shown to be involved in TGF-β-induced growth

inhibition (Griswold-Prenner et al., 1998) and is also known for its ability to dephosphorylate

and inactivate Erk (Alessi et al., 1995). Even though we show that total inhibition of Erk

disrupts the effect of the co-stimulation, it is possible that modulation of the phosphorylation

level of Erk is important.

Effects of BMP-7 on ATC cell lines (Paper III)

Several studies have shown growth inhibitory effects of BMPs on neoplastic cells (Ghosh-

Choudhury et al., 2000a; Ghosh-Choudhury et al., 2000b; Maliakal et al., 1994; Yamada et

al., 1996). Since BMP-7 was not a major regulator of normal porcine thyroid cells we wanted

to study whether there had been a change in response towards this growth factor during

thyroid transformation. 

Addition of 120 ng/ml BMP-7 to six ATC cell lines showed that four were growth inhibited,

one was growth stimulated and one was non-responding. Further studies of one of the growth

inhibited cell lines, HTh 74, showed that these cells were dose-dependently inhibited and
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prolonged stimulation resulted in lower cell number compared to the control cells. In addition

we showed that the growth inhibitory effect was cell density-dependent; when the cells

reached a critical density they were no longer inhibited by BMP-7. This phenomenon has

previously been shown for TGF-β and was suggested to be a way of prostate cancer cells in

vivo to protect themselves from TGF-β-induced growth inhibition (Morton & Barrack, 1995). 

Similar to TGF-β, BMP-7 induces cell cycle arrest in the G1-phase when added to the HTh 74

cells (Laiho et al., 1990; Pietenpol et al., 1990). In this study, BMP-7-induced cell cycle arrest

was accompanied by upregulation of p21CIP1 and p27KIP1, and decreased kinase activity of

Cdk2 and Cdk6. As mentioned earlier, there are numerous ways for members of the TGF-β

superfamily to induce cell cycle arrest including changes in the Cdk and cyclin expression

(Ewen et al., 1993; Geng & Weinberg, 1993; Ghosh-Choudhury et al., 2000a; Ghosh-

Choudhury et al., 2000b; Reynisdottir & Massague, 1997; Zauberman et al., 1997). We could

not detect any changes in Cdk or cyclin levels but there was an increased interaction between

Cdk2 and p21CIP1, which probably causes the observed decrease in Cdk2 activity. However,

we could not detect an increased interaction between Cdk2 and p27KIP1 or Cdk6 with either

p21CIP1 or p27KIP1. The mechanism behind the BMP-7-induced decrease in Cdk6 activity is

still unknown. One possibility is upregulation of p15INK4B (Reynisdottir et al., 1995), which

we failed to detect, maybe due to technical problems rather than the fact that the protein is not

affected. Other options are downregulation of cdc25A, a phosphatase important for removing

tyrosine phosphorylations on Cdk4/6 (Iavarone & Massague, 1997), Cdk activating kinase

(CAK) which like cyclins activates Cdks but by threonine phosphorylation (Nagahara et al.,

1999) or inhibition of p70S6K which probably acts on Smad-induced transcription of cell cycle

genes (Petritsch et al., 2000). Finally, the decreased Cdk activity found after addition of

BMP-7 also resulted in hypophosphorylation of pRb, which in turn causes the delayed entry

into the S-phase. Underphosphorylated pRb is also observed in TGF-β-induced G1 arrest

(Laiho et al., 1990).

Effects of TGF-β1 and BMP-7 on the invasive phenotype of ATC cells (Paper IV)

It has previously been shown that neoplastic cells produce higher amounts of TGF-β

compared to their normal counterparts, and that TGF-β appears to be involved in the

malignant progression of tumour cells. Therefore, the possible role of TGF-β1 and BMP-7 on

the malignant characteristics of the ATC cell lines was studied.
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Compared to normal porcine thyrocytes, the ATC cell lines are less responsive towards TGF-

β1 induced growth inhibition (Paper I; Heldin et al., 1999), even though most of them still

retain some response. All cell lines studied expressed mRNA for TGF-β1, and TGF-β2 and

TGF-β3 could also be detected in some cell lines. TGF-β1, which seems to be most common

in the ATC cell lines, is the isoform that usually is overexpressed in cancers (Derynck et al.,

1987; Gomella et al., 1989; Ito et al., 1991). By using a cell line stably transfected with a

fragment of the human PAI-1 gene we measured the total TGF-β content produced and

secreted by the ATC cells to the culture medium. Conditioned medium from all cell lines

studied contained either active or latent TGF-β. HTh 83 and SW 1736 secreted the highest

amount of active TGF-β and they also produced the highest level of latent TGF-β. The

mechanism behind TGF-β activation in ATC cell lines remains unknown, but the involvement

of plasmin, as in human thyroid follicle cells, is possible (Cowin & Bidey, 1994). BMP-2,

BMP-4 and BMP-7 mRNA could also be found in some cells. KAT-4 cells express all three

ligands but otherwise most cell lines show production of one or two of the growth factors.

Expression of BMP-1, BMP-2, BMP-5 and BMP-6 was previously shown in a thyroid

adenocarcinoma cell line (Hatakeyama et al., 1997), and as was shown in paper I, BMP-7 is

produced by normal porcine follicle cells. 

We also studied the expression of BMPRs by Northern blot or RT-PCR. All cell lines

expressed ActR-I, BMPR-IA, BMPR-II and ActR-II while BMPR-IB was only detected in

HTh 7, HTh 83 and SW 1736. Ide and colleagues (1997) correlated a shift in BMPR-I

expression from IA to IB when prostate cancer cells switched from being growth stimulated

to growth inhibited by BMP-2. In another study of prostate cancer tissue there was a

subsequent loss of all BMP receptors during cancer progression, but it seemed as if loss of

BMPR-IB was an earlier event than loss of BMPR-IA (Kim et al., 2000a). Contrary, in

malignant glioma tissue, BMPR-IB was upregulated of compared to lower grade tumours, but

glioma cell lines expressed higher levels of BMPR-IA than BMPR-IB and were also growth

inhibited by BMP-7 (Yamada et al., 1996). In the cell lines we used there was no correlation

between receptor expression and growth stimulation or inhibition by BMP-7 (Paper III), but

similar to the glioma cell lines (Yamada et al., 1996), BMPR-IA is the predominant BMP

type I receptor in ATC cell lines.
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Stimulation with TGF-β1 or BMP-7 induced phosphorylation of Smad2 and Smad5

respectively in all cell lines except KAT-4, which did not respond to TGF-β1 with Smad2

phosphorylation. However, KAT-4 cells had a high basal Smad2 phosphorylation which was

also seen in several of the other cell lines. Since the basal Smad2 phosphorylation in KAT-4

cells could not be inhibited by a TGF-β1 and TGF-β3 inhibitor, and TGF-β2 is not expressed,

exclude an autocrine stimulation, and maybe indicates a constitutive active receptor complex

(Lammerts et al., unpublished results). In the other cell lines, the basal Smad2 and Smad5

phosphorylation possibly reflects the endogenous TGF-β and BMP production and an

autocrine stimulation of these cells.

Since TGF-β-induced EMT had been correlated to downregulation of E-cadherin and neo-

expression of N-cadherin (Bhowmick et al., 2001), and several reports have stressed the role

of N-cadherin during invasion and migration (Hazan et al., 2000; Kim et al., 2000b; Nieman

et al., 1999), we studied the effect of TGF-β1 and BMP-7 on N-cadherin in the ATC cell

lines. TGF-β1 induced the expression of N-cadherin mRNA in all studied ATC cell lines

while BMP-7 only induced a slight increase in HTh 74 and SW 1736. The basal level of N-

cadherin mRNA varied strongly between the cell lines with HTh 7 expressing 8 times higher

levels than HTh 83. There was no obvious correlation between the mRNA and protein levels

found, suggesting a post-transcription control mechanism in the synthesis of N-cadherin,

maybe explaining differences observed in the ATC cells. 

We also studied the effect of TGF-β1 and BMP-7 on MMP-2 and MMP-9 expression levels

and zymography activity. MMP-2 was expressed in almost all cell lines with the highest

expression in HTh 74 but it was totally absent in the KAT-4 cells. Interestingly, KAT-4 is the

only cell line that expresses E-cadherin mRNA, although the transcripts are of abnormal size

(Husmark et al., unpublished data). An inverse relationship between E-cadherin and MMPs

has been shown in several neoplasms where the expression seems to be mutually exclusive

(Anzai et al., 1996; Llorens et al., 1998; Nakayama et al., 1998). Transfection of prostate

cancer cells with E-cadherin decreased the levels of MMP-2 and gave a more epithelial

phenotype (Luo et al., 1999a). TGF-β stimulation induced MMP-2 mRNA in all cells except

HTh 74 in which the mRNA levels were already high. The protein levels were also analysed

and again, the HTh 74 cells expressed the highest amount of protein and was unaffected by

TGF-β1. The only cell line that expressed MMP-9 was HTh 7 but upon TGF-β1 stimulation
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HTh 83 responded with MMP-9 production. HTh 83 responded to BMP-7 with increased

MMP-2 expression. Interestingly, this is the only cell line which is growth stimulated by

BMP-7 (III).

Studies of the invasive potential were performed by analysing the ability of the cells to

penetrate a membrane coated with extracellular matrix proteins. Interestingly, it was the two

cell lines with the highest N-cadherin expression, HTh 7 and SW 1736, that invaded the

matrigel membranes the most, suggesting an importance for N-cadherin in migration and

invasion (Hazan et al., 1997; Hazan et al., 2000; Nieman et al., 1999; Tran et al., 1999). So

far, there is no clear picture regarding the effect of TGF-β1 and BMP-7 on most of the ATC

cell lines studied in the Matrigel assay, however stimulation of HTh 74 cells with TGF-β1 for

48 hours doubled the number of cells invading the membrane. Even though the HTh 74 cells

did not respond to TGF-β1 stimulation with increased MMP-2 production, we speculate that it

is the high basal MMP-2 production in combination with increased N-cadherin and possibly

other factors, that have not yet been studied, that cause the increase in invasiveness. One such

factor is Ras since Ras-transformation seems to be an important event for TGF-β-induced

EMT in some cell types (Fujimoto et al., 2001; Oft et al., 1996). Preliminary results show that

Erk1/2 is constitutive phosphorylated in most ATC cell lines and that a potent Erk-inhibitor

can partly inhibit TGF-β1-induced Matrigel invasion of the HTh 74 cells. 
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Conclusions

Based on the findings presented in the papers I-IV, the following conclusions have been

drawn:

ϕ Normal porcine thyroid follicle cells are growth inhibited by TGF-β1 and activin A, and

both ligands induce a decreased functional activity of the cells (I).

ϕ Receptors for all TGF-β superfamily members are expressed in both normal and

neoplastic thyroid cells (I, IV).

ϕ EGF and TGF-β1 together, but not separately, can destroy the epithelial integrity of

thyroid follicle cells by inhibiting the transepithelial resistance. Co-stimulation induces

downregulation of E-cadherin and neo-expression of N-cadherin via MEK-dependent

processes. (II). 

ϕ A majority of the ATC cell lines are growth inhibited by BMP-7, maybe via

upregulation of p21CIP1 and p27KIP1 CDKIs (III).

ϕ TGF-β1, and in some cases also BMP-7, induce expression of MMP-2, MMP-9 and N-

cadherin in several ATC cell lines indicating a regulatory effect of the invasive properties of

the tumour cells (IV). 
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