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Anaplastic thyroid carcinoma (ATC) is an aggressive malignancy in man with stromal
fibrosis as one of the main features. Carcinoma cells synthesized no or little collagen I
protein. Pro-α1(I) collagen mRNA was expressed by stromal cells throughout the
tumor, but expression of procollagen type I protein was restricted to stromal cells
situated close to nests of carcinoma cells. These data suggest that the carcinoma cells
stimulated collagen type I deposition by increasing pro-α1(I) collagen mRNA
translation. 

Cocultures, of the human ATC cell line KAT-4, with fibroblasts under
conditions that allow the study of stimulatory factors on collagen mRNA translation,
showed that the KAT-4 cells stimulated collagen type I protein synthesis in fibroblasts.
Specific inhibitors of PDGF and TGF-β1 and -β3 were able to inhibit this carcinoma
cell-induced stimulation of collagen type I synthesis. These findings suggest that tumor
cells were able to stimulate collagen mRNA translation in stromal fibroblasts by, at
least in part, transferring PDGF and/or TGF-β1 and –β3.

Xenograft transplantation of different ATC cell lines into athymic mice
demonstrated that the low collagen producing carcinoma cell lines were less
tumorigenic compared to non-collagen producing carcinoma cell lines. The morphology
of tumors derived from non-collagen producing ATC cell lines showed a well demarked
stroma surrounding carcinoma cell nests. 

TGF-β1 and –β3 were found to play a role in generating a high tumor interstitial
fluid pressure (TIPF) in experimental KAT-4 tumors. A specific inhibitor of TGF-β1
and –β3 was able to lower TIPF and reduce tumor growth after a prolonged period of
treatment, suggesting that TGF-β1 and –β3 have a role in maintaining a stroma that
support tumor growth.
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Abbreviations

Anaplastic thyroid carcinoma ATC
basic Fibroblast Growth Factor bFGF
Capillary hydrostatic pressure CHP
Colloid osmotic pressure in the interstitial fluid COPIF

Colloid osmotic pressure in plasma COPPL

Epidermal Growth Factor EGF
Epithelial to mesenchymal transition EMT
Extracellular matrix ECM
Glycosaminoglycans GAGs
Hepatocyte Growth Factor HGF
Hyaluronan HA
Hydroxyproline HP
Interstitial fluid pressure IFP
Plasminogen activator inhibitor PAI
Platelet-Derived Growth Factor PDGF
Tissue inhibitor of metallo proteinases TIMP

Transforming Growth Factor-β TGF-β
Tumor interstitial fluid pressure TIFP

Tumor Necrosis Factor-α TNF-α
Vascular Endothelial Growth Factor VEGF
Vascular Permeability Factor VPF
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Introduction

Cancer is still a major cause of death in the developed countries. Knowledge of the
genetical changes that lead to the development of a malignant cell has increased
dramatically during the last decades. This progress has, however not been paralleled by
novel and likewise dramatically improved treatment regimes. Most cancers are still
treated by surgical resection, radiation or chemotherapy and combinations thereof.
During the last 10 years it is has been increasingly recognized that tumor stroma plays
an important part in the determination of the tumor phenotype and that the stroma
compartment is essential for the outgrowth of a tumor beyond 1 mm3 (1-3). This
knowledge has initiated new fields of research that might improve cancer treatment. The
tumor stroma provides the tumor with structural organization, blood vessels and
interstitial connective tissue. Inhibition of angiogenesis is an attractive therapeutic
target. Modulating the hydraulic properties of the tumor stroma to improve uptake of
anti-cancer drugs, constitutes another target. 

During the development of malignant cancers, cells escape the normal regulatory
processes and gain unlimited potential growth and the ability to invade surrounding
tissues. Mutations are key events in the initiation of cancer development. Most tumors
display one or more mutations/gene aberrations resulting in loss of tumor suppressor
gene function, control of transmembrane receptor function, and/or signaling pathways.
The malignant cells in a rapidly growing tumor have acquired 6 characteristics: 1) self-
sufficiency in growth signals; 2) insensitivity to anti-growth signals; 3) ability to escape
programmed cell death; 4) ability to show unlimited proliferation; 5) ability to induce
sustained angiogenesis and 6) ability to invade tissues and metastasize (4). The number
of reports about different mutations in tumors are numerous and beyond the scope of
this thesis (see also reviews: (5, 6)).

Cancers are classified according to the tissue and cell type of origin. Cancers from
epithelial cells are termed carcinomas and mesenchymal malignancies are termed
sarcomas. Other cancer types do not fit in these two categories, such as leukemia,
melanoma and cancers derived from cells of the nervous system. The vast majority of
human cancers are carcinomas. Malignant carcinoma cells have the ability to break
loose, invade surrounding tissues, enter the blood stream or lymphatics and form
secondary tumors at distant sites in the body. The ability to metastasize is the one single
factor that has the highest impact on prognosis. Different types of carcinoma vary in
degree of malignancy. Basal cell carcinoma, for example, is only locally invasive, rarely
forms metastases, and has a good prognosis if treated, whereas anaplastic thyroid



8

carcinoma (ATC) is much more malignant, rapidly gives rise to many metastases and is
often impossible to treat (7-9). 

A carcinoma represents a complex ecosystem where multiple cell – extracellular
matrix (ECM) and carcinoma cells – stroma interactions provide reciprocal influences,
which result in carcinoma cell promotion, invasion and metastasis.

Functions of the tumor stroma

Solid tumors are composed of two distinct but interdependent compartments: the
carcinoma cells themselves and the supporting stroma that they induce and in which
they are dispersed. Tumor stroma differs from the normal interstitial loose connective
tissue in many important aspects and is believed to be involved in malignant growth.
Components of the ECM provide a variety of different signals, which influence cell
growth, migration, invasion, differentiation and biosynthetic activities (10, 11). In
addition, the ECM plays important roles in cell survival, and loss of contacts with ECM
components results in apoptosis in normal cells (12). 

Tumor angiogenesis occurs in several steps. Degradation of pre-existing vessel
basement membranes, proliferation and directed migration of endothelial cells towards
an angiogenic stimulus are followed by differentiation of new capillary loops and
establishment of a functional circulation (13). Vascular endothelial growth
factor/vascular permeability factor (VEGF/VPF) and fibroblast growth factor (FGF) are
the main inducers of tumor vascularization and are actively secreted by a variety of
human tumor cells (14, 15).

During invasion stroma is involved in both matrix degradation and tumor cell
migration along different components of the ECM. Some fibroblasts of the tumor
stroma are characterized by a myofibroblastic phenotype, based on their expression of

α-smooth muscle actin (16, 17). These cells are also capable of producing proteolytic
enzymes, such as matrix metalloproteineases (MMPs) that are involved in the
degradation of ECM components, which is one of the prerequisites for invasion. These
enzymes can be secreted by carcinoma cells however, it has become clear that a major
fraction is produced by stromal cells (18), . Once synthesized, matrix degrading
proteases are secreted as inactive pro-enzymes which must be locally activated by the
Urokinase type plasminogen activator (uPA)/plasmin system of serine proteases (19).
The activity of the stromal proteases is tightly controlled via the synthesis of different
inhibitors of serine proteases, such as plasminogen activator inhibitor (PAI 1 and 2) and
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tissue inhibitors of metalloproteinases, (TIMP 1 and 2). Such inhibitors can be produced
by stromal cells and stored in the ECM (20-24, 25 ).

Tumor stroma generation

Fibrin deposition was one of the earliest morphological events after tumor
transplantation in normal tissue (reviewed in: (26)). Fibrin appears to serve as a
provisional stroma that is gradually replaced by granulation tissue and then by mature
stroma. Most tumors are supplied by a microvasculature lined by a continuous non-
fenestrated endothelium that would not permit the passage of significant amounts of
plasma proteins. Nevertheless, host vessels and newly formed vessels at the tumor site
are permeable for biologically active plasma proteins, including fibrinogen, fibronectin,
plasminogen and various clotting factors. Plasma leakage probably occurs through
trans-endothelial pathways and not via inter-endothelial gaps (27-30). 

Once plasma extravasates from the blood vessel the extrinsic or tissue factor
clotting pathway is activated, depositing cross-linked fibrin (27, 31). A permeability
factor (VPF/VEGF), seems to be responsible for the tumor vessel hyperpermeability
(14). VPF/VEGF is a peptide of 34-43 kDa and is 50.000 times more active than
histamine in enhancing microvascular permeability. Coagulation is mediated by an
interaction between extravasated plasma clotting factors and tumor-associated and
perhaps other tissue pro-coagulants. The fibrin turnover in tumors is extensive due to
the presence of plasmin, the principal fibrin-degrading proteinase (32, 33). Fibrin
nonetheless accumulates in amounts variable from tumor to tumor, that are sufficient to
provide a provisional stroma. The cross-linked fibrin provides a substrate for the
immigration of new vascular endothelium, fibroblasts, macrophages and other
connective tissue cells. These events are partly regulated by cytokines and growth
factors produced by inflammatory cells as well as by tumor cells (34). As mentioned
before tumor stroma is different from normal interstitial connective tissue. This is
reflected in a different composition of ECM proteins, which will be further described in
section tumor stroma components.



10

Wound healing; a model for tumor stroma generation

Wound healing has been the subject of extensive studies and has several similarities to
tumor stroma formation. Wound healing encompasses several phases that are
temporarily overlapping, like inflammation, tissue formation and tissue remodeling.

Tissue injury results in extravasation of plasma and of cellular components from the
damaged blood vessels. The blood clot re-establishes hemostasis and provides a
provisional ECM for cell migration. Platelets contribute soluble clotting factors but also
secrete several mediators of wound healing, such as platelet-derived growth factor
(PDGF), that attract and activate macrophages and fibroblasts (35). Numerous
vasoactive mediators and chemotactic factors are generated by coagulation and they
recruit inflammatory leucocytes to the wound (36). Infiltrating neutrophils clean the
wound area of foreign particles and bacteria followed by the infiltration and activation
of monocytes into macrophages that start to secrete growth factors, such as PDGF and
VEGF, which initiate the formation of granulation tissue. Activated macrophages play
an important role in this phase (37), by remodeling the provisional matrix. Adherence to
the ECM also activates monocytes to change into inflammatory and reparative
macrophages. The cytokines secreted by monocytes and macrophages play an important
role in the initiation and propagation of new tissue formation in wounds (38-41).

New stroma or granulation tissue begins to invade the wound area approximately
four days after injury. Macrophages, fibroblasts and blood vessels move into the wound
space at the same time (42). Cell movement into a blood clot of cross-linked fibrin may
require an active proteolytic system that can cleave a path for cell migration. A variety
of fibroblast derived enzymes, such as plasminogen activator, collagenases, gelatinase
A (MMP2), and stromelysin (MMP3) are involved (43, 44). The macrophages provide a
ongoing source of growth factors necessary to stimulate fibroplasia and angiogenesis
(41, 45); the fibroblasts produce the new ECM; and blood vessels carry oxygen and
nutrients necessary to sustain cell metabolism. The structural molecules of newly
formed ECM contribute to the formation of granulation tissue by providing a scaffold
for cell migration. These molecules include fibrin, fibronectin and hyaluronic acid (46,
47). The granulation tissue is gradually replaced with a collagenous matrix (36, 48).
Once collagen has been deposited in the wound, the fibroblasts stop producing collagen,
and a relatively acellular scar replaces the fibroblast-rich granulation tissue. 

Despite the similarities between tumor stroma generation and wound healing there
are also important differences. In wounds, platelets have a central role, releasing
clotting factors and other types of mediators, like PDGF, that excerts multiple effects on
inflammatory and connective tissue cells (49-51). No such role for platelets has been
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demonstrated in tumor stroma generation. However carcinoma cells themselves express
clotting factors and secrete growth factors (51-53). A second major difference is that the
vascular hyperpermeability is perpetual in tumors and self-limited in wounds. Wounds
usually heal within a defined period of time. Healing is closely linked to the cessation of
local vascular hyperpermeability (54). Some parts of the tumor appear to undergo a
healing-like process, sometimes even showing a scar-like desmoplasia. However,
invading carcinoma cells keep the ability to render local blood vessels hyperpermeable
and stimulate adjacent connective tissue cells, continuing the process of extravasation
and tumor stroma growth (31).

Tumor stroma composition

Tumor stroma is composed of inflammatory and connective tissue components that are
derived from the circulating blood, from the adjacent host tissue and from newly formed
blood vessels (53, 55, 56). Blood derived components include plasma and various types
and numbers of inflammatory cells. Many of the elements found in normal connective
tissue are also present in tumor stroma (57).

The tumor stroma extracellular matrix
The cells present in the tumor stroma are responsible for the production of ECM
macromolecules. In loose interstitial connective tissues the ECM components are
produced by fibroblasts and/or pericytes (58, 59). There are two important classes of
macromolecules that make up the ECM. The first group are the proteoglycans that
contain glycosaminoglycans (GAGs) and the free GAG, hyaluronan. GAGs tend to
adopt extended conformations that occupy a large volume relative to their mass. The
high density of negative charges attracts a cloud of cations, such as Na+, causing influx
of water into the matrix. Except for hyaluronan, all GAGs are found covalently attached
to proteins in the form of proteoglycans. Proteoglycans and hyaluronan in connective
tissues form a highly hydrated, gel-like ‘ground substance’ in which the structural and
adhesive proteins are embedded; the polysaccharide gel resists compressive forces on
the matrix. The aqueous phase of the polysaccharide gel permits rapid diffusion of
nutrients, metabolites, and hormones between blood and the tissue cells (reviewed in
(60)).

The second group is formed by the ECM-glycoproteins that can be divided into two
functional types: a) structural proteins like collagens (61) and elastin or b) other proteins
like fibronectin and laminin. The collagen fibers both strengthen and help to organize
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the ECM and rubber-like elastin fibers provide resilience. ECM-glycoproteins such as
fibronectins promote the attachment and migration of fibroblasts and various other cells
to the matrix, while laminins promote the attachment of epithelial cells to the basal
lamina (62, 63).

The major connective tissue blocks of the interstitial tumor stroma include
interstitial collagens (mainly types I and III), fibrin, fibronectin, elastin and laminin, and
GAGs. (57, 64). Although the same building components are used, tumors can vary a
lot from each other with regard to amounts of ECM. In some desmoplastic tumors, the
ECM may constitute 90% of the total tumor mass whereas others have only minimal
ECM comprising 10% or less of the tumor mass. Differences in tumor stroma may also
be qualitative. Desmoplastic carcinomas contain a lot of dense scirrhous collagen,
whereas medulla carcinomas of the breast include a prominent inflammatory cell
component with relatively little connective tissue. The composition of the tumor ECM
is not static and can change extensively with time (26).

Basement membranes in tumor stroma
Basement membranes are important for tissue compartmentalization by acting as filters
and barriers to cell penetration. Basement membranes are formed through specific self-
assembly mechanisms and several of their constituent ligands interact with cellular
receptors. The major constituents of basement membranes are collagen IV, laminins,
proteoglycans like perlecan and nidogen (entactin) (62). Two networks can be found in
a basement membrane. One is formed from collagen type IV and one from different
laminin isoforms. The collagen IV network is highly crosslinked and maintains
mechanical stability. Laminin networks are probably more dynamic. The two networks
are interconnected by the binding protein nidogen, which together with other
components, stabilizes the network structures and adds special properties (62, 65).

In tumors, the disruption of basement membranes during tumor invasion reflects a
shift in basement membrane turnover, in the direction towards increased degradation.
The same tumor cells in a different environment, such as a developing metastasis, may
return to basement membrane deposition. Basement membranes in tumors are deposited
by stromal cells or by the concerted action of stromal and epithelial cells has been
demonstrated in studies of human carcinomas xenografted to athymic mice (66). A shift
in the direction of increased basement membrane deposition is usually correlated with a
favorable prognosis and reflects a high degree of tumor cell differentiation or a
competent host reaction or both (56).
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Cellular components in tumor stroma
Besides ECM molecules and basement membrane components is tumor stroma
constituted of several cellular components. The role of inflammatory cells in tumors is
poorly understood and also contradictory. One way of thinking is that inflammatory
cells are recruited to the tumor site to defend the host, another way of thinking is that
the tumor cells recruit and activate inflammatory cells, and use the assorted array of
secreted cytokines, cytotoxic mediators, proteases and soluble mediators of cell killing,

such as tumor necrosis factor-α (TNF-α), interleukins and interferons for their own
purposes like invasion and angiogenesis (74-76).

epithelial
cells

quiescent
stromal

cells

initiated
epithelium

Activated  stroma,
inflammatory cells
(PMNs, Mø, MCs)

benign carcinoma

Stromal Remodeling
(inflammation, angiogenesis,
ECM synthesis/degradation)

Malignant
conversion

initiation

Promotion

(mutations)

(tumor promoter/
wounding)

(growth)
(Induction of
inflammation/
angiogenesis)

Figure 1. Epithelial - stromal cross talk during neoplastic progression. Epithelial
neoplasia is initiated with mutational events; however these cells remain dormant until
wounding or tumor promoters activate the resting stromal cells. These events recruit and
activate inflammatory cells such as PMNs, macrophages (Mφ) or mast cells (MCs). In turn, the
activated stromal compartment stimulates growth and progression of the epithelial cells to form
a benign tumor. These cells further activate inflammation and more angiogenesis and induce
extracellular matrix remodeling. This altered microenvironment further destabilizes the
epithelial cells to undergo malignant conversion to full carcinoma and facilitates metastasis.
This model is adopted from Coussens and Werb, 2001.

When growing tumor cells form a lump of cells, they need a supportive stroma and
blood vessels to provide them with the right microenvironment, nutrients and oxygen.
Fibroblasts produce most of the ECM macromolecules and they probably form a
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population of cells derived from variable mesenchymal origin. Evidence has been
provided demonstrating that vascular pericytes have been suggested to be a progenitor
cell for matrix producing mesenchymal cells (58, 59, 67-69). Pericytes are cells situated
in the basement membranes outside the vascular endothelium of capillaries and venules
(70-73).

A functional lymphatic system has not been demonstrated in tumors (77). It has
been proposed that this reflects the collapse of lymphatics within the tumor due to
mechanical stress generated by proliferating cancer cells, and that this in turn
contributes to increased interstitial fluid pressure (IFP) within the tumor interstitium
(78). Although the lack of intra-tumoral lymphatics appears to be a consistent feature,
dilated lymphatic vessels are present in peritumoral stroma, occasionally penetrating
into the tumor periphery (78, 79). Metastatic spread of tumor cells via the lymphatics is
a common pathway of initial dissemination. It is hypothesized that tumor cells lying
free in the periductal spaces will be washed with the tide of tissue fluid into the
lymphatic system (77).

Collagen type I

Structure

All collagen molecules consist of three polypeptide chains, called α chains that are
intertwined into the characteristically triple helix. In each of the polypeptide chains

every third amino acid is glycine, and thus the sequence of a α chain or a collagen
domain in a protein can be expressed as (Gly – X – Y)n, where X and Y represent amino
acids other than glycine and n varies according to the collagen type and domain. The
presence of glycine, the smallest amino acid, in every third position is essential, because
larger amino acids would not fit into the restricted space in the center of the triple helix
where the three chains come together. Proline is frequently found in the X position and
4-hydroxyproline in the Y position, these two-ring amino acids provide stability for the
triple helix. Hydrogen bonds and water bridges further stabilize the triple helix. These
require the presence of 4-hydroxyproline residues, which therefore play an essential role
in the stability of the triple helix. The resulting aggregation of fibrils is characterized by
a marked resistance to tensile strength, which is a desired feature in tendons and
ligaments in order to resist the forces applied to these tissues (reviewed in: (80, 81)).

Decorin (82), fibromodulin (83) and lumican (84), all members of the leucine-rich
repeat (LRR) glycoproteins/proteoglycans family bind to fibrillar collagen, thereby
retarding the rate of fibril formation and leading to the synthesis of thinner fibrils (85).
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They are thought to play a role in the regulation of the thickness of the collagen fibrils,
providing the right composition and/or structure of a particular tissue. Another group of
proteins that most likely are involved in collagen fibrillar organization are the
thrombospondins (86).

Biosynthesis
Collagen synthesis involves a number of post-translational modifications. Collagen I is
first synthesized as a procollagen molecule that has propeptide extensions at both their
N- and C- terminal ends. The main intracellular steps in the assembly of a procollagen

molecule from pro-α chains are cleavage of the signal peptides, hydroxylation of certain
proline and lysine residues to 4-hydroxyproline, 3-hydroxyproline and hydroxylysine,
glycosylation of some of the hydroxylysine residues to galactosylhydroxylysine and
glucosylgalactosyl-hydroxylysine, glycosylation of certain asparagine residues in one or
both of the propeptides and association of the C propeptides through a process directed
by their structures (87-92). After the C propeptides have become associated and about

100 4-hydroxyproline residues have been formed in each of the pro-α chains, a nucleus
of the triple helix forms in the C-terminal region, and the triple helix is then propagated
towards the N-terminus in a zipper-like fashion (91, 93). 

The procollagen molecules are transported from the endoplasmic reticulum across
the Golgi stacks without ever leaving the lumen of the Golgi cisternae (94). During this
transport, the molecules begin to aggregate laterally, and increased condensation of the
aggregates results in the formation of granules ready for secretion (94). The
extracellular steps in biosynthesis include cleavage of the N and C propeptides (95),
self-assembly of the collagen molecules into fibrils by nucleation and propagation (91,
96, 97) and formation of covalent cross-links (98). Collagen synthesis also involves a
specific molecular chaperone, Hsp47 (99, 100), which binds to regions of the triple
helix that are of low stability and thus helps to stabilize the molecules within the
endoplasmic reticulum (101). Hsp47 is clearly required for normal development, as a
homozygous knock-out of the Hsp47 gene in mice leads to embryonic lethality (102).

Regulation of biosynthesis
Collagen biosynthesis has been shown to be regulated at several levels, including
promoter activity/transcription, mRNA stability and processing and translational events.

TGF-β is a well-known stimulator of collagen synthesis at the transcriptional level.

Cloning of the promoters for the pro α1 and α2 collagen type I genes has led to the

identification of several elements that confer response to TGF-β, including an NF-1 site

upstream of the mouse pro-α2(I) collagen promoter (103) and a TGF-β response



16

element containing an Sp1-binding site within the human pro-α2(I) collagen I promoter

(104). The pro-α1(I) collagen I gene also contains a TGF-β responsive element with an

Sp1 binding site (105). There are also several reports claiming that TGF-β increases
collagen type I mRNA stability (106, 107). Less is known about regulation of  collagen

I mRNA translation. TGF-β increases pro-collagen α1(I) mRNA but not collagen pro-

α2(I) mRNA in lung fibroblasts (108). In vitro translation of RNA yielded however an

increase in the amount of pro-collagen α2(I) in stimulated cells, showing that TGF-β

increased the translatability of thepro-α2(I) transcript maybe via induction of a TGF-β
regulatable factor, which controls translation of type I collagen mRNAs (108). Papers I
and II of this thesis also provide evidence for the latter, namely that growth factors
produced by tumor cells are able to stimulate procollagen I mRNA translation.

Thyroid cancer

Thyroid neoplasms are uncommon, constituting approximately 1% of all cancers (109).
Thyroid carcinoma affect more women than man. The median age onset between the
fourth and the fifth decades of life. The cause of thyroid carcinoma is not entirely clear.
Exposure to radiation is a major risk factor (110). The thyroid gland contains two major
parenchymal cell types, follicular cells and parafollicular cells (also called C-cells).
Tumors originating from the C-cells are called medullary carcinomas (111) and will not
be further discussed in this section. The function of the thyroid follicular cells is to
produce thyroid hormones (tri-iodo-thyronine (T3) and thyroxin (T4)). Tumors derived
from the thyroid follicular cells are generally divided into two main groups based on
histological appearance and thyroid-specific protein expression, 1) differentiated
(papillary and follicular carcinomas) and 2) undifferentiated (anaplastic) carcinomas
(see below) (112). 

Differentiated thyroid carcinomas
Papillary carcinoma. A differentiated tumor type that often grows in papillary-like
structures. It is the most common of all thyroid malignancies (approximately 60 – 80%
of all cases). Papillary carcinomas usually affect patients in their third or fourth decade
of life. The tumor often grows locally invasive, but frequently metastasize via the
lymphatic drain to regional lymph nodes. In general, this tumor is the slowest growing
of all thyroid carcinomas and is also associated with the best prognosis. In a subset of
papillary thyroid cancer RET proto-oncogene rearrangements are causative events in the
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pathogenesis (113). However, expression of the RET oncogene has no influence on the
long-term outcome of the cancer (114).

Follicular carcinoma. It is a highly differentiated tumor type that often resembles
the normal thyroid epithelium. This tumor usually affects patients that are in the fifth
decade of their life, and constitute approximately 20% of all thyroid carcinomas. It
grows slowly, invading locally, and is frequently detected before metastases occur. The
follicular carcinomas often give distant metastases, primarily to the lung and bone. It
has a good prognosis, with an 80% survival rate 10 years after diagnosis (112, 115,
116).

Undifferentiated (anaplastic) thyroid carcinoma (ATC)
ATC is the ultimate dedifferentiation of the thyroid carcinomas, and as the name
indicate, usually lack most of the thyroid-specific gene expression. It represents
approximately 5% of all thyroid cancers. Most patients affected by ATC are elderly
with a background of preexisting goiter or differentiated carcinoma. The presenting
symptoms is usually a rapidly growing neck mass, resulting in signs of compression
such as hoarseness, dyspnea, and dysphagia (116). Tumor morphology shows a solid,
trabecular or scirrhous pattern (117) and the tumor invades rapidly adjacent structures
and metastasizes extensively throughout the body. Anaplastic carcinoma is considered
to be one of the most aggressive tumors in man with a mean survival time of about 6-7
months following diagnosis (7, 118, 119). ATC do not take up radioactive iodide,
therefore as treatment usually radical surgery, irradiation and chemotherapy are used
(116)

TGF-β and TGF-β signaling

TGF-β superfamily of ligands

In human nearly thirty members of the TGF-β superfamily have been describe. They

belong to a family of dimeric polypeptide secreted factors that include the TGF-βs, the
bone morphogenetic proteins (BMPs), inhibins and activins (120). There are three

isoforms of TGF-β: TGF-β1, TGF-β2 and TGF-β3 (reviewed in (121), having similar

biological effects. Each TGF-β isoform is encoded by a distinct gene and is expressed in

a tissue specific fashion. The TGF-β1-null mice die in utero because of defects in
vasculogenesis and hematopoiesis or die shortly after birth because of overwhelming

inflammatory infiltration of multiple organs; TGF-β2- and -β3-null mice have multiple,
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although different and non-overlapping, developmental abnormalities (reviewed in:
(122)). 

TGF-β is synthesized as a part of a large precursor molecule containing a

propeptide region in addition to TGF-β (123). After it has been secreted, most TGF-β is

stored in the ECM as a complex of TGF-β, the propeptide, and a protein called latent

TGF-β binding protein (LTBP) (123). The attachment of TGF-β to LTBP prevents it

from binding to its receptor. Latent TGF-β can be activated through multiple

mechanisms potentially involving integrin-αvβ6, mannose-6-phosphate receptors,
plasmin, MMPs 2 and 9 and thrombospondin-1 (TSP-1), a glycoprotein secreted by
most cells and incorporated into the extracellular matrix (123-125)

TGF-β superfamily receptors

TGF-β and related factors signal through a family with transmembrane protein
serine/threonine kinase receptors (126). These receptor proteins can be divided into two

main groups, the type I and II receptors (TβR-I and TβR-II). Accessory receptors like

TβR-III and endoglin are able to bind TGF-β and present it to TβR-II, but are not

directly involved in TGF-β signaling (127). Ligand binding to the constitutively active

TβR-II results in the formation of a TβR-I/TβR-II heterotetrameric complex (Figure 2)

(128, 129). The TβR-II kinase phosphorylates TβR-I in the GS-box resulting in

activation of TβR-I kinase. Activated TβR-I recruits and phosphorylates intracellular
signaling molecules called Smads (128, 129). 

The Smad proteins involved in TGF-β signaling are Smad2, Smad3, Smad4 and

Smad7. Activated TβR-I binds Smad2 and Smad3, the receptor activated Smads (R-
Smads). These phosphorylated Smads then form heteromeric complexes with the co-
Smad, Smad4, which translocates to the nucleus, (130, 131). The inhibitory Smad (I-
Smad), Smad7, lacks the carboxy-terminal phosphorylation motif of Smad2 and Smad3

but interacts with TβR-I and the R-Smads, inhibiting the pathway (132, 133). 
Smad complexes, once translocated into the nucleus, can regulate transcription in

several ways. The MH1 domains of Smad3 and Smad4 can bind directly to DNA via a
Smad binding element. The MH-2 domains of Smads have a low affinity for their
binding sequences, therefore they cooperate (in particular Smad2, which cannot itself
bind to DNA) with other transcription factors, like AP-1, Sp1 and TFE3, or they interact
with transcriptional coactivators, including CBP and p300, or corepressors like c-Ski
and SnoN for both activation and inhibition of transcription (reviewed in (122)). 

Recently a number of inhibiting proteins are recognized that interact with the
receptors or prevent receptor phosphorylation. The immunophilin FKBP12 binds to the

GS domain of the TβR-I, inhibiting its signaling function (134). BAMBI is a
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transmembrane protein, which is related to TGF-β family receptors but lacks an
intracellular kinase domain (135). STRAP binds Smad7 and recruits it to the activated

TβR-I, preventing Smad2 and Smad3 access to the receptor (136). TRAP-1 is an

intracellular protein that binds activated TβR-I and prevents downstream signaling
(137). SARA (smad anchor for receptor activation) is involved in the stimulation of

TGF-β signaling, recruiting Smad2 to the active TβR (138).
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Figure 2. Schematic illustration of the TGF-β signaling pathway
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TGF-β inhibition of the cell cycle 

TGF-β induces growth arrest in most epithelial cells, including many carcinomas in

culture (139, 140). Stimulation of six thyroid carcinomas with TGF-β resulted in growth
inhibition in a majority of the thyroid carcinoma cells (141) and similar results were

obtained after TGF-β stimulation of normal porcine thyroid follicle cells (142). TGF-β
is generally mitogenic to mesenchymally derived cells through the induction of
mitogenic growth factors such as PDGF (143).

Proliferating cells go through different stages of the cell cycle. In the G0 phase,
cells are resting and can be withdrawn from the cell cycle. When receiving mitogenic
signals, cells will enter the cell cycle. As shown in Figure 3, each phase of the cell cycle
is controlled by specific cyclins and their respective kinases, cyclin dependent kinases
(cdks). Progression through the cell cycle involves the phosphorylation of the
retinoblastoma tumor suppressor gene product pRB by D and E cyclin: cdk kinase
activities. The cyclins bind to pRB and related proteins (p130 and p107). Loss of pRB, a
tumor suppressor gene, promotes oncogenic transformation (reviewed in: (144)). 
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Figure 3. TGF-β effects on the cell cycle.
This drawing is based on a similar drawing made by Leslie Gold (1999).

The formation of cyclin/cdk complexes is regulated by the cyclin-activating kinase
(CAK) (139). Cell cycle arrest is associated with hypo-phosphorylation of pRB and a
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decrease in G1 cyclins and cdks. Hypo-phosphorylated pRB binds to E2F complexes
that are released when pRB is phosphorylated. Released E2F complexes transactivate
target genes, such as c-myc that control the expression of genes responsible for cell
cycle progression (144). 

TGF-β has been shown to inhibit the mRNA and protein expression/accumulation
of most cdks and cyclins and also prevent cdk/cyclin complex formation (139, 145).

The cell cycle arrest by TGF-β is also mediated by induction of cylin-dependent kinase
inhibitors (CKIs) that bind to the cyclin-cdk complexes and inhibit their ability to
phosphorylate pRB, thus maintaining cells in G1. There are two groups of mammalian
CKIs: 1. The ink4 group, including p15, p16, p18 and p19, interferes specifically with
cyclin D binding to cdk4/6 and 2. The Kip/Cip proteins (p21, p27 and p57) that inhibit

the cyclins A, D and E and their respective cdks (146, 147). TGF-β specifically induces
an increase in p15, p21 and p 27 protein levels. The p15 protein binds to the cyclin D
complexes, inactivates the complex, and releases p27 from the cyclin D complexes so
that it can subsequently bind cyclin E-cdk2, preventing progression to S phase (145,
146).

PDGF and PDGF signaling

PDGF isoforms
Platelet-derived growth factor (PDGF) is a major mitogen for cultured fibroblasts,
smooth muscle cells, and other mesenchymally derived cells (reviewed in: (50)).
PDGFs form a family of heterodimeric or homodimeric chains that are synthesized as
precursor molecules undergoing proteolytic maturation. The synthesis of PDGF
isoforms is carefully regulated, and their action on receptors is modulated by interaction
with components in the matrix as well as with soluble binding proteins. PDGF isoforms
are dimeric molecules; they bind two receptors simultaneously and dimerize receptors
upon binding (148-150). 

There are four isoforms of PDGF; PDGF A, B, C and D forming homo- and
heterodimers (Figure 4). PDGF-AA, AB and BB were identified more than 15 years ago
(151, 152) whereas the homodimers PDGF-CC and PDGF-DD were only recently
discovered recently (153-155). Two PDGF receptor chains have been described, the

PDGF-α- and β- receptor chain. The α-receptor binds the A, B and C chains of PDGF

with high affinity, whereas the β-receptor binds the B and the D chain with high

affinity. However in cells expressing both PDGFR-α and -β, PDGF-D activates both

receptors, probably resulting from PDGFR-α/β heterodimerization (154).
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Figure 4. The PDGF family.

PDGF receptors
Upon ligand binding, PDGF receptor units dimerize, autophosphorylate on tyrosine
residues, and several Src homology 2 (SH2) domain-containing signal relay enzymes
including Src family tyrosine kinases (pp60cc-src, p62c-yes, p59fyn), phosphatidylinositol-

3-kinase (PI3K), phospholipase Cγ1 (PLCγ), the phosphotyrosine phosphatase SHP-2,
and the adapter molecules Shc, Nck and Grb2, stably associate with the tyrosine
phosphorylated receptor (156, 157). Some of the signaling molecules interact with the
activated receptor at unique binding sites. Others associate with the receptor in a more

loose way meaning that they can be recruited to several binding sites. The PDGFR α-

and β-subtypes initiate distinct signaling pathways, which results in differences in
biological responses. Signaling is modulated positively and negatively, extracellularly
through interaction with matrix molecules and intracellularly through cross talk with
different signaling cascades (reviewed in: (50).
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The biological activities of PDGF and TGF-β

The role of PDGF and TGF-β in fibrosis.

PDGF and TGF-β play an important role in stimulation of connective tissue in vivo,
overactivity has been implicated in the development of fibrosis in various organ systems
(50, 158). 
 Fibrosis is often associated with an inflammatory reaction, wherein macrophages

can be an important source of PDGF and other factors (41, 51, 159). TGF-β is known to
directly upregulate the fibrillar and, to a lesser extend, non-fibrillar collagens, other
ECM components including fibronectin and tenascin, the basement membrane
components laminin and entactin, and proteoglycans including perlecan (160). PDGFs
can, besides ECM induction also stimulate proliferation of fibroblasts and this enhances

the fibrotic reaction in two ways (161). More over TGF-β is able to increase its own

expression and generate potent autocrine loops (162). The combination of TGF-β
overproduction and highly proliferative cells is characteristic of some fibrotic
conditions and may be essential to the development of chronic, progressive fibrosis.

TGF-β regulates the expression of many proteins responsible for matrix degradation.

Although the effect of TGF-β on MMPs is mixed, it upregulates protease inhibitors,
such as TIMPs (163) and PAI-1 (21). This results in a decrease in plasminogen
conversion to plasmin, a protease that degrades certain ECM proteins and in addition
activates MMPs (163, 164). 

The role of PDGF and TGF-β in wound healing

TGF-β and PDGF act on several cell types involved in wound healing. Wound repair is
a tightly regulated process, which involves the inflammatory response, proliferation of
fibroblasts and transformation of fibroblasts into myofibroblasts, and extracellular

matrix synthesis. Platelets store both TGF-β and PDGF, which are released upon injury

(165, 166), and activated macrophages (167) and lymphocytes (168) produce TGF-β.

TGF-β1 and PDGF are potent chemoattractants for monocytes (169) and fibroblasts
(35, 170) and may promote influx of these cells into the site of injury. PDGF stimulates

these macrophages to produce and secrete other growth factors, including TGF-β, that
are important for various phases in the healing process and PDGF stimulates production
of several matrix molecules, like fibronectin, collagen, proteoglycans, and hyaluronic
acid (reviewed in (50)). PDGF also stimulates secretion of collagenase by fibroblasts
(171) and has been shown to stimulate collagen gel contraction (172) suggesting a role
in wound remodeling and wound contraction. Wounds treated with PDGF showed an
increase in granulation tissue rich in fibroblasts and GAGs and an increased rate of re-
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epithelialization and of neovascularization (173, 174). Exogenous PDGF does not alter

wound repair but increases its rate. Exogenous administration of TGF-β1 to wounded
animals stimulates collagen fibrillogenesis at the wound site (174, 175), thereby

promoting wound healing. However, persistent expression of TGF-β1 induces tissue
fibrosis.

The role of PDGF and TGF-β in cancer
Many tumors express PDGF and cognate receptors, and an autocrine stimulation of
tumor cells can be assumed. In human glioblastoma, the expression pattern of PDGF
and its receptor provides evidence for two autocrine loops: PDGF-A chain and the

PDGFR-α are present in tumor cells, whereas PDGF-B chain and PDGFR-β are highly
expressed in the stromal compartment of the tumor (176-178). Overexpression of

PDGFR-α and PDGF-A was particularly seen in glioma cells of high-grade tumors,

suggesting that autocrine activation of the PDGFR-α may drive the proliferation of

glioma cells in vivo (179). In contrast PDGF-B and PDGFR-β seem to promote tumor
growth by activation of the stromal compartment and stimulation of angiogenesis
leading to vascularization of the tumor (180). 

Further evidence for an involvement of PDGF and PDGF receptors in
tumorigenesis has been provided by findings of structural aberrations of the
corresponding genes that lead to overexpression or expression of an abnormal protein.

In a few cases of glioblastoma, the PDGFR-α gene is amplified (181-183), leading to
receptor overexpression. In cases of dermatofibrosarcoma protuberans and giant-cell
sarcoma, the PDGF-B chain gene is rearranged by a chromosomal rearrangement (184).

An additional role for PDGF-BB has been suggested in epithelial tumor formation,
implicating that it does not only promote tumor growth by inducing mesenchymal cell
proliferation and angiogenesis, but the activated stromal environment may also induce
tumorigenic conversion of epithelial cells via a paracrine mechanism (185). The
importance of PDGF signaling in tumorigenesis seems not to be limited to neoplasms of
mesenchymal origin.

Most cancers have mutations/deletions disabling a component of the TGF-β

signaling pathway. Most of these mutations occur in the basic TGF-β signaling pathway
and are usually associated with progression rather than with initiation of malignancy. In

several types of cancer TβRI and TβRII protein levels are down regulated and this is
usually correlated with a decreased patient survival (186). Smad4 is inactivated in a
large percentage of pancreatic and colorectal cancers and is correlated with invasion and
metastasis (187).
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Although TGF-β is a potent growth inhibitor in epithelial tissues, it is both a
suppressor and a promoter of tumorigenesis (188). Experiments in tumor bearing mice

provided evidence for a role of TGF-β in suppression of tumor development, during the

early stages of tumor progression. TGF-β1 heterozygous null mice show increased
hepatocyte proliferation, and decreased apoptosis in the lung and liver. When
challenged with carcinogens, these mice develop liver and lung tumors of greater size,

number and malignant potential than the controls, suggesting a role for TGF-β1 in
tumor suppression (189). 

In later stages of tumor progression high levels of TGF-β expression are correlated

with advanced clinical stage of the tumor (190). High TGF-β levels expressed by tumor
cells could contribute to tumor growth indirectly by suppression of the infiltrating

immune cells or stimulating angiogenic factors (191). However TGF-β can also act
directly on cancer cells to foster tumorigenesis. Tumor cells that have selectively lost

their growth-inhibitory responsiveness to TGF-β but retain an otherwise functional

TGF-β signaling pathway may exhibit enhanced migration and invasive behavior in

response to TGF-β stimulation (192-194).

TGF-β can promote tumor cell metastasis in many different ways. Of interest is the

ability of TGF-β to induce an epithelial to mesenchymal transition (EMT) (193). EMT
is characterized by the down regulation of proteins involved in cell-cell adhesion and
upregulation of molecules important for cell-ECM associations, ultimately leading to
enhanced migratory and invasive properties of the cell. A switch from an epithelial to
fibroblastoid phenotype occurs frequently during late stages of carcinoma progression
and correlates with the metastatic potential of tumor cells. These observations are still
controversial, since the majority of this evidence is derived from experimental
metastasis assays that utilize engineered carcinoma cell lines. 

Interstitial fluid pressure

At all times fluid filtrates through the capillary wall out into the interstitium. According
to the Starling hypothesis the rate of fluid filtration can be described by the equation JV

= �PK, where JV is filtration rate,   P is differences in fluid pressures and K is a constant

expressing capillary area and permeability (for a review see: (195)). The differences in
pressure,   P, is generated by differences in the colloid osmotic pressures in plasma
(COPPL) and in the interstitial fluid (COPIF), and between capillary hydrostatic pressure

(CHP) and interstitial fluid pressure (IFP) as can be described in the equation   P =

∆

∆

∆

∆
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(CHP - IFP) - σ (COPPL - COPIF), where σ is a plasma protein reflection coefficient.

The commonly accepted role for the IFP has been to maintain constant interstitial
volume and transcapillary fluid flux. An increase in transcapillary filtration will raise
interstitial volume and thereby IFP which will act across the capillary to limit further
filtration, as well as enhance lymph drainage from the tissues (195). The IFP is not a
"passive controller" of the interstitial fluid volume, it has been observed that interstitial
pressure fell as low as -150 mmHg concomitant with edema formation in burn injuries
to the skin. Thus, interstitial pressure actually becomes the driving force for the edema
formation rather than being a "passive controller" of the interstitial fluid volume.

An active role for connective tissue cells in the maintenance of IFP is suggested by

the finding that a subdermal injection of anti-β1-integrin IgG results in rapid edema

formation, including an increased negativity in IFP (196). Monoclonal antibodies to the

collagen-binding integrin α2β1 also induce a lowering of IFP in rat dermis, and this
effect is counter-acted by PDGF (197). PDGF can also normalize a lowering of IFP
induced by anaphylaxis in normal rat and mouse dermis (197, 198). Furthermore,
prostaglandins are potent modulators of IFP (199). Fibroblasts that are cultured in a
three-dimensional collagen lattice will contract the lattice in a process that require

several hours (200, 201). β1 integrins are instrumental for fibroblast-mediated collagen
gel contraction. and are stimulated by PDGF (172). The data also demonstrated that

PDGF increased the apparent avidity of the collagen-binding β1 integrins in this assay
system (172). A similarity between the process of collagen-gel contraction in vitro and
control of IFP and edema formation in vivo has been reported (196, 197, 199, 202, 203).
From these and other data a model for how connective tissue cells control IFP has been
developed. According to this model connective tissue cells exert tension on a

collagen/microfibril network, via the collagen binding integrin α2β1 (196, 197, 204,

205). These tensile forces control the intrinsic swelling properties of the
hyaluronan/proteoglycan ground substance in ECM (206). If the connective tissue cells
lowers their tension the tissue is allowed to swell, which is reflected in a lowering of
IFP.

Tumor interstitial fluid pressure

In most solid tumors the normal fluid balance is disturbed and a pathologically elevated
tumor interstitial fluid pressure (TIFP) is recorded (207-209). It has been suggested that
an elevated TIFP forms a barrier for the delivery of anti-cancer drugs into the tumor
(210, 211), therefore lowering of the TIFP is thought to be a useful therapeutical target.
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It is not clear what causes the high in TIFP but several mechanisms have been proposed.
Jain and co-workers claim that TIFP is high because of high capillary permeability
(leaky vessels) and impaired lymphatic drainage (78, 212, 213). Other suggestions are
that neoplastic cell proliferation increases vascular resistance and TIFP (214). and the
mechanical stiffness of the tumor tissue may inhibit macromolecule transport (215). A
final mechanism could be that the reactive stroma keeps the tumor stroma in a
constantly contracted state (197, 198). 

Several agents that induce a lowering of TIFP have been identified, including

nicotinamide (216), tumor necrosis factor α (217) and dexamethasone (218). It has,
however, not been established whether these agents increase the uptake of drugs into the
tumor. Tumors treated locally with Prostaglandin E 1 methyl ester (219) demonstrated

an acute lowering in TIFP whereas systemic treatment with specific inhibitors for
PDGF signaling resulted in a chronic lowering of TIFP (220). In both these studies, the
lowering in TIFP is followed by an increased capillary to interstitium transport of the
low molecular weight compound 51Cr-EDTA. PDGF is hypothesized to increase the
tension, exerted on the ECM-fiber network by stimulating connective tissue cells (197,
198) and keep the tumor in a contracted state. 

In the present work, the effects of a specific TGF-β1 and -β3 inhibitor on TIFP
(paper III and IV) were investigated. Longterm systemic treatment resulted in a
significant decrease of TIPF and reduced tumor growth.
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Aims

The overall aim of the present study was to increase the understanding of mechanisms
for tumor stroma formation and physiological functions.

The specific aims were:

• To characterize human anaplastic thyroid carcinoma (ATC) tissue specimens and
cell lines with regard to interstitial collagen production.

• To establish an experimental animal model for ATC that allow for the study of
stromal reactions.

• To investigate the role of TGF-β for stromal collagen deposition and hydraulic
properties, using the experimental ATC model.

• To investigate the relation between stromal collagen deposition and tumoral
interstitial fluid pressure in experimental ATC model.
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Methodology

Details of the methods used in this thesis are described in the respective papers and
manuscripts. In this section only specific key methods are discussed.

ATC cell lines (paper I, II, III and IV)
Six cell lines, derived from different human ATC tumors were used in the experimental
studies of tumor - stroma interactions. As a representative cultured cell to study the
stroma responses, we choose the well-characterized human diploid foreskin fibroblast
AG1518 with low passage numbers. We are aware of the fact that this type of
fibroblasts are not present in tumors, but in vitro models are artificial models and the
findings from in vitro experiments can give important indications for the in vivo model,
but do not represent the in vivo situation.

Quantification of collagen synthesis (paper I, II and IV)
Collagen synthesis was quantitated using an assay that determines the production of
metabolically labeled triple helical collagens.

Cells or co-cultures of cells were plated in 96-well plates. At least, quadruplicate

samples were incubated for 5 h at 37°C prior to a 18-20 h. labeling period. After the
pulse period the whole cell cultures were digested by pepsin, followed by precipitation
in high salt at both low and neutral pH. The samples were separated on polyacrylamide
gel electrophoresis in sodium dodecyl sulphate (SDS-PAGE) and the metabolically
labeled collagen bands were quantified using a Phosphor Imager (Fuji, Tokyo, Japan).

Collagen can also be quantified by other methods, for example by collagen Western
blot, using anti collagen antibodies. Since we detect metabolically labeled collagen
bands, synthesis can be quantified directly, whereas this would not have been possible
using collagen Western blot. The disadvantages of the present method are: 1, the risk of
loosing collagen protein during the various precipitation and washing steps; 2, a
method, which is quite laborious and 3, the costs for working with radioactivity. 

Cell cultures on poly[HEMA] (paper II)
Poly-(2-hydroxyethyl methacrylate) (poly[HEMA]) is an acrylate, used to coat cell
culture plastic. Cells plated on these poly[HEMA] films attach, but are refrained from
spreading (221) and collagen I protein synthesis is reduced dramatically in fibroblasts

cultured on poly[HEMA]. The pro-α1(I) collagen mRNA expression level was,

however, not affected. Stimulation of these cells with PDGF-BB and TGF-β induces
collagen I synthesis to almost 100%, as when the cells were allowed to spread but does
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not affect collagen mRNA expression levels. (222). This method does thus allow for the

study of pro-α1(I) collagen mRNA translation.
Cells and co-cultures were plated in 96-well plates coated with an ultra-thin film of

poly[HEMA]. Subsequently cells were seeded on top of the poly[HEMA] film in
serum-free medium and stimulated with growth factors followed by a [14C]Glycine
pulse for 18-20 h.

One drawback with this method, and possible source of variation is that the quality of
the coated poly[HEMA] films differs between experiments. Therefore, it is important to
add to each experiment the proper controls and to monitore the quality of each
experiment. Also cell spreading has to be assessed microscopically in each experiment.
The use of poly[HEMA] coated plates allows studying mRNA translation with an intact
transcription machinery and the use of the same experimental make-up as without
poly[HEMA]. 

Immunohistochemistry and in situ hybridization (paper I, II, III and IV)
Death by apoptosis is characterized by membrane inversion, exposure of
phosphatidylserine residues, blebbing, fragmentation of the nucleus, chromatin
condensation and DNA degradation. The TumorTACS in situ apoptosis kit detects
apoptotic cells by the incorporation of biotinylated nucleotides onto the free 3’-hydroxyl
residues of fragmented DNA. 

Apoptosis staining was performed with a few adaptations. In brief, frozen sections
were subjected to proteinase K followed by a second fixation. Fragmented DNA was
labeled with biotinylated nucleotides and the staining was visualized using the ABC-
DAB kit.

Critical steps in the assay are: 1) the fixation steps to prevent the loss of low
molecular weight DNA fragments and to keep the tissue morphology; 2) the proteinase
K treatment to make the DNA accessible to the labeling enzymes; 3) quenching of
endogenous peroxidase by hydrogen peroxide; 4) labeling of the DNA fragments with
biotinylated nucleotides by the (TdT). The results of positive control specimen can
reveal whether the staining was successful or not.

In situ hybridization is a well established method to detect collagen type I mRNA in
tumor tissue sections. DIG-labeled probes increasingly replace the radioactive labeled
probes and allow detecting the mRNA staining with normal light microscopy, as well as
various double staining protocols.

In situ hybridization was performed with Digoxigenin (DIG)-UTP labeled pro-

α1(I) collagen RNA probes, Sections were treated with proteinase K, prehybridized at

72°C followed probe hybridization at 72°C. An alkaline phosphatase-conjugated anti-
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DIG antibody detects the hybridized RNA probes, which are then developed with
NBT/BCIP. Carcinoma cells were double stained with tissue polypeptide antigen (TPA)
which can be used to specifically detect carcinoma cells.

Critical steps in this assay are: 1) probe labeling, 2) proteinase K treatment and 3)

hybridization temperature. Labeling of pro-α1(I) collagen RNA probes was made by in
vitro transcription using T3 and T7 RNA polymerases. Inefficient labeling might give
rise to labeled probe fragments of different sizes that impair the in situ hybridization.
Sections treated with proteinase K for extended time periods, lose their morphology.
Too short proteinase K treatment prevents access of the probe into the cells. The
hybridization temperature is also of importance. Temperatures below the optimum
temperature decrease hybridization stringency thereby increasing unspecific staining.
Temperatures above the optimum might give no staining at all. The samples should not
get dry during the hybridization; this increases the risk for unspecific staining as well.

Measurement of TIFP (paper III)
TIFP was determined using the wick-in-needle technique (223). This method is widely
used for determinations of tissue interstitial fluid pressure and gives trustworthy
measurements. In skin it is possible to measure the Pif by using thin sharpened glass
capillaries (micropuncture). Unfortunately, this is not possible in tumors because the
glass capillaries will break when inserted in the rigid tumor tissue. The 23-gauge needle
damages the tumor and will give rise to scar formation; this is a disadvantage especially
when TIFP is to be measured more than once in the same tumor.
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Results

In this thesis we set out to elucidate the mechanism(s), which give rise to the fibrotic
reaction in human ATC. Tumor – stroma interactions are known to determine the tumor
phenotype (11, 224, 225), though the respective roles of the carcinoma and stromal cells
were not known. We also investigated the relevance of tumor stroma composition for
one physiological parameter, namely TIFP. This is of clinical interest since recent
experimental data from our laboratories suggest that a lowering of TIFP increases
uptake and efficiency of classical anti-cancer drugs (219, 220).

Paper I
Tissues and cell lines derived from human ATC were used to study the fibrotic reaction

in ATC. In situ hybridization showed that pro-α1(I) collagen mRNA was expressed

throughout the tumor stroma compartment. In one out of five cases, pro-α1(I) collagen
mRNA was also expressed in a subset of carcinoma cells. The latter suggested that
some carcinoma cells indeed have the ability to synthesize collagen I, but that tumor
fibroblasts were the main source of collagen production. Immunofluorescense staining
using an anti-procollagen type I antibody detecting newly synthesized collagen type I
protein, revealed synthesis mainly in the stromal cells situated in close vicinity to nests
of tumor cells. This suggested that communication between carcinoma cells and stromal

fibroblasts stimulated translation of pro-α1(I) collagen mRNA.

To study pro-α1(I) collagen synthesis by carcinoma cells, six well-characterized
ATC cell lines were used in vitro. All cell lines expressed prolyl 4-hydroxylase mRNA
indicating that they are, in theory, able to synthesize triple helical collagen type I. The
ATC cell lines lacked a number of their epithelial characteristics, this was emphasized
by the fact that three of the six cell lines synthesized native triple-helical collagen type
I, though to a much lower extent than AG 1518 fibroblasts. A mesenchymal phenotype
was also underscored by the finding that 5 out of 6 ATC cell lines expressed vimentin
besides cytokeratin or that they had lost cytokeratin expression completely. 

Taken together, data in this paper showed that stromal fibroblasts are the main
producers of collagen type I ATC. The carcinoma cells seem to induce the collagen

synthesis in stromal fibroblasts by increasing pro-α1(I) collagen mRNA translation.
ATC form a heterogeneous group, in which a subset of the carcinoma cells can
contribute to the fibrotic reaction by synthesizing collagen type I, though only to a
minor extent.
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Paper II
Injection of the six ATC cell lines subcutaneous in the upper left flank of athymic mice
lead to two different tumorigenic responses. The 3 collagen producing cell lines had as a
group a much lower tumorigenicity (17%) than the non-collagen producing cell lines
(60%). The tumors developed from the collagen producing ATC cell lines displayed a

morphology with pro-α1(I) collagen mRNA expressing carcinoma and stromal cells
interdispersed. The non-collagen producing ATC cell lines gave rise to tumors with a
different morphology, displaying 2 distinct compartments. Carcinoma cell islets, that

are surrounded by pro-α1(I) collagen mRNA expressing cells confined to a well
delineated stromal compartment.

In this study an in vitro model was also set up to study the effect of stimulatory
factors on collagen type I mRNA translation. Human diploid foreskin AG 1518
fibroblasts and ATC cell line KAT-4 were cultured on poly[HEMA]-coated microtiter
plates, that provides a culture condition, which allows cell for attachment but not cell
spreading. We investigated our hypothesis that ATC cells induce collagen I synthesis by
stimulating collagen mRNA translation. Addition of conditioned media from the six
ATC cell lines (paper I) to AG 1518 fibroblasts cultured on poly[HEMA] had no effect
on collagen type I synthesis by AG 1518 fibroblasts. Co-cultures of KAT-4 tumor cells
and AG 1518 fibroblasts on poly[HEMA]-coated plates resulted in a stimulation of
collagen type I synthesis correlated with the number of KAT-4 cells. These data
indicate that cell-cell contact is required for collagen type I stimulation. The use of

specific inhibitors for PDGF-BB and TGF-β1 in KAT-4/ AG 1518 fibroblast system
demonstrated that these two factors are involved in KAT-4 induced collagen type I
synthesis by fibroblasts. Each inhibitor alone resulted in a partly inhibition whereas the
combination displayed an adding up effect.

Paper III
The results from papers I and II, revealed that carcinoma – stroma cell communications
were involved in the stimulation of collagen I mRNA translation and indicated a role for

both PDGF and TGF-β herein. The availability of a specific TGF-β inhibitor made it

possible to investigate the role for TGF-β in the generation of an elevated TIFP in
experimental xenograft ATC. 

Athymic KAT-4 tumor bearing mice were injected intravenously with a soluble

TGF-β receptor type II  - murine Fc:IgG2A fusion protein, which specifically inhibits

TGF-β1 and -β3. Inhibitor treatment resulted in a significant lowering of TIFP after 10
days of treatment. This decrease was shown to be dose dependent, and was not an acute
effect. Measurements after1 day of treatment did not display a lowered TIFP. The
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decrease in TIFP did not lead to edema formation in the tumor, since tumor tissue water
content was equal in treated and control tumors.

Another remarkable finding was that, during the first 10 days after treatment, the
inhibitor treated tumors had increased in size much more than the control tumors.
Measurements of apoptosis index in 10 day treated tumors, however, displayed
increased apoptosis in inhibitor treated tumors and also induced expression of the cell
cycle inhibitor p27Kip1. These contradictory results indicate that inhibitor treatment
initiated rapid tumor growth at early time points after the start of treatment, but after 5-
10 days of treatment apoptosis was induced and tumor growth strongly reduced.
Prolonged inhibitor treatment, with the administration of a second dose after 14 days,

confirmed these findings, showing that TGF-β inhibitor treatment initiates an initial
growth followed by a reduction in tumor growth after 14 days and control tumors
overtaking the lead in growth after 15-20 days of treatment.

The TGF-β1 and -β3 inhibitor did not affect KAT-4 proliferation in vitro, nor the
level of phosphorylated Smad2 protein, indicating that KAT-4 carcinoma cells are

unresponsive to TGF-β inhibition. Together the data suggest that TGF-β1 and -β3 may
be interesting targets for novel anti-cancer treatment directed to the stroma, first by
lowering TIFP and thereby potentially increase uptake of anti-cancer agents into
tumors, and second by its potential role in maintaining a supportive tumor stroma.

Paper IV

In this study we investigated whether the TGF-β1 and -β3 inhibitor affected collagen
deposition in experimental ATC formed by the human ATC cell line KAT-4. Sirius red
staining showed no detectable difference in overall collagen deposition in inhibitor
treated or control tumors. Further analysis showed that inhibitor treatment did not affect

pro-α1(I) collagen mRNA as investigated by in situ hybridization nor does it change

overall tumor pro-α1(I) collagen mRNA levels as investigated by Northern blot analysis
of 10 day control and inhibitor treated tumors. 

Determinations of pepsin extractable interstitial collagen proteins demonstrated a
marginal reduction after inhibitor treatment. This was confirmed by determinations of
the triple helical collagen component hydroxyproline (HP) in hydrolyzed tumor tissues,
showing a 35% reduction. Hyaluronan (HA) was measured in the same tumors
displaying only a marginal increase in inhibitor treated tumors.

The (HP/HA) ratio however, displayed a significant reduction in TGF-β1 and -β3
inhibitor treated tumors. A high collagen to hyaluronan ratio may be of importance for

the generation of a high TIFP, since TGF-β1 and -β3 inhibition reduces TIFP in KAT-4
tumors.
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Conclusions and future perspectives

Conclusions
Our studies aimed to elucidate the mechanisms for tumor stroma formation and
physiological functions have resulted in the following conclusions.

• The ATC cells have a dual effect by on one hand, stimulating the synthesis of
collagen type I protein in the stroma and on the other having the ability to produce
small amounts of collagen type I themselves.

• Collagen producing ATC cell lines display a reduced tumorigenicity upon xenograft
transplant and display an interdispersed carcinoma – stroma cell morphology.

• PDGF and TGF-β produced by the carcinoma cells induce pro-α1(I)collagen
mRNA translation in fibroblasts via direct cell – cell contact.

• Addition of the TGF-β1 and -β3 inhibitor in an experimental KAT-4 model results
in a significant decrease of TIFP.

• TIFP lowering seems to be the result of a change in the HP/HA ratio in the tumor
stroma.

Future perspectives

We have found that TGF-β1 and -β3 inhibition leads to a lowering of TIFP in the
experimental KAT-4 tumor model. It would be interesting to see if lowering of TIFP
results in an increased uptake of low and high molecular weight anti-cancer drugs. This
could be tested by microdialysis with a radioactive compound. 

The change in tumor stroma composition that was found upon inhibitor treatment
may be correlated with changes in other stroma components, such as the small collagen
binding proteoglycans that have a role in fibril formation of collagen and sequestration

of TGF-β.

Treatment with the low dose of TGF-β1 and -β3 inhibitor (0.1 mg/ml) resulted in an
increased TIFP and did not display the fast initial growth immediately after inhibitor
administration; these tumors had grown even less than the control tumors. These
findings indicate that the inhibitor might have a biphasic effect depending on dosage.

The initial tumor growth after inhibitor administration is difficult to explain. Most
likely the inhibitor affects the tumor stroma in such a way that it initiates rapid
carcinoma cell growth. The mechanism behind this is however, presently unclear and
needs to be elucidated.
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