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CHAPTER 1 

INTRODUCTION 

1.1 GROWTH CONTROL, ONCOGENES AND TUMOUR SUPPRESSOR GENES 

Growth control 
In normal, untransformed cells, growth is a tightly regulated process, A single cell 

is capable of controlling its growth by integrating the input from both positive growth
stimulating and negative growth-inhibiting signals. Unrestrained cell proliferation is the 
hallmark of carcinogenesis and arises as a consequence of aberrations in this normal 
growth control. The importance of such disturbed growth-regulating mechanisms is 
underscored by the observation that in vitro tumour cells were found to proliferate 
independently of exogenous growth factors (1). The apparent ability to be able to grow 
without mitogenic factors supported the earlier suggestion of Temin (2) that growth of 
transformed cells may be caused by endogenous production of growth factors. This 
concept was later extended to the autoerine growth stimulation model (3), 

It has become generally accepted that genetic damage is a central event in the 
process of loss of growth control. Disturbances in the growth-regulating mechanisms by 
changes in the genes til at govern these processes, consequently enable cells to escape 
normal growth control. Genes, whose products contribute to uncontrolled growth, once 
they are genetically altered, can be classified as oncogenes and tumour suppressor 
genes. In the former category such genetic alterations give rise to a gain-of-function 
resulting in positive growth stimulation (e.g. by changes in growth factor-encoding 
genes), whereas in the latter growth-inhibiting properties are lost. 

Oncogenes 
The first clues about tile identity of genes contributing to carcinogenesis have 

come from the studies on RNA tumour viruses. These viruses that induce tumours and 
transform cells in culture, contained sequences in their genomes that caused transform
ation of the host cell. These so-called viral oncogenes (v-one genes) turned out to be 
highly homologous to cellular genes in vertebrates. The first example was provided by 
tile normal cellular gene that was identified on tile basis of its similarity to the 
transforming src oncogene of Rous sarcoma virus (4). Based on their homology to viral 
oncogenes, such normal cellular genes were therefore collectively termed cellular 
{proto)-oncogenes and it was suggested that these c-onc genes may contribute to 
tumour formation in a positive way by spatial or temporal deregulated expression (e.g. 
by amplification, translocation or point mutation). 

Evidence for a role of these proto-oncogenes in human tumours came from gene 
transfer experiments, in which the transforming genes isolated from tl1ese tumours 
appeared to stem from normal cellular genes. In this way it was found that activation 
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and transformation by the H-ras proto-oncogene, which was isolated from a bladder 
carcinoma, were the consequence of a single point mutation in the coding sequence of 
this gene (51. 

Both gene transfer experiments and analyses of transforming sequences from RNA 
viruses have revealed many different oncogenes that play a role in tumours upon 
activation and/or structural alteration (reviewed in 6,7). In certain tumours activation of 
proto-oncogenes resulted from chromosomal translocations, leading to overexpression 
of e.g. the c-myc gene in Burkitt lymphoma (8,9) or leading to a chimeric protein with 
altered function, like the bcr-abl fusion gene product in chronic myelogenous leukemia 
(10,111. Additionally, activation may also result from gene amplification (e.g. c-myc in 
particular tumours) or from point mutations in e.g. the H-ras gene in bladder carcino
mas. Structural alteration, which in the case of the cellular homologue of the v-erb8 
gene leads to a truncated epidermal growth factor (EGF) receptor protein, is yet another 
manner of proto-oncogene activation (12). 

Although several oncogenes have been identified by their potential to transform 
cells in culture, experiments indicate that contribution of a single oncogene to 
tumorigenesis is limited. Rather the concerted action of two or more oncogenes seems 
to be needed for full transformation of non-immortalized cells in culture (131. The need 
for multiple oncogenes is further supported by the findings in crosses from transgenic 
mice carrying a single oncogene, where the presence of two mutations increases the 
incidence of cancer (reviewed in 14). From the studies with cells in culture it is held that 
a primary oncogenic event may lead to a block in differentiation, allowing the cells to 
proliferate continuously. Aneuploidy that may result from such continued replication 
may subsequently facilitate acquisition of a second oncogenic mutation in these 
immortalized cells, that further contributes to carcinogenesis. The in vivo relevance of 
the idea that multiple factors are needed for full transformation, is supported by 
statistical findings. Based on the notion that the frequency of cancer increases with 
age, it has been suggested that many distinct steps are needed for (at least part of thel 
tumours to develop to full malignancy (15). The distinct clinical manifestations of colon 
carcinoma offered the possibi.lity to study the sequence of changes that occur during 
progression of this type of cancer (16). Although these oncogenic events often occur in 
a certain order, it seems that in general accumulation rather than a specific order is 
important. This multi-step character of tumorigenesis is also illustrated by the molecular 
events leading to tumour development in transgenic models of fibrosarcomas of the skin 
and of the p-cells in the islets of Langerhans (171. 

Relationship between oncogenes and growth-stimulating molecules 
The list of proto-oncogenes that are involved in tumorigenesis after activation has 

become extensive in the last years. Nearly every cellular gene that stimulates growth, 
may be termed an oncogene when it becomes constitutively expressed. A striking 
feature about cellular (proto)-oncogenes is, that the products encoded by many of them 
were found to be identical to already known polypeptide growth factors, growth factor 
receptors or components of growth-stimulating signal transduction pathways. This 
supported the suggestion that tumour cells can stimulate their own growth in an 
autocrine way. An extended version of the autocrine growth stimulation model has been 



Figure 1. A schematic model of the 
contribution of factors to uncontrolled 
growth in tumour cells. Mitogenic 
signals in the nucleus may result from 
the extracellular (la) or Intracellular 
(1b) Interaction of a growth factor and 
its appropriate receptor (autocrine 
growth stimulation); from expression 
of a structurally altered growth factor 
receptor, which signals independently 
of exogenous stimuli (2); or from the 
aberrant expression of intracellular 
signal tranducing components (3). 
Adapted from Heldln (69). 

Introduction 11 

proposed to explain the ways in which oncogenes may contribute to unrestrained 
proliferation. In this model growth may result from several different aberrations. Firstly, 
from deregulated expression of growth factors by the tumour cells, which then should 
express the appropriate receptors as well. Secondly, from expression of structurally 
altered growth factor receptors, that for example act independently of exogenous 
stimuli. And finally, from aberrant expression of intracellular components, that function 
in transducing growth-stimulating signals from the membrane to the nucleus (Figure 1). 

Cell-derived oncogenes can be classified according to the functions of their gene 
products, which share homology with known cell products (Table 1). Oncogenes that 
encode growth factors, growth factor receptor tyrosine kinases, and non-receptor 
tyrosine kinases form one category. In this group the c-sis oncogene has become the 
paradigmatical growth factor-encoding oncogene, as in several studies the platelet
derived growth factor (PDGF) B-chain gene was found to be the human homologue of 
the transforming v-sis gene of simian sarcoma virus (SSV). This was based on the high 
similarity between these genes and their gene products (18-20). The Parodi-Irgens feline 
sarcoma virus was also found to contain a gene that shares homology with PDGF 8-
chain (21). The observation of sequence similarity was an indication for the involvement 
of PDGF in SSV transformation. As inhibition by PDGF antibodies or by suramin, that 
prohibits growth factor/receptor interactions, reverted SSV transformation (22,23), it 
was suggested that PDGF plays a role in this transformation, possibly in an autocrine 
manner. Likewise, in case of constitutive expression in certain tumour celis, the cellular 
sis oncogene probably also mediates its transforming capacity by stimulating growth in 
an autocrine way. A more detailed description of PDGF, its biological functions and its 
role in tumorigenesis is given in Chapter 1.2. 

Components acting in signal transduction pathways constitute another category 
with the ras and rat oncogenes as the best-known members. Activation of the p21 Ras 



12 CHAPTER 1 

TABLE 1. Categories of cellular oncogenes with examples of 
representative members. 

growth factors, receptor and non-receptor tyrosine kinases 
oncogene function references 

sis 
arbB 
fms 
src 

B-chain of PDGF 
truncated EGF receptor 
mutant CSF-l receptor 
non-receptor tyrosine kinase 

signal transduction pathway components 
oncogene function 

ras 
raf 
mos 

membrane-associated GTPase 
protein serine/threonine kinase 
protein serine/threonine kinase 

nuclear factors 
oncogene function 

jun transcription factor; part of AP-l 
fos transcription factor; part of Ap·l 
myc sequence-specific DNA binding 
reI transcription factor 

18,19 
12 
57 
58,59 

references 

60 
61,62 
63,64 

references 

25,65 
26,66 
67,68 
27 

Abbreviations used are: EGF: epidermal growth factor; CSF-1! colonv-stimulating 
factor-1; GTP guanosine triphosphate. 

GTPase has been shown to 
cause translocation of the 
Raf gene product to the 
membrane. Raf,· in turn, 
phosphorylates serine and 
threonine residues in another 
signal transduction enzyme 
MAPK kinase, which 
eventually leads to phos
phorylation of transcription 
factors in the nucleus 124). 

The nuclear oncogenes 
form a special group of 
oncogenes as their gene 
products act as transcripti
onal regulators of several 
target genes. The gene 
products of the c-jun and c-
(os oncogenes 

been identified 
nents of the 
factor AP-1 

have thus 
as compo

transcription 
125,26), 

whereas the protein encoded 
by c-rel has been found ho

mologous to the transcription factor NF-KB (27). Deregulated or constitutive expression 
of a transcription factor-encoding oncogene can thus extend the effect of a single 
oncogenic event by inducing transcription of several genes containing DNA-binding 
sequences for that factor. Due to protein-protein interactions that sometimes occur 
between different transcription factors, the effects evoked by oncogenic events in these 
factors may be even more extensive. 

Tumour suppressor genes 
Tumour suppressor genes contribute to carcinogenesis after losing their growth

restraining functions upon mutation (reviewed in 28-30). Less than a dozen tumour 
suppressor genes have been described thus far, but many more will probably be 
uncovered in the coming years. In contrast to the earlier described oncogenes, where 
the presence of only one mutated allele is sufficient, mutational events must occur in 
both alleles for a tumour suppressor gene to contribute to abnormal growth. Deletions in 
tumour suppressor genes occur frequently in several tumour types. In general a small 
deletion or point mutation in a tumour suppressor gene is often the first hit followed by 
loss of heterozygosity (LOH) of the gene or chromosome region containing the other 
allele, such that only the mutant allele remains. Homozygous deletions are often 

involved as well. 
Evidence for the contribution of genetically altered tumour suppressor genes to 

tumorigenesis has come from three different observations. Somatic cell hybrids between 
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tumorigenic and non-tumorigenic cells, did not cause induction of tumour formation 
after injection, unless the hybrid cells lacked specific chromosomes derived from the 
normal cell (reviewed in 31). This suggested the presence of genes on these 
chromosomes that suppressed tumour-promoting activity of their genetically altered 
counterparts. Secondly, the study of familial cancers suggested that neoplastic 
transformation may involve alterations in growth restraining genes (tumour suppressor 
genes) that are inherited as constitutional recessive mutations (32). LOH finally, has 
been shown to facilitate identification of chromosome regions that may uncover 
recessive tumour suppressor gene mutations through chromosome loss, recombination 

or gene conversion. 
Mutations in one allele of a tumour suppressor gene can be inherited. They playa 

role as dominant predispositions to cancer. This is different from the oncogenes that 
play only a minor role in predisposition to cancer, as their inheritance through the 
germline could be lethal, due to their dominant nature. A proportion of several tumours 
actually occurs in familial forms. One of the most obvious examples is retinoblastoma, 
in which the hereditary form may account for 40% of cases. By contrast, in the other 
60% of cases, no history of retinoblastoma could be found in the family. In 1971 
Knudson formulated his two-hit mutational hypothesis to explain this phenomenon. In 
the familial form individuals were thought to have inherited a germline mutation in the 
retinoblastoma (RB) susceptibility gene, which was followed by a somatic mutation in 
the second allele of this tumour suppressor gene, thus leading to tumour formation (32). 
In the sporadic form two somatic mutations in the two alleles of the RB gene were 
found to give rise to retinoblastoma tumour formation. 

Identified tumour suppressor genes 
To date, only a limited number of tumour suppressor genes that are involved in 

certain tumour types, has been identified in detail (Table 2). The list is still growing, as 
other putative tumour suppressor genes have been postulated based on frequent 
deletions of chromosome regions in certain tumour types. However, the sequences and 
functions of these candidate tumour suppressor genes are often still unknown. 
Mutations in the RB and p53 genes have been detected in many types of tumours, thus 
suggesting their involvement in a wide range of malignancies. The fact that the proteins 
encoded by these genes are ubiquitously expressed is indeed consistent with their 
involvement in several different tumour types. 

In case of p53, missense mutations, especially in the region between amino acid 
100 and 300, are often observed (33,34), followed by LOH of the other wild-type gene 
copy. These missense mutations result in production of mutant p53 proteins, that 
exhibit an altered conformation, that interferes with the ability of p53 to bind specific 
DNA sequences (35,36) and to activate transcription (37,38). Some groups have shown 
that overexpression of Wild-type p53 caused cell cycle arrest in the. G1 phase (39,40), 
whereas others demonstrated restriction of cell proliferation and induction of program
med cell death (apoptosis) as well (41,42). Lane (43) proposed a model for p53 action 
that takes into account these findings. According to this model, genes that are 
regulated by p53 inhibit DNA replication in order to repair DNA after it has been 
damaged, whereas apoptosis is induced if DNA repair appears unsuccessful. This 
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TABLE 2. Identified tumour suppressor genes and their possible Involvement in tUlllorlgenesls. 
gene locus (putative) function tumour type references 

AB 13q14 

p53 17p13 

WTl llp13 

NFl 17qll 

APC 5q21 

DCC 18q21 

p16 9p21 

sequestration of 
transcription factor 

transcription factor 

transcription factor 

GAP-like activity 

cell-adhesion 

cell-adhesion 

CDK4 inhibitor 

several types 
(a.o. retinoblastoma, 
osteosarcoma, breast, 
bladder, cervix 
prostate carcinoma, 
leukemia) 

several types 
(a.o, breast, lung, colon, 
bladder, liver carcinoma) 

Wilms tumour 
malignant mesothelioma 

neurofibrosarcoma 

colorectal carcinoma 

colorectal carcinoma 

several types 
(a,o. melanoma, glioma, 
breast, bladder carcinoma) 

70-75 

76-78 

79-81 
82,83 

84,85 

86,87 

88 

46,47 

defence mechanism would be disturbed by loss-of-function mutations in the p53 gene 
and this would eventually lead to cancer. The identification of CIP1/WAF1 as a p53 
target gene fits in with this model as the product encoded by this target gene was 
found to bind the complex of cycling and cyalin-dependent kinases (CDKs), thereby 
prohibiting the cell cycle to continue (44,45). The product of the recently identified p 16 
gene was shown to be involved in inhibition of one particular CDK, CDK4, which 
functions in the G1 phase of the cell cycle. As it was found to be homozygously deleted 
in many different tumour types, p 16 was thus considered a tumour suppressor gene 
(46,47). 

The protein encoded by the RB tumour suppressor gene is differentially 
phosphorylated during the cell cyale (48). The suppressive capacity that RB 
demonstrates during Go and G1, when it is underphosphorylated, can be overcome by 
several mechanisms. The binding of transforming proteins of DNA tumour viruses to 
hypophosphorylated RB (49-51) and the presence of mutations in this binding domain of 
the unphosphorylated RB protein (52) both affect RB in its growth-restraining function, 
possibly by facilitating release of the RB-bound E2F protein (53-55). Upon release from 
the RB protein, the transcription factor E2F is able to bind and activate cellular 
proliferation genes. In this way loss-of-function of RB could contribute to carcinoge
nesis. 

Several other tumour suppressor genes, like the NF1, APC, DCC and WT1 genes, 
have been reported to be involved in only a single or a few tumour types (see Table 2). 
Mutations in NF1 were observed in von Recklinghausen's neurofibromatosis, 
characterized by abnormal proliferation of neural crest cells and, in more severe forms, 
by neurofibrosarcomas. The APC and DCC genes that are frequently lost in colon 
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carcinomas, both encode proteins that are likely to be involved in cell-adhesion. Finally, 
the WT1 tumour suppressor gene is one of the (at least three) genes that contributes to 
development of Wilms tumours, one of the most common pediatric solid malignancies. 
WT1 encodes a transcription factor that binds to gene promoters containing the core 
binding sequence 5'-GCG GGG GCG-3' (56). In Chapter 5.1 the WT1 gene and gene 
product are presented in more detail, as this binding sequence is also present in the 
promoter region of the PDGF A-chain gene. 

1.2 PLATELET·DERIVED GROWTH FACTOR (PDGF) 

Platelet-derived growth factor genes and gene products 
Platelet-derived growth factor (PDGF) was discovered as a major constituent of 

blood serum with high mitogenic activity for mesenchymal cell types like smooth muscle 
cells and fibroblasts. It was first isolated from human platelets (89,90), but soon 
observed to be produced by many other cell types as well (see later). Initial 
characterization of PDGF from platelets revealed that it is a 30 kDa dimeric molecule 
composed of two highly homologous but distinct polypeptide chains, denoted A- and B
chain (91). Although PDGF-AB proved to be the major dimeric isoform of platelets 
(70%), homodimeric PDGF-BB was also found (92,93). The PDGF-AA homodimer has 
been identified in several human tumour cell lines (94-96). The A- and B-chains are 
encoded by different genes which have been mapped to chromosomes 7p22 (97-99) 
and 22q13.1 (100,101), respectively. The high structural similarity in exon/intron 
boundaries between the PDGF A- and 8-chain genes suggests that they stem from a 
common ancestral gene. 

Three PDGF A-chain transcripts of 1.9, 2.3 and 2.8 kb have been identified which 
result from alternative promoter and polyadenylation signal use (97). Furthermore, 
alternative splicing at exon 6 in the 3' end of these transcripts gives rise to short and 
long splice variants that exhibit different C-termini (102,103). The long variant thereby 
obtains a stretch of basic amino acids in its C-terminal end. The PDGF B-chain gene 
predominantly encodes a 3.5 kb transcript, but in some cell types smaller transcripts of 
about 2.6 kb have been detected. These seem to be activated from a distinct promoter, 
possibly at the end of the first axon (104) or in the first intron (RPH Dirks, pers. 
comm.). If this is indeed the case, the 5'-untranslated sequence (UTS) that causes 
translation inhibition would be missing in the smaller transcript, which would result in 
better translation (105). 

In Chapter 1.4 the factors and regulatory regions involved in PDGF A- and B-chain 
mRNA expression as well as in expression of the later to be introduced PDGF receptor 
genes are reviewed. 

POGF dimeric structure, processing and secretion 
The dimeric structure of PDGF is important for its biological function, as activity is 

lost after chemical reduction of the molecule. Consistent with their homology in gene 
structure, the mature PDGF A- and B-chain polypeptides share about 60% amino acid 
homology, the positions of the eight cysteine residues being perfectly conserved. These 
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cysteine residues are involved in intrachain and interchain disulphide bridges that 
eventually determine the dimeric structure of PDGF. Intrachain bonds are formed 
between the 1 st and 6th, 3rd and 7th and 5th and 8th residues whereas the 2nd and 
4th cysteine residues form the interchain bond in the dimers (106-109), thereby 
contributing to the stability of the protein (110). Analysis of the crystal structure of 
homadimeric PDGF-BB confirmed these intra- and interchain bonds between the various 
cysteine residues (111). The importance of this structure was further underscored by 
the high topological similarity of other dimeric growth factors like nerve growth factor 
(NGF) and transforming growth factor-p2 (TGF-!>2) (112). 

Biosynthesis and processing of PDGF was studied in transfection studies using 
eDNA constructs (113,114). The A- and B-chain precursor forms both enter the 
secretory pathway because of their hydrophobic leader sequences (20,97). The PDGF
AA isoform is subsequently dimerized as a 40 kDa factor that becomes efficiently 
secreted as a 30 kDa protein after N-terminal processing. The PDGF-AB heterodimer is 
also secreted, though less efficiently (115), as a molecule of about 30 kDa. The 56 kDa 
PDGF-BB homedimer undergoes N- and C-terminal processing giving rise to a minor 
secreted product of 30 kDa. However, due to further processing a major form of 24 kDa 
can also be observed, that is not secreted but remains cell-associated (in the Golgi
system or in the endoplasmic reticulum) due to a retention signal in the C-terminal part 
of the PDGF B-chain propeptide (116,117). This retention motif is homologous to the 
basic stretch of amino acids encoded by exon 6 of the earlier mentioned POGF A-chain 
long splice variant, raising the interesting possibility that the long PDGF A-chain variant 
is also intracellularly accumulated. V-sis and PDGF A-chain constructs in which the 
signal sequences mediating secretion were mutated, were localized in the nucleus due 
to this exon 6-encoded amino acid sequence, which then acts as a nuclear targeting 
signal (118,119). Furthermore, the retention motif has also been shown to target PDGF 
A-chain (long) and B-chain molecules to the cell matrix, at least partly through binding 
to glycosaminoglycans (120-123). The matrix could thus provide a scaffold for PDGF A
chain (long) and B-chain dimeric proteins. 

Although the precise biological function of these compartmentalized PDGF 
molecules is not fully clear yet, it seems that differential compartmentalization 
constitutes an important way to regulate PDGF action. 

PDGF receptors 
In order to exert its function, PDGF has to bind to specific high-affinity receptors. 

Upon receptor binding, a large number of cell-specific effects, like chemotaxis, synthesis 
of extracellular matrix components and mitogenesis are evoked. The use of purified or 
recombinant forms of all three PDGF dimers has revealed that there has to be more than 
one PDGF receptor type (124,125). One of these receptors, designated the (X-receptor, 
was found to bind PDGF-AA, -AB and -BB with high affinity, whereas the !>-receptor 
was shown to bind PDGF-BB with high affinity and -AB with a tenfold lower affinity. No 
binding of PDGF-AA could be demonstrated to the latter receptor (125). So the 
existence of distinct receptor subunits that show different specificities for the various 
isoforms, provides another possible level of control PDGF activity. 

The (X- and !>-receptors have been mapped to chromosome 4q (126) and 5q (127), 
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respectively. The PDGF B-receptor was cloned first and was found to give rise to a 
glycosylated protein of 170-185 kDa 1128-131}. Cloning of the a-receptor was 
performed soon afterwards 1126,132). The PDGF a-receptor was also observed to be 
post-translation ally glycosylated resulting in a molecular weight of about 170 kDa. Both 
receptors were found to be similar in structure containing an extracellular part with five 
immunoglobulin-like domains which mediate growth factor binding, a transmembrane 
domain, and an intracellular domain with protein tyrosine kinase activity. This tyrosine 
kinase domain is split by a so-cal/ed kinase insert domain which has no kinase activity. 
High amino acid homology between the two receptor subtypes especially exists in the 
juxtamembrane and tyrosine kinase regions. 

In experiments using a kinase-negative receptor mutant, the intrinsic kinase activity 
of the PDGF B-receptor was shown to be essential for PDGF-induced processes in the 
cell (133). Despite the kinase-inhibiting mutation, this mutant could, however, still be 
internalized and degraded upon ligand binding. A ligand-induced dimerization mechanism 
comparable to that for the EGF receptor was proposed, to account for activation of the 
intracellular kinase of the PDGF receptor upon ligand binding (134). Indeed, incubation 
of PDGF-BB with purified PDGF B-receptors was found to result in dimerization of these 
receptors, as revealed by cross-linking agents (135). Dimerization subsequently leads to 
activation of the kinase, probably through an in trans autophosphorylation of the two 
receptor subunits (136). This is further strengthened by the observation that B-receptors 
lacking the intracellular domain inhibits activation of Wild-type PDGF B'receptors (137). 

The notion of the importance of dimerization for PDGF receptor activity has led to 
the PDGF receptor subunit model 1138; see also Table 3). In this model dimeric PDGF 
aa-receptors are predicted to be formed by binding of PDGF-AA, -AB and ~BB, aB
receptors by PDGF-AB and -BB and BB-receptors by PDGF-BB. The ability of PDGF-AB to 
bind PDGF B-receptors in cells only expressing this receptor sUbtype has been a point of 
discussion in several studies. Downregulation of PDGF a-receptors by PDGF AA
treatment in fibroblasts (139) or the absence of detectable amounts of PDGF a-receptor 
in fibroblasts and smooth muscle cells 1140,141) did not seem to affect PDGF-AB 
binding, suggesting an interaction between PDGF-AB and the PDGF BB-receptor dimer. 
However, Van Zoelen et al. (142) clearly demonstrated that pretreatment with PDGF-AA 
not only resulted in decreased binding of POGF-AB, but also in decreased PDGF-AB
induced proliferation of NRK cells. Furthermore, others showed that in B-receptor trans-

TABLE 3. Binding of dimeric PDGF 
dlmaric POGF receptors. 

PDGF isoform 

PDGF 
receptor AA AB 

aa + + 

a~ + 

~B 

Isoforms 

BB 

+ 

+ 

+ 

by 

fee ted cells 1143,144) and in cells 
showing a deleted a-receptor (145) 
PDGF-AB bound with much lower 
affinity than BB, possibly only through a 
monovalent interaction between the B
chain and the B-receptor. 

By epitope mapping and site 
directed mutagenesis it has become 
clear that certain residues within the 
region 25-37 of the mature PDGF-BB 
molecule 1 ~ 106-118 of the PDGF B
chain pro peptide and 136-148 of the 
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v-sis sequence) are probably involved in PDGF l1-receptor binding 1146-149). 
Interestingly, these identified residues are localized in a single loop of amino acids at the 

external face of the crystallized dimer (111). Other studies using PDGF AlB chimeras 
largely confirmed the importance of these residues but stressed the importance of the 
externally located residues 54-63 for B-chain activity as well 1150,151). A conserved 
basic region in the PDGF A-chain Iresidues 159-161) was demonstrated to be involved 
in PDGF <x-receptor binding (152). Studies with mutant PDGF <x-receptors showed that 
the second and third Ig-like domains are involved in high affinity binding of PDGF-AA, 
and that the first three domains are needed for binding of BB 1153-155). The ligand 
binding region of the B.-receptor was mapped to the first three Ig-like domains as well 

1156,154). 

Intracellular or extracellular PDGF receptor activation? 
The transforming potential of PDGF B-chain/c-sis is comparable to that of v-sis 

11 57,1 58), whereas the A-chain transforms less efficiently 1113,159). Furthermore, the 
v-sis and PDGF B-chain translation products are assembled and processed in a similar 

way. There is still discussion, whether the PDGF- or v-sls-induced PDGF receptor 
activation and subsequent transformation take place extracellularly or in an intracellular 

compartment. The fact that antibodies directed to PDGF did not always revert a 
transformed phenotype (22) favours the possibility of intracellular activation. 
FUrthermore, the addition of an endoplasmic reticulum retention signal to the PDGF S

chain sequence did not abrogate its transforming capacity 1160). Other data conflict 
with the idea of intracellular autocrine interaction, as intracellular activation failed to 

lead to increased c-fos expression (161) and suramin was shown to reverse 

transformation without affecting intracellular receptor activation (23,386). Moreover, 
the endoplasmic signal turned out to be more of a retrieval signal than a retention signal 

(162). Retention in the trans-Golgi still abrogated transformation, suggesting the need 
for translocation to the membrane (162). 

According to a model that was proposed to account for all these findings 11 63), 
intracellular formation of a ligand/receptor complex may be sufficient for receptor 

autophosphorylation. However, in this model a mitogenic response only occurs after 
translocation of this complex to the cytoplasmic membrane for proper substrate 

association. It might still be that responses which are not involved in growth and 
transformation, could result from activation of the PDGF receptor without actual 

translocation. Compartmentalization of PDGF autocrine signal transduction pathways 
has indeed been suggested in c-sis-transformed NIH 3T3 cells, with several signal 

transduction molecules being activated in the presence of suramin and others not (164). 
An intriguing observation is further that a pool of ligand-bound PDGF ~-receptors 

remained tyrosine phosphorylated after internalization, suggesting an active role for the 

intracellular ligand/receptor complex in substrate phosphorylation (165). 

Signal transduction and PDGF-inducible genes 

Dimerization and subsequent autophosphorylation of PDGF receptors leads to the 

binding of various intracellular substrates to these phosphorylated tyrosine residues 

which serve as attachment sites. Binding is mediated through conserved motifs in the 



TABLE 4. Substrate binding to 
autophosphorylated tyrosine residues 
In tho human PDGF B-receptor. 

y(p)a substrate references 

579 She 173 
579 Src-family 247 
581 Src-family 247 
716 Grb-2 175 
740 PI3·K 248 
751 PI3-K 248,249 
751 Nek 250 
740 She 173 
751 She 173 
771 She 173 
771 GAP 248,251 
778 unknown 
857 unknown 
1009 PLCy 170,252 

253 
1021 PLCy 170,252-

254 
1009 PTP-1D/Syp 255,256 

SH-PTP2/PTP-2C 

Abbreviations used (as far as mentioned in the 
literature) are: GAP: GTPase activating protein; 
Grb: growth factor receptor bound; P/3-K: 
phospho/nositol 3-kinase; PlCy: phospholipase 
Cy; PTP: phosphotyroslne phosphatase_ 
8. YIP): (8uto)phosphorylated tyrosine residues 

in tha human PDGF ~·receptor 
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substrates, the so-called Src homology 2 (SH2) 
domains. Y751 and Y857 were identified as the 

two major sites of ligand-induced phosphorylation 
of the human PDGF B-receptor (166). Mutation of 

these residues resulted in impaired mitogenic 

stimulation (167). In these mutant receptors 

impaired substrate binding may be due to a 
generally lowered (aspecific) binding, rather than 

to decreased specific substrate binding at Y857. 
Substrates interacting with identified 
phosphorylated tyrosine residues in the human 

PDGF B-receptor are listed in Table 4. 
Analysis of signal transduction pathways in 

cells transfected with PDGF (X- or ~-receptors has 

revealed that in both cases cells respond 
mitogenically to stimulation with the proper PDGF 
isoform (168). Mitogenic responses are probably 
mediated in parallel through several substrates 

that bind PDGF B-receptor tyrosine residues. PI3-K 
(phosphatidylinositol-3-kinase) and PlCy 

(phospholipase Cy) have been implicated to playa 

role in this process (169), though others failed to 
show a necessary role for PlCy in Y 1 009- or 

Y 1 021-mutated PDGF B-receptors (170). 
However, residual PLCy binding to the non-
mutated tyrosine could not be excluded in the lat

ter report. Furthermore, Src-like kinases were suggested to be required for proper PDGF
induced mitogenicity as well (171). Substrates like Shc and Grb-2, that have been found 
associated with PDGF B-receptors, act as adaptor molecules mediating binding and 

activation of other molecules. The binding sites for Grb-2 have recently been identified. 
Grb-2 activates the Sos/Ras signaling pathway by binding to phosphotyrosine-bound 

Shc or PTP-1D/Syp (172-174) or via direct binding to phosphotyrosine residues in the 

PDGF B-receptor (175). Activation of p70 S6 kinase seems to contribute to the PDGF
induced mitogenic signal as well (176). As this pathway is independent of Ras, other 
mechanisms are probably involved in mitogenic signaling as well. 

Studies with cells expressing chimeric PDGF a-receptor or FGF-1 receptor 
molecules containing the B-receptor kinase insert revealed that migration towards PDGF 

and circular actin reorganization require the binding of PI3-K to B-receptor kinase insert 
tyrosine residues, and possibly the activation of the small GTP-binding protein Rae (177-

179). The observed association of PI3-K and focal adhesion kinase (FAK) after PDGF 
stimulation raises the intriguing possibility of cross-talk between these pathways leading 

to changes in cell morphology (180). Kundra et al. (181) found migration-promoting 
(PlCy and PI3-K) as well as migration-suppressing (GAP, GTPase-activating protein) 

substrates in PDGF B-receptor-mediated chemotaxis. 
PDGF a- and B-receptors activate both common and unique signaling pathways 
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(168). Association with PLCy and PI3-K occurred with similar stoichiometry, but the 
binding affinity for GAP was much lower in case of the PDGF a-receptor (182). 
Formation of the second messenger phosphatidic acid was shown to be increased by 
stimulation of B-receptor compared to a-recaptor-induced pathways (183). Furthermore, 
in heterodimeric form the a-receptor was found to be phosphorylated on Y754, whereas 
no phosphorylation of this residue was seen in au- or fM!-homodimers, suggesting 
binding of a specific protein (184). 

PDGF-induced intracellular signal transduction eventually leads to the expression of 
several genes, which further mediate the responses initiated by PDGF. The best known 
are the so-called immediate early genes. They form a large group of genes whose 
expression is induced several minutes to hours after stimulation by growth factors, like 
PDGF (reviewed in 185,186). The c-fos, c-jun, c-myc and EGR1 genes are examples of 
these early genes. Being (part of) transcription factors, their gene products have been 
implicated to play a role in proliferative responses by regulating processes associated 
with DNA synthesis and cell division. PDGF has been shown to control the activity of 
Fos and Jun gene products at the transcription level (reviewed in 187,188), but also by 
regulating Fos protein stability (189). An intriguing observation was that PDGF was also 
capable of increasing cyclin 01 expression, thereby providing a direct link between 
external growth factor-mediated stimulation and regulation of transition through the G 1 
phase of the cell cycle (190,191). 

Ligand-mediated endocytosis and subsequent degradation is a mechanism to 
downregulate the growth factor receptor-mediated biological response. Phosphorylation 
of Y579 was shown to be essential for endocytosis of the PDGF ~-receptor (192), 
whereas others showed that residues Y740 and Y751 were indispensable (193). 
Analysis of purified stimulated PDGF receptors revealed covalent binding of ubiquitin 
(127). Ubiquitin is thought to playa role in mediating intracellular protein degradation. 
Indeed ligand-induced polyubiquitination was observed in PDGF B-receptors, depending 
upon kinase activity of the receptor and most probably phosphorylation of residues 
Y1009 and Y1021 (194). Mitogenic signalling was repressed through accelerated 
intracellular degradation of B-receptors after polyubiquitination. 

PDGF in normal cell types and in non-malignant disorders 
PDGF has been implicated to be involved in human placental development 

(195,196), whereas a role in mouse embryonic development was suggested as well 
(197-1991. Evidence for the latter came from a study in which PDGF B-chain knock-out 
mice were found to die around birth, suffering from renal, hematological, and 
cardiovascular abnormalities (200). A similar phenomenon was seen in PDGF B-receptor
deficient mice, although it was suggested that the role of the ~-receptor may be partly 
masked because of compensation by the a-receptor (201). Expression of the PDGF 
a-receptor was seen in several mesodermal tissues during mice and rat embryonic 
stages as well as in some ectoderm-derived tissues later in development (202,203). The 
availability of Patch (Ph) mutant mice carrying a deletion in the PDGF a-receptor may be 
helpful in further clarifying the role of the PDGF a-receptor subunit during mammalian 
development (204). 

Furthermore, a role for PDGF (especially PDGF-AA/PDGF a-receptor) was proposed 
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in development of neuronal tissue. The developmental expression pattern of PDGF A
chain and PDGF a-receptor detected in the rat and mouse central nervous system (eNS) 
suggests that PDGF has an important function in development of the oligodendrocytic 
lineage (198,205,206). Neurotrophic activity of PDGF-BB aGiing via the PDGF ~

receptor was shown to result in neuronite outgrowth (207). Similar/y, detection of 
PDGF and PDGF receptors in the peripheral nervous system (PNS) of neonatal and adult 
rats indicated a possible role for PDGF in development and maintenance of the PNS as 
well (208), 

After the first description in platelets, production of PDGF was observed in a whole 
range of other cell types as well. Cytotrophoblasts in human placenta (195), endothelial 
cells (209-212), arterial smooth muscle cells (213,214), keratinocytes (215), alveolar 
epithelial cells (216), and monocytes and activated macrophages (217-219) were all 
found to be capable of synthesizing one or both PDGF chains. Not in all these cell types 
the function of the produced PDGF is fully understood. In the case of cytotrophoblasts 
and smooth muscle cells an autocrine function was suggested as both cell types also 
respond to PDGF (220). 

PDGF is a potent growth factor and chemoattractant for connective tissue cells, 
like fibroblasts, and is also chemotactic for inflammatory cells (221,222). The role PDGF 
plays in wound healing processes was explained by the capacity to attract connective 
tissue cells and subsequently stimulate them to produce extracellular matrix 
components. The expression of PDGF in the healing wound and of PDGF B-receptors on 
capillary endothelial and vascular smooth muscle cells (223-225) together with a (weak) 
angiogenic activity of PDGF (226), further underscored this involvement in wound 
healing. An actual wound healing effect of recombinant PDGF-88 was demonstrated in 
chronic pressure ulcer patients (227). This process was mediated through PDGF-BB
induced increases in fibrobast proliferation and differentiation (228). 

PDGF produced by alveolar macrophages was implicated to be involved in normal 
lung architecture, possibly by stimulating fibroblasts to produce extracellular matrix 
(ECM) components (216,229). Excessive production of PDGF by these intra-alveolar 
macrophages may lead to idiopathic pulmonary fibrosis, a lung disorder characterized by 
large fibrotic areas (216). Another example of a non-malignant proliferative disorder in 
which PDGF is involved, is atherosclerosis. PDGF-induced proliferation of smooth 
muscle cells is thought to contribute to the thickening seen in the intima of affected 
vessels in this disease (230,231). likewise, PDGF was mentioned to playa role in the 
inflammatory process in rheumatoid synovitis, possibly by stimulation of proliferation in 
the vasculature (232). 

PDGF in oncogenesis 
Temporally and spatially deregulated expression of PDGF and its receptor may not 

only give rise to non-malignant proliferative disorders, like idiopathic pulmonary fibrosis 
and atherosclerosis, but may contribute to tumorigenesis in certain malignancies as 
well. 

The putative involvement of deregulated PDGF chain and/or receptor expression in 
the transformation of certain cell types has been highlighted in several reports (Table 5), 
although in most cases the actual contribution of upregulation of either of these genes 
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TABLE 5, PDGF chain and receptor ImRNA and/or protein) expression In various human tumour cell Hnes. 

cell type expression of POGF chain (AlB) references 
and/or receptor (aIB)a 

glioma POGF A, B, at B 257,258 
PDGF A, at at B 233 

large cell lung carcinoma PDGF A, B 259 
PDGF ~ 260 

malignant mesothelioma PDGF A, B 261 
PDGF A, B, ~ 262,263 

mammary carcinoma PDGF A, B 264 
melanoma POGF A, 8 95 

PDGF A, 181 265 
prostate carcinoma PDGF A, B 266 
sarcoma (several types) POGF A, St «, B 267 

POGF A, 8, «, B 233 
thyroid carcinoma POGF «, B 268 

II, !n easa several cell lines of II certain type were analyzed, nol every cell line expressed all indicated chains and receptors. 

has not been proven. Co-expression of PDGF A- and/or B-chain and its appropriate 
PDGF receptor, as observed in e.g. glioma, malignant mesothelioma, and sarcoma cell 
lines, is highly suggestive of an autocrine loop of growth stimulation. Actual support for 
the existence of an autocrine growth stimulation loop came from the demonstration of 
PDGF receptor activation in the absence of exogenous ligand in e.g. sarcoma cell lines 
(233). Furthermore, although PDGF receptors initially were thought to be expressed by 
mesenchymal cells only, clear expression was seen in some cell lines of epithelial origin 
(lung carcinoma, thyroid carcinoma) as well. If this is the same in vivo, this receptor 
expression might thus confer a growth advantage to the tumour cells compared to their 
normal counterparts that do not possess POGF receptors. Finally, in those tumour cell 
lines that only express one or both PDGF chains and no PDGF receptors, POGF may 
contribute to tumorigenesis by exerting a paracrine effect on stromal cells in vivo. 
Stomal cells are known to playa sustaining role in tumorigenesis. 

As studies using tumour-derived cell lines are not always representative for the 
situation in vivo, the expression of PDGF and/or its receptors was also studied in 
primary tumour samples (Table 6). In several tumours putative autocrine growth 
stimulation loops (PDGF Alc<-receptor in gliomas, ovarian carcinomas and PDGF B/B
receptor in choriocarcinomas, fibrosarcomas, lung carcinomas) were postulated, based 
on the co-expression of ligand and receptor. Several studies, particularly those on 
gliomas (234,235), have suggested that tumour-derived PDGF may be involved in a 
paracrine way in stromal development, as stromal cells in the primary tumour were 
found to express the PDGF B-receptor. Further support for this comes from recent 
experiments in which mice were xenografted with PDGF B-chain-transfected melanoma 
cells (236). In tumours derived from these transfected melanoma cells, 
neovascularization and stromal development were clearly observed, whereas the 
absence of PDGF B-chain resulted in necrotic areas, thus suggesting an important role 
for B-chain-induced stromal development in tumorigenesis. 
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TABLE 6. PDGF chain and receptor (mRNA and/or protein) oxpression in primary tumour material and 
surrounding stroma. 

tumour type expression of POGF chain (AlB) references 
and/or receptor (a/B)a 

basal cell carcinoma POGF A, B, a, B 269 
choriocarcinoma PDGF IA), B, ~ 270 
colorectal carcinoma POGFa and POOF B 271 
fibrosarcoma POGF IA), B, la), ~ 272 
glioma POOF A, B, a, B 234 

POOF a, B 273 
PDGF ~ 235 

lung carcinoma PDGF B, ~ 274 
ovarian carcinoma POOFa and POGF 0:, B 275 

POOFa 276 
sarcoma (several types) PDGF B 277 

a. No discrimination between PDOF-AA and -BB could be made, as the antibodies could not discriminate between the various POOF 
Isoforms. 

Interference in the PDGF-medlated response; antagonists 
Studies were initiated to find antagonists to interfere in the POGF-mediated 

responses. Several compounds were found to inhibit POGF function, either in specific or 
in non-specific ways. Suramin, that non-specifically prevents ligand/receptor 
interactions, was shown to inhibit v-sis-induced transformation (23). Neomycin was 
found to act as a PDGF isoform- and receptor-specific antagonist in transfected porcine 
endothelial cells by inhibition of PDGF-BB/PDGF <x-receptor interactions; binding and 
activation of the <x-receptor by PDGF-AA or the ~-receptor by PDGF-BB were not 
affected (237). Small compounds called tyrphostins have recently been described as 
representatives of a novell class of selective tyrosine kinase blockers, especially for the 
PDGF and stem cell factor receptors (238). A peptide corresponding to part of the PDGF 
B-chain protein inhibited the ability to bind and subsequently activate both PDGF (;(- and 
B-receptors (239). Given the importance of a dimeric structure for PDGF fUnctioning, 
monomeric PDGF would be predicted to act as a PDGF antagonist as well. However, 
analysis of monomeric forms of PDGF, created by mutation of the cysteine residues 
forming the interchain bridges, revealed that these monomers acted as agonists rather 
than antagonists (107); dimerization of receptors apparently still occurs in this situation. 

In several cell types signal transduction through PDGF receptors was impaired after 
transfection of truncated (;(- or B-receptors (137,240,241). In conditioned medium of a 
human osteosarcoma cell line a soluble form of the PDGF a-receptor was found which 
seemed to result from proteolytic clipping of the intact protein (242). The function of 
this soluble receptor is unclear, but it may regulate the PDGF response, either by 
regulating growth factor levels or by protecting growth factors from degradation. 

Antibodies directed against PDGF (22,243) or the PDGF ,,-receptor (244) were 
found to prevent binding of PDGF to their receptors, thereby blocking the autoerine 
loop. In view of the observations that PDGF probably activates its receptors 
intracellularly as well, antibodies may however not be useful to block this process in all 
situations. The construction of a non-receptor binding PDGF A-chain mutant, POGF-O, 
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which still forms heterodimers, was thus of great importance. Indeed, introduction of 
this PDGF-O in c-sisIPDGF-B transformed fibroblasts resulted in a reversal of the 
transformed phenotype by the formation of PDGF-OB heterodimers (245). In a similar 
approach Shamah et al. (246) developed dominant-negative PDGF ligand mutants that 
were found to revert the transformed phenotype of human astrocytoma cells. Future 
studies will have to reveal whether antibodies or antagonists are of any clinical use in 
preventing or inhibiting PDGF-mediated diseases, including malignancies and non
malignant disorders. 

1.3 TRANSCRIPTION AND TRANSCRIPTION FACTORS 

The role of transcription in gene expression 
Transcription constitutes the first stage of gene expression resulting in the 

production of primary transcripts from particular genes. As the initial event in the 
process of regulation of gene expression, transcription thus plays an important role in 
determining the temporal and tissue-specific production of gene products. This first step 
is subsequently followed by several post-transcriptional processes, like splicing, 
translation, and protein modification. The whole process of transcription can be divided 
into three distinct processes: initiation, elongation and termination. At initiation, 
enzymes bind to a particular gene to start RNA synthesis, whereas in turn at termination 
the enzymes dissociate from the DNA. In the elongation phase the enzymes move along 
the DNA, thereby extending the RNA transcript. 

Machinery for basal transcription 
Initiation of transcription involves the interaction of a multimeric protein complex 

with the promoter region of the gene. A critical step in basal transcription is the 
assembly of these multimers, that consist of RNA polymerase and several general 
transcription initiation factors. In eukaryotes three distinct types of nuclear RNA 
polymerases, that are involved in transcription of particular gene sets, were identified. 
Class I RNA polymerases are involved in transcription of the genes encoding the large 
rRNA precursor, class III in snRNA and tRNA genes, whereas RNA polymerase II is 
reponsible for synthesis of mRNA precursors. 

Based on several studies a model for assembly of the RNA polymerase /I 
transcription initiation complex has emerged (278-280). According to this model (Figure 
2), an initial binding complex is formed between transcription factor liD (TFIID) and the 
TATA box in the gene promoter. TFIID itself is a complex consisting of the TATA
binding protein (TBP) and several TBP-associated factors (T AFs). It appears that for 
basal transcription, an interaction between TBP and the TATA box is sufficient to recruit 
other necessary factors. In contrast, the entire TFIID complex (including the TAFs) is 
needed for interaction with upstream acting factors in activated transcription. Therefore, 
a role for at least some of the TAFs as co-activators was proposed (281). The TATA 
box-TFIID or TATA box-TBP complexes act as scaffolds for TFIIB-binding, which 
subsequently leads to recruitment of RNA polymerase II and TFIIF. Together these 
factors form the minimal initiation complex, that acts in separating the DNA strands at 



Introduction 25 

the transcription initiation site. Factor 
TFIIA is not part of the minimal complex 
that is essential for basal transcription, 
but appears to inhibit binding of 
transcriptional repressors to TFIID. 
Binding of TFIIE and TFIIH to the 
minimal complex results in the formation 
of the complete initiation complex. 

Studies on basal transcription have 
mainly concerned TA T A-containing 
promoters. However, there are also 
genes, e.g. those encoding TGF·B (282) 
and the EGF receptor (283), that do not 
contain TAT A sequences, but instead 
use initiator elements around the 
transcription start site. These initiators 
may be recognized by one of the T AFs 
or by specific initiator-binding proteins 
(reviewed in 284). Furthermore, the fact 
that at least some of these TAT A-less 
promoters (e.g. of the WT1 gene) are 
relatively GC-rich suggests the 
involvement of factors binding GC boxes 
as well (285). 

Activation of basal transcription: 
transcription factors 

The basal transcription as mediated 
by RNA polymerase II and several 
transcription initiation factors can be 
regulated by specific transcription 
factors that bind cis-acting regulatory 
elements in the promoter (also called 
upstream promoter elements) and 
enhancer regions (bidirectional elements 
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Figure 2. Schematic model of transcription initiation 
complex assembly. The various transcription 
factors needed for transcription initiation complex 
formation are indicated by their characters. Pol II: 
RNA polymerase II. Position + 1 Indicates the 
transcriptIon start site and TAT A represents the 
typical TATA box sequence, located around 
position -30 to -20. See also text for detailed 
description. Adapted from Buratowski (280), 

assisting in initiation of transcription) of a gene. Transcription factors influencing the 
process of basal transcription can be divided into two categories: those that act as 
transcriptional activators and those that act as transcriptional repressors. The latter can 
also act as repressors of activated transcription by interfering with the ability of 
transcriptional activators to stimulate transcription (see later). 

In order to exert their function, transcription factors must bind gene regulatory 
regions in a sequence-specific way. However, DNA binding alone is not sufficient for 
regUlation. Rather the interaction with other factors andlor with the basal transcription 
machinery (TBP, TAFs, TFIIB) is needed for modulation of transcription. Transcription 
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TABLE 7. Functional domains of transcription factors. 

domain function examples of factors references 

homeodomain DNA binding Ocl-1 303 
basic DNA binding Fos, Jun 304,305 

E47 306 
Cys-His zinc-finger DNA binding Sp1 307 

WT1 56 
CYS-Cys zinc-finger DNA binding v-ErbA 308 
high mobility group DNA binding HMG-1 309 

LEF-1 310 
leucine zipper di/oligomerization Fos, Jun 311,312 
helix-loop-helix di/ollgomerization E12, E47 306,313 
acidic trans activation glucocorticoid receptor 314 
Pro-rich transactivation WT1 315 
Glu-rich transactivation Sp1 316 

WT1 315 

factors are composed of several distinct domains that mediate the DNA binding, oligo
or dimerization, and transactivation functions (Table 7), It is the combination of domains 
that contributes to the specificity of transcription factors in regulating expression of 
particular genes. Protein~protein interactions between transcriptional activators and 
other (basal) transcription factors like TFIID and the TAFs play an essential role in 
activation of transcription. However, that leaves the problem as to how transcription of 
these factors is regulated. It appears that in many cases transcription factors are 
ubiquitously expressed, but that these are inactive forms of the factors. Conversion of 
these inactive forms into active forms of the transcription factors results in transcription 
of particular genes in certain cell types or in response to specific stimuli. Several distinct 
mechanisms may be involved in this process. Ligand binding results in activation of e.g. 
the glucocorticoid receptor acting as a transcription factor (reviewed in 286). Disruption 
of an associated inhibitory protein as in the caSe of IK8 bound to transcription factor NF
K8 (287) provides another means of activation. A third way to activate transcription 
factors is protein modification by e.g. phosphorylation (reviewed in 288,289). 

In at least some cases the activating potential of enhancers appears to require the 
formation of so-called stereospecific nucleoprotein complexes, which confer further 
specificity to the complex process of gene regulation in eukaryotic cells (reviewed in 
290). In these three-dimensional complexes the interactions between several sequence
specific transcription factors play an essential role. In e.g. the IFN-11 enhancer complex 
the transcription factor HMG I(Y) functions as an architectural (bridging) component 
mediating protein-protein interactions between other transcription factors that bind to 
this enhancer (291). 

Transcriptional repressors 
Although positive regulation was emphasized in eukaryotic cells, it has now 

become clear that transcriptional repressors constitute an integral part of the process of 
transcription regulation as well. Repressors can act at nearly every step in transcription 
initiation, i.e. by interfering with nuclear localization, with activator/DNA binding, with 
the general transcription machinery and with formation of the pre-initiation complex 
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(reviewed in 292,293). 
Repressors that function in downregulating the activity of one or more positively 

acting transcription factors can roughly be divided into two classes: passive and active 
repressors. Passive repressors act in distinct ways to downregulate transcriptional 
activation. Competition for DNA binding sites or sterk hindrance because of overlapping 
DNA binding sites, as seen in repression of oestrogen-induced transcription of the 
lactoferrin gene by COUP-TF (294), may be a way to prevent binding and activity of 
positively regulating transcription factors. Protein-protein interactions between 
activators and repressors may lead to sequestration of activators, resulting in reduced 
activation of transcription. This inhibition, known as squelching (295), acts independent 
of DNA binding and is achieved through the transactivation domains (e.g. the 
transrepression of oestrogen-induced transcription by c-Ios or c-jun). Active repressors 
downregulate transcription directly rather than by inhibition of transactivators. Although 
this process is not fully understood yet, it seems that active repressors interfere with 
formation of the transcription initiation complex or promote binding of inhibiting factors 
to basal transcription factors like TFIID. 

Other mechanisms regulating gene expression 
There are other mechanisms that can influence the transcription process in 

addition. One of them is the organized chromatin structure in eukaryotes (reviewed in 
296). DNA is associated with octameric structures of several distinct histone proteins 
(H2A, H2B, H3, H4). Together these so-called nucleosomes form the basic units of the 
chromatin. Positioning of nucleosomes can have a repressive effect on transcription by 
occlusion of binding sites for transcription initiators or transcription factors. This 
phenomenon is known as transcriptional silencing. Transcription activators may act to 
disrupt binding of these nucleosomes, thereby relieving this repressive effect. 
Modification of the histone proteins influences the interaction between DNA and 
nucleosomes as well. Histone acetylation has been suggested to facilitate transcription 
by destabilization of nucleosomes (297), whereas transient deacetylation of in particular 
H2A and H2B histones may improve binding of regulatory proteins in the initial 
activation of transcription (298). The nucleosomal structure can also facilitate the 
transcription process by bringing widely dispersed regulatory sequences in the DNA in 
juxtaposition (reviewed in 299). DNA topology in the form of local supercoiled domains 
plays a role in eukaryotic transcription as well (300). The nuclear matrix is considered a 
dynamic structural part of the nucleus that is involved in processes like replication, 
recombination and also gene expression. In the latter case the nuclear matrix may place 
structural constraints on the promoter regions of certain genes thereby facilitating 
transcription factor accessibility (301). 

Methylation of CpG sites in protein-binding regulatory elements can be a way to 
repress or inhibit transcription. Promoters of transcriptionally active genes are generally 
hypomethylated, whereas transcriptionally inactive genes often contain hypermethylated 
promoter regions. A special form of transcriptional repression mediated by methylation 
is seen in a phenomenon called genomic imprinting (reviewed in 302). Imprinting is· the 
exclusive expression of a particular gene from either the maternal (e.g. the H19, IGF2R 
genes) or the paternal (e.g. the IGF2 gene) chromosome, the other gene copy being 
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transcriptionally repressed. In this process expression of one of the gene copies is 
accompanied by differential methylation of these gene copies. 

1.4 REGULATION OF PDGF CHAIN AND RECEPTOR mRNA EXPRESSION 

Regulation of the biological action of PDGF 
As already mentioned in Chapter 1.2, PDGF is involved in many physiological (e.g. 

neuronal development, wound healing) and pathological (e.g. idiopathic pulmonary 
fibrosis, atherosclerosis, neoplasia) processes, The biological action of PDGF and the 
responsiveness to PDGF are determined by regulation of the expression levels of PDGF 
chains and PDGF receptors in the cell types involved. In this whole process, activation 
of PDGF chain and receptor gene transcription constitutes the first, and for this reason 
importantl level of regulation. In addition, there are several other levels of regulation 
that further determine PDGF availability. Examples include alternative PDGF S-chain 
promoter use leading to transcripts lacking 5' translation inhibition sequences, 
alternative splicing of PDGF A-chain and PDGF a-receptor transcripts, degradation of 
PDGF chain and receptor messengers, translation, dimerization, and 
compartmentalization. 

Factors regulating PDGF chain and receptor mRNA expression 
Because of the important role activation of transcription plays in determining 

availability of PDGF ligand and receptor, many factors have been studied for their 
involvement in this process (Table 8) . However, it should be stressed that in most 
studies the effects on the steady-state mRNA levels, representing effects on both 
transcription rate and messenger stability, were analyzed. Some of these factors may 
act directly in activation of transcription, whereas in other situations there may be an 
(post-transcriptional) effect on messenger half-life. Collectively, the data obtained in 
these studies indicate that regulation occurs in a cell type-specific way, as for example 
TPA modulates PDGF B-chain gene expression in endothelial cells and monocytes, but 
does not seem to do so in smooth muscle cells. Furthermore, different external stimuli 
may demonstrate opposite effects in a certain cell type. An example is the TNF-a
induced upregulation and IFN-y-induced downregulation of the PDGF chain genes in 
endothelial cells. 

Other factors and mechanisms have been implicated in regulation of PDGF chain 
and receptor gene expression in specific cell types as well. Angiotensin II-induced 
hypertrophy of vascular smooth muscle cells was associated with an increase in the 
PDGF A-chain steady-state mRNA level (317). Oxidized forms of low density 
lipoproteins, known to be important in atherosclerosis, were found to act via induction 
of PDGF A-chain gene expression in smooth muscle cells (318). Hypoxia-dependent 
vasoconstriction mediated by endothelial cells correlates with observations that PDGF is 
a strong vasoconstrictor and that oxygen is a potent regulator of PDGF 8-chain 
transcription in endothelial cells (319). PDGF B-chain gene expression in endothelial cells 
was suggested to be regulated by fluid shear stress via a cis-acting element in its 
promoter as well (320,321). Furthermore, PDGF receptor mRNA expression in smooth 
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TABLE 8. Factors regulating PDGF chain andlor receptor mRNA levels In various cell types. 

factor cell type8 effect on mRNA expression level 
of PDGF chains and rec:;eptorsb 

references 

PDGF-AA fibroblasts CHeceptor -; P-,-receptor - 365 
melanoma cells A-chain t 366 

PDGF-BB fibroblasts a-receptor t; P-,-receptor t 365 
mesangial cells A-chain t; B-chain t 367 

TGF-~ endothelial cells A-chain t; 8-chain t 368,369 
fibroblasts A-chain t; B-chain - 327,370 
fibroblasts a-receptor t~ P-,-receptor - 370 
(mouse) fibroblasts B-chain t 324 
(rat) mesangial cells B-chain t; ~-receptor t 326 
myofibroblasts (Ito cells) A-chain t 329 
osteoblastic cells a-receptor -I- 371 
smooth muscle cells A-chain t; a-receptor J., 331 
smooth muscle cells A-chain t; B-chain - 372 
(rat) smooth muscle cells A-chain t: B-chain - 328 
(rabbit) smooth muscle cells B-chain t; B-receptor t 325 

phorbol ester (TPA) erythroleukemia cells B-chain t 373,374 
endothelial cells A-chain t; B-chain t 368 
monocytes A-chain t; B-chain t 375 
smooth muscle cells A-chain t; B-chain - 372 

aFGF endothelial cells A-chain t; B-chain - 376 
smooth muscle cells A-chain t: B-chain - 372 

bFGF endothelial cells B-chain J., 377 
(bovine) smooth muscle cells a-receptor t: B-receptor - 378 

cAMP endothelial cells A-chain .!.; B-chain .!. 368,369 
gliomafosteosarcoma cells B-chain -I- 379 

IL-1 smooth muscle cells A-chain t 380 
fibroblasts A-chain t 380 
endothelial cells A-chain t: B-chain t 381 

IL-2 peritoneal macrophages A-chain t; 8-chain t 382 
TNF-a endothelial cells A-chain t; B-chain t 381,383 

smooth muscle cells A-chain t: 8-chain t 372 
IFN-'( endothelial cells A-chain .!.; B-chain .!. 381 

alveolar macrophages B-chain t 384 
dexamethasone (rat) hepatoma cells A-chain .!. 385 

alveolar macrophages B-chain t 384 

Abbreviations used are: alb FGF: acidic/basic fibroblast growth lactor; cAMP: cyclic adenosine monophosphate; IFN--/: interferon-'(; 
IL: Interleukin; TGF·fl: transforming growth factor·jJ; TNF·u: tumour necrosis factor-u; TPA: 12-0-tetradecanoyl phorbol 13-acetate. 
a, Unless clearly indicated, cells were of human origin. 
b. t upregulation; + downregulalion; - no effect, 

muscle cells and fibroblasts has been shown to be influenced by culturing (322). The 
PDGF receptor subunit expression in cultured mesangial cells was found to be 
influenced by the spatial organization of the ECM, although it is not clear whether the 
mRNA levels were also affected (323). 

Regulation by TGF-B (transforming growth factor-B) 
TGF-B is probably one of the most extensively studied regulators of PDGF chain 

and receptor expression. This may have to do with the observation that stimulation of 
proliferation by TGF-fS, as generally seen in mesenchymal cells, is in many cases 
accompanied by an effect on transcription of the PDGF chain genes. It has been shown 
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that TGF-~-stimulated proliferation of fibroblasts, vascular smooth muscle cells or (rat) 
mesangial cells was accompanied by upregulation of PDGF ~-receptor and/or PDGF B
chain mRNA and protein expression (324-326). Others suggested that TGF-~-stimulated 
proliferation was mediated by an increase in PDGF A-chain mRNA and protein in cell 
types like foreskin fibroblasts, vascular smooth muscle cells, and myofibroblasts 
(327-329). 

In general, addition of TGF-~ results in inhibition of growth of epithelial cells. The 
density-dependent inhibiting effect of TGF-~ in cultured human fibroblasts, involving 
downregulation of PDGF a-receptors, is another example (330). A model has been 
presented for TGF-B-induced bimodal proliferation in smooth muscle cells. At low con
centrations TGF-~ was found to stimulate growth, possibly by induction of PDGF 
A-chain expression, whereas at higher concentrations the PDGF effect seemed to be 
decreased by downregulation of PDGF a-receptor expression (331). 

However, TGF-B-induced growth stimulation seemed only partly dependent on 
induction of PDGF expression. In a few reports both PDGF-AA-dependent and 
independent mechanisms were shown to mediate this stimulation (332,333), Two other 
observations further support a PDGF-independent effect. Firstly, the growth-inhibiting 
effect of TGF-B in mammary epithelial cells was accompanied by induction of PDGF B
chain transcription as well (334). Secondly, the phenotypic transformation of NRK cells 
by TGF-p was not paralleled by enhanced production of PDGF (335). 

Molecular mechanisms involved in PDGF A-chain transcription 
Several studies have been performed to identify regulatory regions that are 

involved in basal and induced activation of PDGF A- and B-chain transcription (for a 
recent review see 336). These (partly cell type-specific) PDGF A-chain and B-chain 
regulatory elements are schematically depicted in Figure 3. 

All three identified POGF A-chain transcripts Were found to arise from a single 
transcription start site, roughly 26 bp downstream of a TAT A sequence in the PDGF A
chain promoter region (102,337). The region between bp -618 and +392, especially 
the highly GC-rich -150/-33 region which contained more than 80% of this activity, was 
found to be sufficient for full promoter activity in Hela cells (338). In several studies 
this GC-rich region was found to be S1 nuclease sensitive, suggesting the existence of 
a local single-stranded DNA region. Deletion of the GC-motif decreased S1 nuclease 
sensitivity and also PDGF A-chain promoter activity (339,340). Sp1 and Egr-1 binding 
sites that contain many C and G nucleotides could be identified in this region. 
Furthermore, in mesangial cells a phorbol ester-induced protein binds to a DNase I 
protected sequence (-102/-82) in this region as well (341). Indeed, basal transcription 
seems to be enhanced through binding of nuclear proteins to Sp1-like consensus 
sequences in the -73/-46 region of the PDGF A-chain promoter, as determined in renal 
epithelial cells (342). Binding of transcription factor WT1 to sequences that are identical 
to Egr-1 binding sequences, was shown to affect POGF A-chain activity in Hela cells as 
well (343,344). Furthermore, other 81 nuclease sensitive regions that demonstrated 
regulating activity in transfection studies Were observed downstream (+ 50/ + 67) and 
further upstream (-513/-482) of the transcription start site in both Hela and A 172 
glioblastoma cells (345,346). A serum response element (SRE; -477/-468) was also 



Introduction 31 

A 

I I I • L 
-600 ·500 ·400 -300 ·200 -100 TATA +1 +100 

A- C F-
a-

D-
E-

B 

I .. C 
-400 -300 ·200 -100 TATA +1 

A- E-

a- F-
e G-

o- H················ 
1-
J • 

K-

Figure 3. A. Identified regulatory regions in the POGF A·chain promoter and 5' untransfated sequence 
(UTS). Boxes represent regulatory sequences at the Indicated positions from the transcription start site. A 
{-513/-482; 3461. 8 (-477/-468; 338), C (-150/-33; 338)' 0 (-82/-70; 340), E {-72/-55; 3391. F 
(+501+67; 345). TATA (-31/-27). B. Identified regulatory regions in the POGF B-chain promoter and 5' 
UTS. Boxes represent regulatory sequences at the indicated positions from the transcription start site. A 
(-372/-343; 353), 8 {-312/-298; 359), c (-255/-119; 359), 0 (-145/-139; 353), E (-103/-73; 353,354), F 
(-92/-86; 355), G (-80/-70; 354,355), H (-72 and fUrther; 353)' 1 {-64/-45; 354), J (-64/-61; 358), K (-
61/-54; 355,357,358). TATA (-30/-24). 

identified (338). 
The GC-rich PDGF A-chain promoter contains many potential CpG methylation 

sites. Transcriptional activity of the PDGF A-chain gene appeared to be regulated by 
methylation, which suggests that methylation plays an important role in PDGF A-chain 
expression (347). Repression of transcription was implicated in regulation of PDGF A
chain messenger expression as well. A cell type-specific suppressive element was 
described in the first intron of the PDGF A-chain gene, which functioned in Hela, but 
not in glioblastoma cells (348/349). An additional negative regulatory element was 
identified in the -1800/-812 region (342). Furthermore, a region in the 5' untranslated 
sequence (UTS) (+ 99/ + 184) was suggested to act as a post-transcriptional repressor 
of A-chain mRNA expression in a rhabdomyosarcoma cell line (350). 

Molecular mechanisms involved in PDGF B-chain transcription 
The 5' UTS of the PDGF B-chain messenger seems to be involved in inhibition of 

translation (351,105). However the fact that a retrovirus expressing high levels of the 
entire PDGF B-chain messenger is tumorigenic in mice (352), suggests that the 
translation inhibition can be overcome by strong transcription. This underscores the 
importance of activation of transcription for PDGF B-chain biological action. 
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Sequence analysis of the 5' flanking region of the PDGF B-chain transcription start 
site revealed the presence of several potential binding sites for transcription factors. 
Although binding to either of two Spl binding sites has not been demonstrated directly, 
one of them (-145/-139) lies within a region that is involved in positive regulation of 
TPA-induced PDGF B-chain expression in K562 cells (353). However, others showed 
that mutation of this site did not influence the TPA-induced expression (354). ETS-like (-
80/-70) and AP-l-like (-92/-86) binding sites were also identified in reporter assays in 
endothelial cells (355). Although being part of a positive regulatory region (-103/-73), 
deletion of this AP~1-like sequence did not affect activation of transcription in TPA
treated K562 cells (353). The negative regulatory region (-372/-343) that these authors 
observed in K562, could not be confirmed by others in these or other cells. Dirks et al. 
(356) showed that there was no effect on transcription regulation effect when the 
promoter was confined to 112 bp upstream of the transcription start. A minimal 
promoter region of the PDGF B-chain gene in TPA-induced and uninduced in K562 cells 
extended 42 bp upstream of the TATA box (i.e. to bp -72) (353). 8y linker scanning 
analysis a small region (-64/-45) was identified as being especially important in this 
respect in TPA-treated K562 cells (354). By combining reporter gene analysis with gel 
mobility shift assays and in vivo footprinting analysis the CCACCCAC element (-61/-54) 
was identified as a binding site for a strong transcriptional activator, possibly Sp1, in 
osteosarcoma, endothelial, and TPA-treated K562 cells (355,357,358). Furthermore, in 
their study Dirks et al. (358) identified another PDGF B-chain-promoter element, a TCTC 
sequence (-64/-61), as (part of) a weak transcriptional activator in untreated K562 cells 
and prostate carcinoma (PC3) cells. In choriocarcinoma (JEG-3) cells this same region 
was shown to mediate transcriptional activity as well, but due to chromosomal DNA 
methylation, the promoter does not seem to be accessible for transactivators in this cell 
type in vivo (358). 

In other cell types, like glioblastoma (A 172) and osteosarcoma (HOS), other 
regions (-312/-298 and to a lesser extent -255/-119) were shown to be involved in 
positive regulation of basal PDGF B-chain expression (359). In the same cells HTlV-1 
and 1/ transactivator proteins induced PDGF B-chain expression via enhancer sequences 
located between bp -1393 and + 74. 

Regions in the first intron and downstream and far upstream of the transcription 
unit have been implicated in activation of PDGF B-chain gene transcription as well. 
DNase I hypersensitive (DH) sites in the first intron were shown to silence basal PDGF 8-
chain expression in osteosarcoma (U2-0S) cells, but to increase expression in 
choriocarcinoma (JEG-3) cells (360). In contrast, Dirks et al. (356) found that the same 
first intron sequences decreased B-chain expression in these JEG-3 cells. Moreover, 
downregulation of PDGF B-chain promoter activity by this sequence was also observed 
in cervix (Hela) and prostate (PC3) carcinoma cells. In the same paper a cell type
specific activator was identified roughly 25 kb of the transcription start. This activator 
may work in PC3 and TPA-treated K562 cells in vivo, as it co-localized with a DH site in 
these cells (356). Furthermore, DH sites at -8.6 kb and -9.9 kb showed strong enhancer 
activity in TPA-treated K562 cells when tested apart and in combination. In HeLa and 
PC3 cells the individual sites showed low enhancer activity, but when combined in a 
larger fragment this activity was lost almost completely (361). 
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Activation of PDGF 8-chain transcription is a very complex, cell type-specific 
process involving both positive and negative regulatory elements located upstream, 
downstream and inside the transcription unit. 

Molecular mechanisms involved in PDGF receptor transcription 
Only a limited amount of data is available from studies on regulation of PDGF a

receptor transcription, whereas up till now nothing has been published on activation of 
PDGF ~-receptor gene transcription. Concerning the PDGF a-receptor recently two 
reports have been published describing the molecular cloning of the murine (362) and 
human (363) a-receptor promoter. The 93 bp minimal promoter region of the murine 
PDGF a-receptor was found to function in a way that mirrored the tissue-specific 
expression of this gene. In the human gene a similar but slightly larger promoter region 
was identified (363). Alternative promoter use (within intron 12) in teratocarcinoma 
cells was shown to result in novel PDGF a-receptor transcripts (364). Molecular cloning 
of the human PDGF ~-receptor promoter and upstream regulatory sequences will 
probably follow soon. Future studies will possibly reveal cell type-specific enhancing and 
repressive elements of both PDGF a- and ~-receptor genes. 

Collectively the beforementioned data thus suggest that regulation of PDGF A- and 
B-chain expression and probably also of PDGF a- and B-receptor expression should be 
studied in the cell type of interest as in many studies cell type-specific regulating 
elements have been identified. 

1.5 REFERENCES 

1. Kaplan PL, Anderson M, Ozanne B. Transforming growth factors production enables cells to grow in the 
absence of serum: an autocrine system. Proc. Natl. Acad. Sci. USA 79: 485-489, 1982. 

2. Temin HM. in: Growth regulating substances for animal cells in cultures (Defendi V and Stoker M, eds) vol. 7: 
103-116, The Wistar Symposium Monograph, Wistar Institute Press, Philadelphia, 1967. 

3. Sporn MB, Todaro GJ. Aulocrine secretion and malignant transformation of cells. N. Eng!. J. Med. 303: 878-
880, 1980. 

4. Stehelin D, Varmus HE, Bishop JM, Vogt PK. DNA related to the transforming genes of avian sarcoma viruses 
is present in normal avian DNA. Nature 260: 170-173, 1976. 

5. Reddy EP, Reynolds RK, Santos E, Barbacid M. A point mutation is responsible for the acquisition of 
transforming properties by the R4 bladder carcinoma oncogene. Nature 298: 147-152, 1982. 

6. Bishop JM. The molecular genetics of cancer. Science 235: 305-311, 1987. 
7. Weinberg RA. The genetic origins of human cancer. Cancer 61: 1963-1968, 1988. 
8. Klein G. Specific chromosomal translocations and the genesis of 8-cell-derived tumors in mice and men. Cell 

32:311-315,1983. 
9. Leder P, Batley J, Lenoir G, Moulding C, Murphy W, Polter H, Stewart T, Taub R. Translocations among 

antibody genes in human cancer. Science 222: 765-771,1983. 
10. Heisterkamp N, Stephenson JR, Groffen J, Hansen PF, De Klein A, Bartram CR, Grosveld G. Localization of the 

c-abloncogene adjacent to a translocation break point in chronic myelocytic leukem·l8. Nature 306: 239-242, 
1983. 

11. Groffen J, Stephenson JR, Heisterkamp N, De Klein A, Bartram CR, Grosveld G. Philadalphia chromosomal 
breakpoints are clustered within a limited region, bcr, on chromosome 22. Cell 36: 93-99, 1984. 

12. Downward J, Varden Y, Mayes E, Scrace G, Totty N, Stockwell P, UHrich A, Schlessinger J, Waterfield MD. 
Close similaritY of epidermal growth factor receptor and v-erbB oncogene protein sequences. Nature 307: 521-
527,1984. 



34 ~P~1 

13. land H, Parada LF, Weinberg RA. Tumorigenic conversion of primary embryo fibroblasts requires at feast two 

cooperating oncogenes. Nature 306: 596·602, 1983. 
14. Compere SJ, Baldacci P, Jaenisch R. Oncogenes in transgenic mice. 8!ochim, Biophys. Acta 948: 129-149, 

1988. 
15. Peto At Roe FJC, lee PN, Levy l, Clack J. Cancer and aging in mice and men. Sr. J. Cancer 32: 411-426, 

1975. 
16. Fearon ER, Vogelstein B. A genetic model for coloreetal tumorigenesis. Cell6l: 759-767,1990. 
17. Christofori GJ Hanahan D. Molecular dissection of multi-stage tumorigenesis in transgenic mice. Semin. Cancer 

BioI. 6: 3-12, 1994. 

18. Doolittle RF t Hunkapiller MW, Hood LE, Devere SO, Robbins KC, Aaronson SA, Antonlades HN. Simian 
sarcoma virus onc gene, v-sis, is derived from the gene (or genes) encoding a platelet-derived growth factor. 
Science 221: 275-277, 1983. 

19. Waterfield MO, Scrace GT, Whittle N, Stroobant P, Johnsson A, Wasteson A, Westermark B, Heldin C-H, 
Huang JS, Deuel TF. Platelet-derived growth factor is structurally related to the putative transforming protein 
p28 sis of simian sarcoma virus. Nature 304: 35-39, 1983. 

20. Josephs SF, Guo C, Ratner L, Wong-Staal F. Human proto-oncogene nucleotide sequences corresponding to 
the transforming region of Simian sarcoma virus. Science 223: 487-491,1984. 

21. Besmer P, Snyder HW Jr, Murphy JE, Hardy WD Jr, Parodi A. The Parodi-Irgens feline sarcoma virus and 
simian sarcoma virus have homologous oncogenes, but in different contexts of the viral genomes. J. Virol. 46: 
606-613,1983. 

22. Johnsson A, Betsholtz C, Heldin C-H, Westermark B. Antibodies against platelet-derived growth factor inhibit 
acute transformation by simian sarcoma virus. Nature 317: 438-440, 1985. 

23. Betsholtz C, Johnsson A, Heldin C-H, Westermark B. Efficient reversion of simian sarcoma virus-transformation 
and inhibition of growth factor-induced mitogenesis by suramin. Proc. Nail. Acad. ScI. USA 83: 6440-6444, 
1986. 

24. Schaap 0, Van der Wal J, Howe LR, Marshall CJ, Van Blitterswijk WJ. A dominant-negative mutant of raf 
blocks mitogen-activated protein kinase activation by growth factors and oncogenic p21ras. J. BioI. Chem. 
268: 20232-20236, 1993, 

25, Sohmann D. Transcription factor phosphorylation: a link between signal transduction and the regulation of 
gene expression. Cancer Cells 2: 337-344, 1990. 

26. Rauscher FJ III, Sambucetti LC, Curran T, Distel RJ, Spiegelmann BM. Common DNA-binding site for Fos 
protein complexes and transcription factor AP-l, Cell 52: 471-480, 1988. 

27. Kieran M, Blank V, Logeat F, Vandekerckhove J, lottspeich F, leBail 0, Urban MB, KourHsky P, Bauerle PA, 
Israel A, Tha DNA binding subunit of NF-kB is identical to factor KBF1 and homologous to the reI oncogene 
product. Cell 62: 1007-1018, 1990. 

28. Marshall CJ. Tumor suppressor genes, Ce1164, 313-326,1991. 
29. Evans HJ, Prosser J. Tumor-suppressor genes: cardinal factors in inherited predisposition to human cancers. 

Environ, Health Perspect. 98: 25-37,1992. 
3~. levine AJ. The tumor suppressor genes. Annu, Rev. Biochem. 62: 623-651, 1993. 
31. Harris H, The analysis of malignancy by cell fusion: the position In 1988. Cancer Res. 48: 3302-3306, 1988. 
32. Knudson AG. Mutation and cancer: statistical study of retinoblastoma. Proc, Natl. Acad. Sci. USA 68: 820-

823, 1971. 
33. Baker SJ, Fearon ER, Nigro JM, Hamilton SR, Preisinger AC, Jessup JM, Van Tuinen P, Ledbetter DH, Barker 

OF, Nakamura V, White R, Vogelstein B, Chromosome 17 deletions and p53 gene mutations in colorectal 
carcinomas, Science 244: 217-221, 1989. 

34. Nigro JM, Baker SJ, Preisinger AC, Jessup JM, Hostetter R, Cleary K, Si9ner SH, Davidson N, Baylin S, 
Devilee P, Glover T, Collins FS, Weston A, Modall R, Harris CC, Vogel stein B. Mutations in the p53 gene occur 
in diverse human tumor types. Nature 342: 705-708, 1989, 

35, Kern SE, Kinzler KW, Baker SJ, Nigro JM, Rotter V, levine AJ, Friedman P, Prives C, Vogelslein B. Mutant 
p53 proteins bind DNA abnormally in vitro. Oncogene 6: 131-136, 1991. 

36, Srinivasan A, Roth JA, Maxwell SA. Sequence-specific interaction of a conformational domain of p53 with 
DNA, Cancer Res, 53: 5361-5364, 1993, 

37. Raycroft l, Wu HY, lozano G. Transcriptional activation by wild type but not transforming mutants of the p53 
anti-oncogene, Science 249: 1049-1051, 1990. 

38. Kern SE, Pietenpol JA, ThiagaHngam S, Seymour A, Kinzler KW, Vogelstein B. Oncogenic forms of p53 inhibit 
p53 regulated gene expression. Science 256: 827-830, 1992, 

39. Martinez J, Georgoff I, Martinez J, Levine AJ. Cellular localization and cell cycle regulation by a temperature
sensitive p53 protein, Gene Dev, 5: 151 -159, 1991. 



Introduction 35 

40. Ullrich SJ, Mercer WE, Appella E. Human wild type p53 adopts a unique conformational and phosphorylation 
state in vivo during growth arrest of glioblastoma cells. Oncogene 7: 1635-1643, 1992. 

41. Yonlsh-Aouach E, Aesnitzky 0, lotem J, Sachs l, Kimichi A, Oren M. Wild type p53 induces apoptosis of 
myeloid leukemic cells that is inhibited by interleukin·6. Nature 352: 345-347,1991. 

42. Shaw P, Bovey R, Tardy S, Sahli R, Sordat B, Costa J. Induction of apoptosis by wild type p53 in a human 
tumor-derived cell line. Proc. Natl. Acad. Sci. USA 89: 4495-4499, 1992. 

43. lane DP. p53, guardian of the genome. Nature 358: 15-16, 1992. 
44. Harper JW, Adami GR, WeI N, Keyomarsl K, Elledge SJ. The p21 Cdk-interacting protein Cip1 is a potent 

inhibitor of G 1 cycHn-dependent kinases. Celf 75: 805-816, 1993. 
45. EI-Delry WS, Tokino T, Velculescu VE, levy DB, Parsosn A, Trent JM, lin 0, Mercer WE, Kinzler KW, 

Vogelstein B. WAF·1, a potential mediator of p53 tumour suppression. Cell 75: 817-825, 1993. 
46. Kamb A, GruIs NA, Weaver-Feldhaus J, liu a, Harshman K, Tavtigian SV, Stockert E, Day RS III, Johnson BE, 

Skolnick MH. A cell·cycle regulator potentially involved in genesis of many tumor types. Science 264: 436-
440, 1994. 

47. Nobori T, Miura K, Wu DJ, lois A, Takabayashi K, Carson DA. Deletions of the cyclin-dependent kinase·4 
inhibitor gene in multiple human cancers. Nature 368: 753·756,1994. 

48. ludlow JW, Shon J, Pipas JM, livingston OM, DeCaprio JA. The retinoblastoma susceptibility gene product 
undergoes cell cycle·dependent dephosphorylation and binding to and release from SV40 large T. Cell 60: 387-
396, 1990. 

49. Whyte P, Buchkovich JJ, Horowitz JM, Friend SH, Raybuck M, Weinberg AA, Harlow E. Association between 
an oncogene and an anti-oncogene: the adenovirus E1A proteins bind to the retinoblastoma gene product. 
Nature 334: 124-129, 1966. 

50. Whyte P, Williamson NM, Harlow E. Cellular targets for transformation by the adenovirus EtA proteins. Cell 
56: 67-75, 1969. 

51. DeCaprio JA, ludlow JW, Figge J, Shew JY, Huang CoM, lee W-H, MarsilJio E, Paucha E, livingston OM. 
SV40 farge tumor antigen forms a specific complex with the product of the retinoblastoma susceptibility gene. 
Cell 54: 275-283, 1988. 

52. Kaye FJ, Kratzke RA, Gerster Jl, Horowitz JM. A single amino acid substition results in a retinoblastoma 
protein defeotive in phosphorylation and oncoprotein binding. Proc. Natl. Acad. Sci. USA 87: 6922-6926, 
1990. 

63. Bagchi S, Weinmann R, Raychaudhuri P. The retinoblastoma protein copurifies with E2F-1, an E1A·regulated 
inhibitor of the transcription factor E2F. Cell 65: 1063·1072, 1991. 

54. Chellappan SP, Hiebert S, Murdryj M, Horowitz JM, Nevins JR. The E2F transcription factor is a cellular target 
for the RB protein. Cell 65: 1053-1061, 1991. 

65. Chittenden T, Livingston OM, Kaelin WG. The T/E1A-binding domain of the retinoblastoma product can 
interact selectively with a sequence·specific DNA·binding protein. Cell 65: 1073-1082, 1991. 

56. Aauscher FJ III, Morris JF, Tournay DE, Cook OM, Curran T. Binding of the Wilms' tumor locus zinc-finger 
protein to the EGR-1 consensus sequence. Science 250: 1259-1262, 1990. 

57. Sherr CJ, Reltenmelr CW, Sacca A, Aoussel MF, look AT, Stanley EA. The c-fms proto·oncogene product is 
related to the receptor for the mononuclear phagocyte growth factor, CSF-1 . Cell 41 : 665-676, 1985. 

58. Cartwright CA, Eckhardt W, Simon S, Kaplan PL. Cell transformation by pp60G'SfC mutated in the carboxy· 
terminal regulatory domain. Cell 49: 83-91,1967. 

59. Kmiecik TE, Shalloway D. Activation and suppression of pp60G-SIG transforming ability by mutation of its 
primary sites of tyrosine phosphorylation. Cell 49: 65-73, 1987. 

60. Barbacid M. Ras genes. Annu. Rev. Biochem. 56: 779·827,1987. 
61. Smith MR, DeGudicibus SJ, Stacey OW. Requirement for c-ras proteins during viral oncogene transformation. 

Nature 320: 540-543, 1986. 
62. Morrison OK, Kaplan DR, Rapp U, Roberts TM. Signal transduction from membrane to cytoplasm: growth 

factors and membrane~bound oncogene prodUcts increase Raf-l phosphorylation and associated protein kinase 
activity. Proc. Nat1. Acad. Sci. USA 85: 8865-8869, 1988. 

63. Sag at a N, Watanabe N, Vande Woude GF, Ikawa Y. The c·mos proto· oncogene product is a cytostatic factor 
responsible for meiotic arrest in vertebrate eggs. Nature 342: 512·518, 1989. 

64. Aoy lM, Singh B, Gautier J, Arlinghaus RB, Nordeen SK, Maller JL. The cyclin B2 component of MPF is a 
substrate for the c-mos",e proto· oncogene product. Cell 61: 825-831, 1990. 

65. Angel P, Allegretto EA, Okino ST, Haltori K, Boyle WJ, Hunter T, Karin M. Oncogene jun encodes a sequence
specific transactivator similar to AP-l. Nature 332: 166-171, 1988. 

66. Distel RJ, Ro H~S, Rosen BS, Groves Dl, Spiegelmann BM. Nucleoprotein complexes that regulate gene 
expression in adipocyte differentiation: direct participation of c-fos. Cell 49: 836·844, 1987. 



36 ~P~1 

67. Armelin HA, Armelin MeS, Kelly K, Steward T, Leder P, Cochran BH, Stiles CD. Functional fole of c·myc in 
mitogenesis response to platelet-derived growth factor. Nature 310: 666·660,1984. 

68, Blackwell TK, Kreimer l, Blackwood EM, Eisenmann RN, Weintraub H, Sequence-specific DNA binding by the 

c·Myc protein. Science 250: 1149-1151, 1990. 
69. Heldin C·H. Structural and functional studies on platelet-derived growth factor. EMBO J, 11 :425 t -4259, 

1992. 

70. Lee EY·HP, To H, Shew JY, Booksteln R, Scully P, lee W·H. Inactivation of the retinoblastoma susceptibility 
gene in human breast cancers. Science 241: 218-221, 1988. 

71. rAng At Varley JM, Chakraborty 5, Murphee Al, Fung T-K, Structural rearrangement of the retinoblastoma 
gene in human breast carcinoma. Science 242: 263-266, 1988. 

72. Yokota J, AkIyama T, Fung V-K, Benedict WF, Namba V, Hanaoka M, Wada M, Terasaki T, Shimosato V, 
Sugimura T. Altered expressIon of the retinoblastoma lAB) gene in smaH-cell carcinoma of the lung. Oncogene 
3,471·476,1988. 

73. Bookstein A, Lee EY, Peccei A, lee W·H. Human retinoblastoma gene: long-range mapping and analysis of its 
deletion in a breast cancer cell line. Mol. Cell. BioI. 9: 1628-1634, 1989. 

74. Varley JM, Armour J, Swallow JE, Jeffreys AJ, Ponder BA, T'Ang A, Fung YK, Brammar WJ, Walker AA. The 
retinoblastoma gene is frequentty altered leading to loss of expressIon In primary breast tumours. Oncogene 4: 
725-729,1989. 

75. Horowitz JM, Park SH, Bogenmann E, Cheng JC, Vandell DW, Kaye FJ, Minna JD, Fryja TP, Weinberg AA. 
Frequent inactivation of the retinoblastoma anti-oncogene is restricted to a subset of human tumor cells. Proc. 
Natl. Acad. Sci. USA 87: 2775-2779, 1990. 

76. lane DP, Benchimol S. p53: oncogene or anti-oncogene? Gene Dev. 4,1-8,1990. 
77. Hollstein M, Sidransky 0, Vogelsteln B, Harris, C.C. p53 mutation In human cancers. Science 253: 49-53, 

1991. 
78. levine AJ, Momand J, Finlay CA. The p53 tumor suppressor gene. Nature 351: 453-456,1991. 
79. Riccardi VM, Sujanski E, Smith AC, Francke U. Chromosomal imbalance in the aniridia-Wilms' tumor 

association: 11 p interstitial deletion. Pediatrics 61: 604-610, 1978. 
80. Van Heyningen V, Boyd PA, Seawright A, Fletcher JM, Fantes JA, Buckton KE, Spowart G, Porteous OJ, Hill 

RE, Newton MS, Hastie ND. Molecular analysis of chromosome 11 deletions in aniridia-Wilms' tumour 
syndrome. Proc. Natl. Acad. Sci. USA 82: 8592·8596, 1985. 

81. Haber DA, Buckler AJ, Glaser T, Call KM, Pelletier J, Sohn Al, Douglass EC, Housman DE. An internal deletion 
within an 11p13 zinc finger gene contributes to the development of Wilms' tumor. Cell 61: 1257·1269, 1990. 

82. Park S, Schalling M, Bernard A, Maheswaran S, Shipley GC, Roberts D, Fletcher J, Shipman A, Aheinwald J, 
Demetri G, Griffin J, Minden M, Housman DE, Haber DA. The Wilms tumour gene WT 1 is expressed in murine 
mesoderm-derived tissues and mutated in a human mesothelioma. Nat. Genet. 4: 416-420, 1993. 

83. langerak AW, Williamson KA, Miyagwa K, Hagemeijer A, Versnel MA, Hastie NO. Expression of the Wilms' 
tumour gene WT 1 in human malignant mesothelioma cell lines and relationship to POGF A-chain and lGF-1J 
expression. Genes Chromosomes Cane. 12: 87·96, 1995. 

84. Cawthon AM, Weiss R, Xu G, Viskochil D, Culver M, Stevens J, Robertson M, Dunn D, Gesteland A, O'Connell 
P, White R. A major segment of the neurofibromatosis type 1 gene: cDNA sequence, genomic structure, end 
point mutations. Cell 62: 193-201, 1990. 

85. Wallace M, Marchuk 0, Andersen l, letcher R, Odeh H, Saulino A, Fountain J, Brereton A, Nicholson J, 
Mitchell A, Brownstein B, Collins F. Type 1 neurofibromatosis gene: identification of a large trancript disrupted 
in three NFl patients. Science 249: 181-186, 1990. 

86. Joslyn G, Carlson M, Thliveris A, Albertsen H, Gelbert L, Samowitz W, Groden J, Stevens J, Spirio l, 
Aobertson M. Identification of deletion mutations and three new genes at the familial polyposis locus. Cell 66: 
601·613,1991. 

87. Nishisho I, Nakamura Y, Miyoshi Y, Miki Y, Ando H, Horii A, Koyama K, Utsunomiya J, Baba S, Hedge P. 
Mutations of chromosome 5q21 genes in FAP and colorectal cancer patients. Science 253: 665-669, 1991. 

88. Fearon ER, Cho KR, Nigro JM, Kern SE, Simons JW, Ruppert JM, Hamilton SA, Prelsinger AC, Thomas G, 
Kinzler KW, Vogelstein B. Identification of a chromosome 18q gene that is altered in colorectal cancers. 
Science 247: 49-56,1990. 

89. Antoniades HN, Scherr CD, Stiles CD. Purification of human platelet·derived growth factor. Proc. Natl. Acad. 
Sci. USA 76: 1809-1813, 1979. 

90. Heldin C-H, Westermark B, Wasteson A. Platelet-derived growth factor; pUrification and partial 
characterization. Proc. Nail. Acad. Sci. USA 76: 3722·3726, 1979. 

91. Johnsson A, Heldin C-H, Westermark B, Wasteson A. Platelet-derived growth factor: identification of 
constituent polypeptide chains. Biochem. Biophys. Aes. Commun. 104: 66·74,1982. 



Introduction 37 

92. Stroobant P, Waterfield MD. Purification and properties of porcine platelet-derived growth factor. EMBO J. 12: 
2963-2967,1984. 

93, Hammacher A, Hellman V, Johnsson A, Ostman A, Gunnarsson K, Westermark B, Wasteson A. Heldin CoHo A 
major part of platelet-derived growth factor purified from human platelets is a heterodimer of one A and one B 
chain. J. BioI. Chern. 263: 16493-16498, 1988. 

94. Heldin C-H, Johnsson A, Wennergren S, Wernstedt C, Betsholtz C, Westermark B. A human osteosarcoma cel! 
line secretes a growth factor structurally related to a homodimer of POGF A-chains. Nature 319: 611-614, 
1986, 

96. Westermark B, Johnsson A, Paulsson V, Betsholtz C, Heldin C-H, Herlyn M, Rodeck V, Koprowsky H. Human 
melanoma cell lines of primary and metastatic origin express the genes encoding the chains of platelet-derived 
growth factor (POGF) and produce a POGF·like growth factor. Proc. Nail. Acad. Sci. UsA 83: 7197-7200, 
1986. 

96. Hammacher A, Nist~r M, Westermark B, Herdin CoHo A human glioma cell line secretes three structurally and 
functionally different dimetic forms of platelet-derived growth factor. Eur. J. Biochem, 176: 179-186, 1988. 

97. Betsholtz C, Johnsson A, Heldin C-H, Westermark B, lind P, Urdea MS, Eddy R, Shows TB, Philpott K, Mellor 
AL, Knott T J, Scott J. cDNA sequence and chromosomal localization of human platelet-derived growth factor 
A-chain and its expression in tumour cell lines. Nature 320: 696-699, 1986. 

98. Morton CC, Bonthron OT, Co!lins T. Platelet-derived growth factor A chain is assigned to 7p22-p21. Hum. 
Gene Mapp. 9, 664, 1987. 

99. Stenman G, Rorsman F, Huebner K, Betsholtz C. The human platelet-derived growth factor A chain (POGF A) 
gene maps to chromosome 7p22. Cytogenet. Cell Genet. 60: 206-207,1992. 

100. Dalla·Favera R, Gallo RC, G;al1ongo A, Croce CM. Chromosomal localization of the human homolog Ie-sis) of 
the simian sarcoma virus one gene. Science 218: 686-688, 1982. 

101. Swan DC, McBride OW, Robbins KC, Keithley OA, Reddy EP, Aaronson SA. Chromosomal mapping of the 
simian sarcoma virus one gene analogue in human cells. Proc. Nail. Acad. Sci. USA 79: 4691-4695, 1982. 

102. Bonthron DT, Morton CC, Orkin SH, Collins T. Platelet-derived growth factor A chain: Gene structure, 
chromosomal location, and basis for alternative mANA splicing. Proc. Natl. Acad. Sci. USA 85: 1492-1496, 
1988. 

103. Rorsman F, Bywater M, Knott TJ, Scott J, Betsholtz C. Structural characterization of the human platelet
derived growth factor A·chain eDNA and gene: alternative exon usage predicts two different precursor 
proteins. Mol. Cell. BioI. 8: 671-677, 1988. 

104. Fen Z, Daniel TO. 5' Untranslated sequences determine degradative pathway for alternate PDGF B/e-sis 
mRNAs. Oncogene 6: 953-959, 1991. 

105. Rao CD, Pech M, Robbins KC, Aaronson SA. The 6' untranslated sequence of the c-sislplatelet-derived growth 
factor 2 transcript is a potent translational inhibitor. Mol. Cell. BioI. 8: 284-292, 1988. 

106. Jaumann M, Hoppe V, Tatje 0, Eichner W, Hoppe J. On the structure of platelet-derived growth factor AA: C
terminal processing, epitopes, and characterization of cysteine residues. Biochemistry 30: 3303-3309, 1991. 

107. Andersson M, Ostman A, Backstrom G, Hellman U, George-Nascimento C, Westermark B, Herdin CoHo 
Assignment of interchain disulfide bonds In platelet-derived growth factor (pOGF) and evidence for agonist 
activity of monomeric POGF. J. BioI. Chem, 267: 11260-11266, 1992. 

108. Hanlu M, Rohde MF, Kenney WC. Disulfide bonds in recombinant human platelet-derived growth factor BB 
dimer: characterization of intermolecular and intramolecular disulfide linkages. Biochemistry 32: 2431-2437, 
1993. 

109. Ostman A, Andersson M, Backstrom G, Herdin CoHo Assignment of intrachain disulfide bonds in platelet
derived growth factor B·chain. J, BioI. Chem. 268: 13372-13377, 1993. 

110. Prestrelski SJ, Arakawa T, Duker K, Kenney WC, Narhi LO. The conformational stability of a non-covalent 
dimer of a platelet-derived growth factor-B mutant lacking the two cysteines involved in interchain disulfide 
bonds. In!. J. Peptide Prot. Res. 44: 357-363,1994. 

111. Oelner C, D'Arcy A, Winkler FK, Eggimann B, Hosang M. Crystal structure of human platelet-derived growth 
factor BB. EMBO J. 11: 3921+3926,1992. 

112. Murray-Rust J, McDonald NQ, Blundell TL, Hosang M, Oefner C, Winkler F, Bradshaw RA. Topological 
similarities in TGF-B2, POGF-BB, and NGF define a superfamily of polvpeptide growth factors. Structure 1: 
153-159, 1993, 

113. Bywater M, Rorsman F, Bongcam-Rudloff E, Mark G, Hammacher A, Herdin C-H, Westermark B, Betsholtz C, 
Expression of recombinant POGF A- and B-chain homodimers in Rat-I cells and human fibroblasts reveal 
differences in protein processing and autocrine effects. Mol. Cell. BioI. 8: 2753-2762, 1988. 



38 ~P~1 

114. Ostman A, Thyberg J, Westermark B, Heldin CoHo PDGF·AA and PDOF-BS biosynthesis: proprotein processing 

in the Goigi complex and lysosomal degradation of PDGF-BB retained intracellularly. J. Cell Bioi. 11 B: 509·519, 
1992, 

115. May M, Aaronson SA, LaRochelle WJ. Platelet-derived growth factor AS heterodimer interchain interactions 
influence secretion as well as receptor binding and activation. Biochemistry 32: 11734-11740, 1993. 

116, LaRochelle WJ, May-Siroff M, Robbins KC, Aaronson SA. A novel mechanism regulating growth factor 
association with the cell surface: identification of a PDGF retention domain. Gene Dev, 6: 1191-1199, 1991. 

117. Ostman A, Andersson M, Betsholtz C, Westermark at Heldin CoHo Identification of a cell retention signal in the 
B-chain of PoGF and in the long splice version of the A-chain. Cell Aegul. 2: 503-612, 1991. 

118. Lee BA, Maher OW, Hannink M, Donoghue OJ. Identification of a signal for nuclear targeting In platelet-derived 
growth factor-related molecules. Mol. Cell. Bioi. 7: 3527-3637,1987. 

119. Maher OW, Lee BA, Donoghue OJ. The altenatively spliced exon of the platelet-derived growth factor A-chain 
encodes a nuclear targeting signal. Mol. Cell. BioI. 9: 2261-2253, 1989, 

120. Khachigian LM, Owensby OA, Chesterman CN, A tyrosine peptide representing the alternatively spliced exon 

of the platelet-derived growth factor A-chain binds specifically to cultured cells and interferes with binding of 
several growth factors. J, Bioi. Chem. 267: 1160-116, 1992, 

121. Raines EW, Ross A. Compartmentalization of PoGF on extracellular binding sites dependent on exon-6 encoded 
sequences. J, Cell BioI. 116: 533-543, 1992, 

122. Kelly JL, Sanchez A, Brown GS, Chesterman CN, Sleigh MJ, Accumulation of POGF B and cell-binding forms 

of PoGF A in the extracellular matrix. J, Cell 8io1. 121: 1153-1163, 1993. 
123. Andersson M, Ostman A, Westermark B, Heldin CoHo Characterization of the retention motif in the C-terminal 

part of the long splice form of platelet-derived growth factor A-chain. J. BioI. Chem. 269: 926-930, 1994. 
124. Hart CE, Forstrom JW, Kelly Jo, Seifert AA, Smith RA, Ross A, Murray MJ, Bowen-Pope OF. Two classes of 

PoGF receptor recognize different isoforms of PoGF. Science 240: 1529-1531, 1 988. 
125. Heldin C-H, Backstrom G, Ostman A, Hammacher A, Aonnstrand l, Rubin K, Nister M, Westermark B. Binding 

of different dimeric forms of PoGF to human fibroblasts: evidence for two separate receptor types. EMBO J. 
7: 1387-1393, 1988. 

126. Matsui T, Heidaran M, Miki T, Popescu N, LaRochelle W, Kraus M, Pierce J, Aaronson S. Isolation of a novel 
receptor coNA established the existence of two PoGF receptor genes. Science 243: 800-803, 1989. 

127. Varden V, Escobedo JA, Kuang W-J, Yang-Feng Tl, Daniel TO, Tremble PM, Chen EY, Ando ME, Harkins AN, 
Francke U, Fried VA, Ullrich A, Williams LT. Structure of the receptor for platelet-derived growth factor helps 
define a family of closely related growth factor receptors. Nature 323: 226-232, 1986, 

128. Hart CE, Seifert RA, Ross R, Bowen-Pope DF. Synthesis, phosphorylation, and degradation of multiple forms of 
the platelet-derived growth factor receptor studied using a monoclonal antibody. J. BioI. Chern. 262: 10780-
10786, 1987. 

129. Keating MT, Williams LT, Processing of the platelet-derived growth factor receptor. J. BioI. Chern. 262: 7932-
7937, 1987. 

130. Cia esson-Welsh L, Eriksson A, Moren A, Severinsson L, Ek B, Ostman A, Betsholtz C, Heldin CoHo cON A 
cloning and expression of a human platelet-derived growth factor (PDGF) receptor specific for B-chain-con
taining PoGF molecules. Mol. Cell. BioI. 8: 3476-3486, 1988. 

131. Gronwald AGK, Grant FJ, Haldeman BA, Hart CE, O'Hara PJ, Hagen FS, Ross A, Bowen-Pope OF, Murray MJ. 

Cloning and expression of a cONA coding for the human platelet-derived growth factor receptor: Evidence for 
more than one receptor class. Proc. Natl. Acad. Sci. USA 86: 3435-3439,1988. 

132. Claesson-Welsh L, Eriksson A, Westermark B, Heldin CoHo eDNA cloning and expression of the hUmen A-type 
POGF receptor establishes structural similarity to the B-type receptor. Proc. Nat!. Acad. Sci. USA 86: 4917-
4921,1989. 

133. Sorkin A, Wester mark B, Heldin C-H, Claesson-Welsh l. Effect of receptor kinase inactivation on the rate of 

internalization and degradation of POGF and the PoGF 3-receptor. J. Cell Bioi. 112: 469-478, 1991. 
134. Varden V, Schlessinger J. Epidermal growth factor induces rapid, reversible aggregation of the purified 

epidermal growth factor receptor. Biochemistry 26: 1443-1451, 1987. 
135. Heldin C-H, Ernlund A, Rorsman C, Ronnstrand l. oimerization of B type PoGF receptors occurs after ligand 

binding and is closely associated with receptor kinase activation. J. BioI. Chem. 264: 8905-8912, 1989. 
136. Kelly Jo, Haldeman BA, Grant FJ, Murray MJ, Seifert AA, 8owen-Pope OF, Cooper JA, Kazlauskas A. Platelet

derived growth factor WoGF) stimulates PoGF recaptor subunit dimerization and intersubunit trans
phosphorylation, J. BioI. Chem. 266: 8987-8992, 1991. 

137. Ueno H, Colbert H, Escobedo JA, Williams LT. Inhibition of PoGF I!-receptor signal transduction by 
coexpression of a truncated receptor. Science 252: 844-848,1991, 



Introduction 39 

138. Seifert RA, Hart CE, Phillips PE, Forstrom JW, Ross R, Murray MJ, Bowen·Pope OF. Two different subunits 
associate to create isoform·specilic platelet-derived growth factor receptors. J. Bioi. Chern. 264: 8771-8778, 
1989. 

139. Drozdoff V, Pledger WJ. Cellular response to platelet·derived growth factor (POGF)·AB after downregulation of 
PDGF «-receptors. J. BioI. Chern. 266: 17165·17172, 1991. 

140. Grotendorst GR, Igarashi A, Larson A, Soma V, Charette M. Differential binding, biological and biochemical 
actions of recombinant POGF AA, AB, and BB molecules on connective tissue cells. J. Cell. Physiol. 149: 236-
243,1991. 

141. Inul H, Kltami V, Kondo T, Inagaml T. Transduction of mitogenic activity of platelet·derived growth factor 
(POGF) AB by POGF-B receptor without participation of POGF-«( receptor in vascular smooth muscle cells. J. 
BioI. Chern. 268: 17045-17050, 1993. 

142. Van Zoelen EJJ, Van Rotterdam W, Van de Wetering RAC, Heldin CoHo Differential effects of POGF isoforms 
on proliferation of normal rat kidney cells. Growth Factors 9: 329-339, 1993. 

143. Ferns GAA, Sprugel KH, Seifert RA, Bowen-Pope OF, Kelly JD, Murray M, Raines EW, Aoss A. Aeletive 
platelet-derived growth factor receptor subunit expression determines cell migration to different dimeTic forms 
of PDGF. Growth Factors 3: 316-324,1990. 

144. Heidaran MA, Pierce JH, Yu J-C, Lombardi 0, Artrip JE, Fleming TP, Thomason A, Aaronson SA. Role of «B 
receptor heterodimer formation in B platelet-derived growth factor (PDGF) receptor activation by PDGF-AB. J. 
BioI. Chern. 266: 20232-20237, 1991. 

145. Seifert RA, Van Koppen A, Bowen-Pope OF. PDGF-AB requires PDGF receptor «-subunits for high-affinity, but 
not for low-affinity, binding and signal transduction. J. Bioi. Chern. 268: 4473-4480, 1993. 

146. Giese N, LaRochelle WJ, May-Siroff M, Robbins KC, Aaronson SA. A smalt v-sis/platelet-derived growth factor 
(pDGF) B-protein domain in which subtle conformational changes abrogate POGF receptor interaction and 
transforming activity. Mol. Celi. BioI. 10: 5496-5501, 1990. 

147. Clements JC, Bawden lJ, Bloxidge RE, Catlin G, Cook AL, Craig S, Drummond AH, Edwards RM, Fallon A, 
Green DR, Helle welt PG, Kirwin PM, Nayee PO, Richardson SJ, Brown 0, Chahwala SB, Snarey M, Winslow D. 
Two POGF B-chain residues, arginine 27 and Isoleucine 30, mediate receptor binding and activation. EMBO J. 
10i 4113-4120,1991. 

148. Cook AL, Kirwin PM, Craig S, Bawden LJ, Green DR, Price MJ, Richardson SJ, Fallon A, Drummond AH, 
Edwards RM, Clements JM. Purification and analysis of proteinase-resistant mutants of recombinant platelet
derived growth factor-BB exhibiting Improved biological activity. Biochem. J. 281: 57-65,1992. 

149. Jaumann M, Tatje D, Hoppe J. Identification of individual amino acids in platelet-derived growth factor that 
contribute to the specificity towards the B-type receptor. FEBS Lett. 302: 265-268, 1992. 

150. LaRochelle WJ, Giese N, May·Siroff M, Robbins KC, Aaronson SA. Molecular localization of the transforming 
and secretory properties of PDGF A and PDGF B. Science 248: 1641-1544, 1990. 

151. LaRochelle WJ, Pierce JH, May·SitoH M, Giese N, Aaronson SA. Five PDGF B amino acid substitutions convert 
PDGF A to a POGF B-like transforming molecule. J. BioI. Chern. 267: 17074-17077, 1992. 

162. Fenstermaker RA, Poptie E, Bonfield TL, Knauss TC, Corsilfo L, Piskurich JF, Kaetzel CS, Jentoft JE, Gelfland 
C, D1Corietto PE, Kaetzel OM Jr. A cationic region of the platelet-derived growth factor (PDGF) A-chain 
(Arg169_LysI60_Lys161) is required for receptor binding and mitogenic activity of the PDGF-AA homodimer. J. 
Bioi. Chem. 268: 10482-10489, 1993. 

153. Heldaran MA, Yu J·C, Jensen AA, Pierce JH, Aaronson SA. A deletion in the extracellular domain of the (l 

platelet·derived growth factor (PDGF) receptor differentially impairs POGF·AA and PDGF-BB binding affinities. 
J. BioI. Chem. 267: 2884·2887,1992. 

154. Heidaran M, Mahadevan D, LaRochelle WJ. 13. POGFR-IgG chimera demonstrates that human ~ PDGFR Ig-like 
domains 1 to 3 are sufficient for high affinity PDGF BB binding. FASEB J. 9: 140-145, 1995. 

166. Vu J-C, Mahadevan D, LaRochelle WJ, Pierce JH, Heidaran MA. Structural coincIdence of «PDGFA epitopes to 
platelet-derived growth factor-AA and a potent neutralizing monoclonal antibody. J. BioI. Chern. 269: 10668-
10674,1994. 

156. Rooney BC, Hosang M, Hunziker W. Production of platelet-derived growth factor receptor (PDGFA-B) in E. coli. 
Mapping ligand binding domain. FEBS Lett. 339: 181-184, 1994. 

157. Clarke MF, Westin E, Schmidt 0, Josephs SF, Ratner L, Wong-Staal F, GaUo RC, Reitz MSJ. Transformation of 
NIH 3T3 celfs by a human c-sfs eDNA clone. Nature 308: 464-467, 1984. 

158. Gazit A, Igarashi H, Chiu I-M, Sfinivasan A, Vaniv A, Tronick SR, Robbins KC, Aaronson SA. Expression of the 
normal human sis/PDGF-2 coding sequence induces cellular transformation. Cell 39: 89-97, 1984. 



40 CHAPTER 1 

159. Beckman MP, Betsholtz C, Hardin C-H, Weslermark B, DiMarco E, DiFiore PP, Robbins KC, Aaronson SA. 
Comparison of biological properties and transforming potential of human PDGF·A and PDGF-B chains. Science 
241: 1346-1349, 1988. 

160. Sajcak BE, li DY, Deuel TF. Transformation by v-sis occurs by an internal autoactivation mechanism. Science 
246; 1496-1499, 1989. 

161, Hannink M, Donoghue OJ, Aulaerina stimulation by the v-sis gene product requires a ligand-receptor 
interaction at the cell surface. J. Cell BioI. 107: 287-298,1988. 

162. Hart KC, Xu V-F, Meyer AN, Lee SA, Donoghue OJ. The v-sis oncoprotein loses transforming activity when 
targeted to the early Gorgl complex. J. Cell BioI. 127: 1843-1857, 1994. 

163. Weslermark B, Heldin CoHo Platelet-derived growth factor in autocrine transformation. Cancer Aes. 61; 6087-
6092,1991, 

164, Valgeirsdottir S, Eriksson A, Nister M, Heldin C-H, Westermark B, Claesson-Welsh l. Compartmentalization of 
autocrine signal transduction pathways in sis-transformed NIH 3T3 certs, J, BioI. Chem, 270: 10161-10170, 
1996, 

165, Sorkin A, Eriksson A, Heldin C-H, Westermark B, Claesson-Welsh l. Pool of ligand-bound platelet-derived 
growth factor B-receptors remain activated and tyrosine phosphorylated after internalization, J, Cell. Physio1. 
166: 373-382, 1993, 

166, Kazlauskas A, Cooper JA, Autophosphorylation of tha PDGF receptor in tha kinase Insert region regulates 
interactions with cell proteins, Cell 58: 1121-1133, 1989, 

167, Kazlauskas A, Durden DL, Cooper JA, Functions of the major tyrosine phosphorylation site of the POGF 
receptor B-subunit. Cell Aegul. 2: 413-425, 1991. 

168, Eriksson A, Siegbahn A, Westermark B, Heldin C-H, Claesson-Welsh l. PDGF ct- and B-receptors activate 
unique and common signal transduction pathways, EMBO J. 11: 543-660, 1992. 

169. Valius M, Kazlauskas A, Phospholipase CI'I and phophatidytinositol 3 kinase are the downstream mediators of 
the POGF receptor's mitogenic signal. Celt 73: 321-334, 1993. 

170. Aonnstrand L, Mori S Arvidsson AK, Eriksson A, Wernstedt C, Hellman U, Claesson-Welsh C, Heldin CoHo 
Identification of two C-termlnal autophosphorylation sites in the PDGF B-receptor; involvement in the 
interaction with phospholipase Cy, EMBO J. 11: 3911-3919, 1992, 

171. Twamley-Stein GM, Pepperkok A, Ansorge W, Courtneldge SA. Tha Src family tyrosine kinases are required 
for plalelet-derived growth factor-mediated signal transduction in NIH 3T3 cells. Proc. Natl. Acad, ScI. USA 
90: 7696-7700, 1993. 

172, Benjamin CW, Jones DA. Platelet-derived growth factor stimulates growth factor receptor binding protein-2 
association with Shc in vascular smooth muscle cells, J, BioI. Chem. 269: 30911-30916, 1994, 

173. Yokote K, Mori S, Hansen K, McGlade J, Pawson T, Heldin C-H, Claesson-Welsh l. Direct interaction between 
Shc and the platelet-derived growth factor B-receptor. J. BioI. Chem. 269: 16337-15343, 1994, 

174. Li W, Nishimura R, Kashishian A, Batzer AG, Kim WJH, Cooper JA, Schlessinger J, A new function for a 
phosphotyrosine phosphatase: linking GAB2-Sos to a receptor tyrosine kinase. Mol. Cell, Bioi, 14: 509-517, 
1994, 

175. Arvidsson AK, Aupp E, Nanberg E, Downward J, A6nnslrand L, Wennstrom S, Schlessinger J, Heldin C-H, 
Claesson-Welsh L. Tyr-716 in the platelet-derived growth factor B-receptor kinase insert is involved in GAB2 
binding and Ras activation. Mol. Cell, BioI. 14, 6715-6726, 1994. 

176. Ming X-F, Burgering BMTh, Wennstr6m S, Claesson-Welsh L, Heldin C-H, Bos JL, Kozma SC, Thomas G, 
Activation of p70/p85 S6 kinase by a pathway independent of p21 ras , Nature 371: 426-429,1994. 

177. Arvidsson AK, Heldin C-H, Cia ass on-Welsh L. Transduction of circular membrane ruffling by the platelet
derived growth factor B-receptor is dependent on ils kinase insert. Cell Growth Differ. 3: 881-887, 1992. 

178, Wennstrom S, Landgren E, Blume-Jensen P, Claesson-Welsh L. The platelet-derived growth factor B-receptor 
kinase insert confers specific signaling properlies to a chimeric fibroblast growth factor receptor. J. BioI, 
Chem, 267: 13749-13756, 1992. 

179. Wennstrom S, Siagbahn A, Yokote K, Arvidsson AK, Heldin C-H, Mori S, Claesson-Welsh L. Membrane ruffling 
and chemotaxis transduced by the PDGF B-receptor require the binding sile for phosphatidylinositol 3' kinase. 
Oncogene 9: 651-660,1994, 

180. Chen H-C, Guan J-L. Stimulation of phosphatidylinositol 3'-kinase association with focal adhesion kinase by 
pletelet-derived growth factor. J, BioI. chem, 269: 31229-31233, 1994. 

181, Kundra V, Escobedo JA, Kazlauskas A, Kim HK, Rhee SG, Williams LT, Zetter BA, Regulation of chemotaxis by 
the platelet-derived growth factor receptor-B, Nature 367: 474-476, 1994, 

182, Heidaran MA, Beeler JF, Yu J-C, Ishibashi T, LaAochelle WJ, Pierce JH, Aaronson SA, Differences in substrate 
specificities of ct and B platelet-derived growth factor (PDGF) receptors, J, BioI. Chem. 268: 9287-9295, 

1993. 



Introduction 41 

183. Inui H, Kitaml Y, Tani M, Kondo T, Inagami T. Differences in signal transduction between platelet-derived 
growth factor (PDGF) (.( and B receptors in vascular smooth muscle cells. J. BioI. Chem. 269: 30646-30562, 
1994. 

184. Rupp E, Siegbahn A, R6nnstrand l, Wernstedt C, Claesson-Welsh l, Heldin CoHo A unique autophosphorylation 
site in the platelet-derived growth factor (.( receptor from a heterodimeric receptor complex. Eur. J. Biochem. 
225: 29-41,1994. 

186. Cochran BH, Reffel AC, Stiles CD. Molecular cloning of gene sequences regulated by platelet-derived growth 
factor. Cell 33: 939-947,1983. 

186. Linzer DIH, Nalhans D. Growth-related changes in specific mRNAs of cultured mouse celts. Proc, Natl. Acad. 
Sci. USA 80: 4271-4275, 1983. 

187. Ransone lJ, Verma 1M. Nuclear proto-oncogenes fos and jun. Annu. Rev. Cell Bioi. 6: 539-557,1990. 
188. Salhany KE, Robinson-Benlon C, Candia AF, Pledger WJ, Holt JT. Differential induction of the c-fos promoter 

through distinct PDGF receptor signaling pathways. J. Cell. Physiol. 160: 386-396,1992. 
189. Jackson J, Holt JT, Pledger WJ. Platelet-derived growth factor regulation of Fos stability correlates with 

growth induction. J. Bioi. Chem. 267: 17444-17448, 1992. 
190. Surmacz E, Reiss K, Sell C, Baserga R. Cyclin 01 messenger RNA is inducible by platelet-derived growth factor 

in cultured fibroblasts. Cancer Res. 52: 4522-4525, 1992. 
191. Winston JT, Pledger WJ. Growth factor regulation of cyclln 01 mRNA expression through protein synthesis

dependent and -independent mechanisms. Mol. BioI. Celt 4: 1133-1144, 1993. 
192. Mod S, Aonnstrand l, CIa esson-Welsh L, Heldin CoHo A tyrosine residue in the juxtamembrane segment of the 

platelet-derived growth factor B-receptor is critical for ligand-mediated endocytosis. J. BioI. Chem. 269: 4917-
4921,1994. 

193. Joly M, Kazlauskas A, Fay FS, Corvera S. Disruption of PDGF receptor trafficking by mutation of its PI-3 
kinase binding sites. Science 263: 684·687, 1994. 

194. Mori S, Heldin C-H, Claesson-Welsh L. ligand-induced ubiquitination of the platelet-derived growth factor fl
receptor plays a negative regulatory role in its mitogenic signaling. J. BioI. Chem. 268: 577-583, 1993. 

195. Goustin AS, Betsholtz C, Pfeifer·Ohlsson S, Persson H, Rydnert J, Bywater M, Holmgren G, Heldin C-H, 
Westermark B, Ohlsson R. Coexpression of the sis and myc proto-oncogenes In developing human placenta 
suggests autocrine control of trophoblast growth. Cell 41: 301-312, 1985. 

196. Holmgren L, Claesson-Welsh L, Heldin C-H, Ohlsson R. The expression of PDGF 0:- and fl-receptors in 
subpopulations of POGF-producing cells implicates autocrine stimulatory loops In the control of proliferation in 
cytotrophoblasts that have induced the maternal endometrium. Growth Factors 6: 219-232,1992. 

197. Rappolee OA, Brenner CA, Schultz A, Mark 0, Werb Z. Developmental expression of PDGF, TGF-u, and TGF·B 
genes in preimplantation mouse embryos. Science 241: 1823-1825, 1988. 

198. Richardson WD, Pringle N, Mosley MJ, Western B, Dubois-Da1cq M. A role for platelet-derived growth factor in 
normal gtiogenesis In the central nervous system. Cell 53: 309-319, 1988. 

199. Mercola M, Wang C, Kelly J, Brownlee C, Jackson-Grusby L, Stiles C, Bowen-Pope D. Selective expression of 
POGF A and its receptor dUring early mouse embryogenesis. Dev. Bioi. 138: 114-123, 1990. 

200. Soriano P. Abnormal kidney development and hematological disorders in POGF fl-receptor mutant mice. Gene 
Dev, 8: 1888-1896, 1994. 

201. Leveen P, Pekny M, Gebre-Medhin S, Swolin 8, Larsson E, Betsholtz C. Mice deficient for POGF B show renal, 
cardiovascular, and hematological abnormalities. Gene Oev. 8: 1875-1887, 1994. 

202. Schatteman GC, Morrison-Graham K, Van Koppen A, Weston JA, Bowen-Pope OF. Aegulation and role of 
PDGF receptor ((-subunit expression during embryogenesis. Development 115: 123-131, 1992. 

203. Palmieri SL, Payne J, Stiles CD, Biggers JD, Mercola M. Expression of POGF-A and PDGF-u receptor genes 
during pre- and post·implantation development: evidence for a developmental shift from an autocrine to a 
paracrine mode of action. Mech. Develop. 39: 181-191, 1992, 

204. Stephenson DA, Mercola M, Andersen E, Wang C-J, Stiles CD, Bowen-Pope OF, Chapman VM. Platelet-derived 
growth factor receptor u-subunit gene lPdgfra) is deleted in the mouse patch (Ph) mutation. Proc. NatL Acad. 
Sci. USA 88: 6-10, 1991. 

205. Pringle NG, Richardson WD. A singularity of PDGF a-receptor expression in the dorsoventral axis of the neural 
tube may define the origin of the oligodendrocyte lineage. Development 117: 525-533, 1993, 

206. Yeh H-J, Silos-Santiago I, Wang Y-X, George RJ, Snider WD, Deuel TF. Developmental expression of the 
platelet-derived growth factor (i-receptor gene in mammalian central nervous system. Proc. Nat!. Acad. Sci. 
USA 90: 1952-1966, 1993. 

207. Smits A, Kalo M, Westermark B, Nister M, Herdin C-H, Funa K. Neurotrophic activity of platelet-derived 
growth factor (pDGF): rat neuronal cells possess functional POGF B-type receptors and respond to PDGF. Proc. 
Nat!. Acad. Sci. USA 88: 8159·8163, 1991. 



42 CHAPTER 1 

208. Eccleston PA, Funa K, Heldin CoHo Expression of platelet-derived growth factor (PDGF) and PDOF ((. and B

receptors In the peripheral nervous system: an analysis of sciatic nerve and dorsal root ganglia. Dev. BioI. 155: 
459·470, 1993, 

209. OiCorieto PEt Bowen-Pope OF. Cultured endothelial cells produce a platelet-derived growth factor-like protein. 
Proc. Nat!. Acad. Sci, USA 80: 1919-1923,1983. 

210. Collins T, Ginsburg D, Boss JM, Orkin SH, Pober JS. Cultured human endothelial cells express platelet-derived 
growth factor B chain: eDNA cloning and structural analysis. Nature 316: 748·760,1985. 

211, Collins T, Pober JS, Gimbrone MA Jr, Hammacher A, Betsholtl C, Westermark B, Heldin CoHo Cultured human 
endothelial cens express platelet-derived growth factor A chain. Am. J. Pathol. 126: 7-12, 1987. 

212. Koyama N, Watanabe S, Tezuka M, Morisaki N, Saito Y, Yoshida S. Migratory and proliferative effect of 
platelet-derived growth factor in rabbit retinal endothelial celfs: evidence of an autocrine pathway of platelet
derived growth factor. J. Cell. Physiol. 168: 1-6, 1994. 

213. Seifert RA, Schwartz SM, Bowen-Pope DF. Developmentally regulated production of platelet-derived growth 
factor-like molecules. Nature 311, 669-671, 1984. 

214. Nilsson J, Sjo!und M, Palmberg l, Thyberg J, Herdin CoHo Arterial smooth muscle cetts in primary culture 
produce a platelet-derived growth factor-like protein. Proc. Natl. Acad. Sci. USA 82: 4418-4422, 1986. 

216. Ansel JC, Tiesman JP, Olerud JE, Krueger JG t Krane JF, Tara DC, Shipley GO, Gilbertson 0, Usui ML, Hart CEo 
Human keratinocytes are a major source of cutaneous platelet-derived growth factor. J. CHn. Invest. 92: 671· 
678, 1993. 

216. Vignaud JM, Allam M, Martinet N, Pech M, Pie nat F, Martinet Y. Presence of platelet-derived growth factor in 
normal and fibrotic lung is specificatty associated with interstitia! macrophages, while both interstitial and 
alveolar epithelia! cells express the c-sis proto-oncogene. Am. J. Aesp. Cell Mol. Bioi. 5: 531-538,1991. 

217. Shimokado K, Raines EW, Madtes OK, Barrett T8, Benditt EP, Ross A. A significant part of macrophage
derived growth factor consists of at least two forms of POGF. Celt 43: 277-286,1985. 

218. Martinet V, Bitterman PB, Mornex J-F, Grotendorst GA, Martin GR, Crystal AG. Activated human monocyles 
express the c-sis proto-oncogene and release a mediator showing PDGF-like activity. Nature 319: 168·160, 
1986. 

219. Martinet Y, Rom WN, Grotendorst GR, Martin GR, Crystal AG. Exaggerated spontaneous release of platelet· 
derived growth factor by alveolar macrophages from patients with Idiopathic pulmonary fibrosis. N. Engl. J. 
Med. 317: 202-209, 1987. 

220. Heldin C-H, Hammacher A, NisMr M, Westermark B. Structural and functional aspects of platelet-derived 
growth factor. Br. J. Cancer 57: 591-593, 1988. 

221. Deuel TF, Senior AM, Huang JS, Griffin Gl. Chemotaxis of monocytes and neutrophils to platelet-derived 
growth factor. J. CHn. Invest. 69: 1046-1049, 1982. 

222. Shure 0, Senior AM, Griffin GL, Deuel TF. POGF AA homodimers are potent chemoattractants for fibroblasts 
and neutrophils, and for monocytes activated by lymphocytes or cytokines. Biochem. 8iophys. Res. Comm. 
186; 1510-1614, 1992. 

223. Bar RS, Boes M, Booth BA, Dake BL, Henley S, Hart MN. The effects of platelet-derived growth factor in 
cultured microvesse! endothelial cells. Endocrinology 124: 1841-1848, 1989. 

224. Smits A, Hermanson M, Nist!;!r M", Kamushina I, Heldin C-H, Westermark B, Funa K. Rat brain capillary 
endothelial cells express functional POGF B-type receptors. Growth Factors 2: 1-8, 1989. 

225. Aeuterdahl C, SUndberg C, Rubin K, Funa K, Gerdin B. Tissue localization of 13 receptors for platelet-derived 
growth factor and platelet-derived growth factor B chain dUring wound repair in humans. J. CHn. Invest. 91: 
2065-2075, 1993. 

226. Risau W, Drexler H, Mironov V, Smits A, Siegbahn A, Funa K, Heldin CoHo Platelet-derived growth factor is 
angiogenic in vivo. Growth Factors, 1992. 

227. Robson MC, Phillips LG, Thomason A, Robson LE, Pierce GF. Platelet-derived growth factor BB for the 
treatment of chronic pressure ulcers. Lancet 339: 23-25, 1992. 

228. Pierce GF, Tarpley JE, Allman RM, Goode PS, Serdar eM, Morris B, Mustoe TA, VandeBerg J. Tissue repair 
processes in healing chronic pressure ulcers treated with recombinant platelet-derived growth factor BB. Am. 
J. Pathol. 145: 1399-1410, 1994. 

229. Bonner JC, Osomio-Vargas AR, Badgett A. Brody A. Differential proliferation of rat lung fibroblasts induced by 
the platelet-derived growth factor-AA, and -BB isoforms secreted by rat alveolar macrophages. Am. J. Resp. 
Cell Mol. Bioi. 5: 539-547, 1991. 

230. Ross R. The pathogenesis of atherosclerosis: an update. N. Eng!. J. Med. 314: 488-500, 1986. 
231. Ferns GAA, Raines EW, Sprugel KH, Motani AS, Reidy MA, Ross R. Inhibition of neointimal smooth muscle 

accumulation after angioplasty by an antibody to POGF. Science 253; 1129·1132, 1991. 



Introduction 43 

232. Reuterdahl C, Tingstrom A, Terracio, Funa K, Heldin C-H, Rubin K. Characterization of platelet-derived growth 
factor B-feceptor expressing ceBs In the vasculature of human rheumatoid synovium. Lab. Invest_ 64; 321-

329, 1991. 
233_ Fleming TP, Matsui T, Heidaran MA, Molloy CJ, Artrip J, Aaronson SA. Demonstration of an activated platelet

derived growth factor autocrine pathway and its role in human tumour cell proliferation in vitro. Oncogene 7: 

1355-1359, 1992. 
234. Hermanson M, Funa K, Hartman M, Claesson-Welsh L, Heldin C-H , Westermark B, Nister M. Platelet-derived 

growth factor and its receptors in human glioma tissue: expression of messenger RNA and protein suggests 
the presence of autocrine and paracrine loops. Cancer Res. 52: 3213-3219, 1992. 

235. Plate KH, Breier G, Farrell CL, Risau W. Platelet-derived growth factor receptor-!! is induced dUring tumor 
development and upregulated during tumor progression in endothelial cells in human gliomas. Lab. Invest. 67: 

529-534, 1992. 
236. Forsberg K, Valyi-Nagy I, Heldin C-H, Herlyn M, Westermark B. Platelet-derived growth factor (POGF) in 

oncogenesis; development of a vascular connective tissue stroma in xenotransplanted human melanoma 
producing POGF-BB. Proc. Nail. Acad. Sci. USA 90: 393-397, 1993. 

237. Vassbotn F, 6stman A, Siegbahn A, Holmsen H, Heldin CoHo Neomycin is a platelet-derived growth factor 
(PDGF) antagonist that allows discrimination of POGF a- and f!-receptor signals in cells expressing both 
receptor types. J .. BioI. Chem. 267: 16635-16641, 1992. 

238. Kovalenko M, Gazit A, Bohmer A, Aorsman C, Ronnstrand L, Heldin C-H, Waltenberger J, Bohmer F-D, Levitzki 
A. Selective platelet-derived growth factor receptor kinase blockers reverse sis-transformation. Cancer Aes. 
54: 6106-6114,1994_ 

239. Engstrom V, Engstrom A, Ernlund A, Westermark B, Heldin CoHo Identification of a peptide for platelet-derived 
growth factor. J. BioI. Chem. 267: 16681-16587, 1992. 

240. Vano H, Escobedo JA, Williams l T. Dominant-negative mutations of platelet-derived growth factor WDGF) 
receptors. J. Bioi. Chem. 268: 22814-22819,1993. 

241. Kemp PA, Shachar-Hill Y, Weissberg PL, Metcalfe JC. Inhibition of POGF BB stimulated DNA synthesis in rat 
aortic vascular smooth muscle cells by the expression of a truncated PDGm receptor. FEBS lett. 336: 119-
123,1993. 

242. Tiesman J, Hart CEo Identification of a soluble receptor for platelet-derived growth factor in cell-conditioned 
medium and human plasma. J. BioI. Chem. 268: 9621-9628,1993. 

243. Vassbotn F, Ostman A, Langeland N, Holmsen H, Westermark B, Heldin C-H, Nister M. Activated platelet
derived growth factor autocrine pathway drives the transformed phenotype of a hUman glioblastoma cell line. 
J. Cell. Physiol. 158: 381-389, 1994. 

244. LaRocheHe WJ, Jensen AA, Heidaran MA, May-Siroff M, Wang LM, Aaronson SA, Pierce JH. Inhibition of 
platelet-derived growth factor autocrine growth stimulation by a monoclonal antibody to the human (( platelet
derived growth factor receptor. Cell Growth Differ. 4; 647-553,1993. 

245. Vassbotn F, Andersson M, Westermark B, Heldin C-H, Ostman A. Reversion of autocrine transformation by a 
dominant negative platelet-derived growth factor mutant. Mol. Cell. BioI. 13: 4066-4076, 1993. 

246. Shamah SM, Stifes CD, Guha A. Dominant-negative mutants of platelat-derived growth factor revert the 
transformed phenotype of human astrocytoma cells. Mol. Cell. BioI. 13: 7203-7212,1993. 

247. Mori S, Ronnstrand L, Yokota K, Engstrom A, Courtneidge SA, Claesson-Welsh L, Heldin CoHo Identification of 
two juxta membrane autophosphorylation sites in the POGF (!,~receptor; involvement in the interaction with Src 
family tyrosine kinases. EMBO J. 12; 2267-2264,1993. 

248. Kashishian A, Kazlauskas A, Cooper JA. Phosphorylation sites in the POGF receptor with different specificities 
for binding phospholipase GAP and PI3 kinase in vivo. EMBO J. 11: 1373-1382, 1992. 

249. Panayotou G, Bax B, Gout I, Federwisch M, Wroblowski B, Dhand A, Fry MJ, Blundell TL, Wollmer A, 
Waterfield MD. Interaction of the p85 subunit of pr3 kinase and its N-terminal SH2 domain with a POGF 
receptor phosphorylation site: structural features and analysis of conformational changes. EMBO J. 11: 4261-
4272, 1992. 

250. Nishimura R, II W, Kashishian A, Mondino A, Cooper J, Schlessinger J. Two signaling molecules share a 
phosphotyrosine-containing binding site in the platelet-derived growth factor receptor. Mol. Cell. BioI. 13: 
6889-6896, 1993. 

251. Fantl WJ, Escobedo JA, Martin GA, Tuck CW, DelRosario M, McCormick F, WiHiams LT. Distinct 
phosphotyrosines on a growth factor receptor bind to specific molecules that mediate different signaling 
pathways. Cell 69: 413-423, 1992. 

252. Kashishian A, Cooper JA. Phosphorylation sites at the C-terminus of the platelet-derived growth factor 
receptor bind phospholipase C·tl. Mol. BioI. Ce114: 49-57,1993. 



44 CHAPTER 1 

253. Valius M, Balenet C, Kazlauskas A. Tyrosinas 1021 and 1009 are phosphorylation sites in the carboxy 

terminus of the platelet-deu'ved growth factor receptor B-subunit and are required for binding of phopholipase 
Cy and a 64 kilodalton protein, respectively. Mol. Cell. BioI. 13: 133-143, 1993. 

264. Larose l, Gish G, Shoelson 5, Pawson T. Identification of residues in the B platelet-derived growth factor 
receptor that confer specificity for binding to phosphoilpase Crt. Oncogene 8: 2493-2499, 1993, 

255. Kazlauskas A, Fang G-5, Pawson T, Valius M. The 64 kDa prolein that associates with the platelet-derived 
growth factor receptor B subunit via Tyr 1009 Is the SH2-containing phophotyrosine phosphatase Syp. Proc, 
Natl. Acad. ScI. USA 90: 6939-6942, 1993. 

256. Lechlelder RJ, Sugimoto S, Bennett AM, Kashishian A, Cooper JA, Shoelson SE, Walsh CT, Neel BG. 
Activation of the SH2-containing phosphotyrosine phosphatase SH-PTP2 by its binding site, phosphotyrosine 
1009, on the human platelet-derived growth factor receptor 11. J. BioI. Chem. 268; 21478-21481, 1993. 

257. Nister M, Ubermann TA, Betsholtz C, Pettersson M, Claesson-Welsh L, Herdin C-H, Schlessinger J, 
Westermark B. Expression of messenger RNAs for platelet-derived growth factor and transforming growth 
factor-a and their receptors in human malignant glioma cell lines. Cancer Res. 48: 3910-3918, 1988. 

268. Nister M, Claesson-Welsh L, Eriksson A, Heldin C-H, Westermark B. Differential expression of platelet-derived 
growth factor receptors In human malignant glioma cell tines. J. BioI. Chem. 266: 16766-16763, 1991. 

259. Soderdahl G, Betsholtz C, Johansson A, Nilsson K, Bergh J. Differential expression of platelet-derived growth 
factor and transforming growth factor genes in small· and non-small-cell human lung carcinoma tines. Int. J. 
Cancer 41: 636-641, 1988. 

260. Forsberg K, Bergh J, Westermark B. Expression of functional PDGF 11 receptors in a human large cell lung
carcinoma cell line. Int. J. Cancer 53: 556-560, 1993. 

261. Gerwin BI, Lechner JF, Reddel RR, Roberts AB, Robbins KC, Gabrielson EW, Harris CC. Comparison of 
production of transforming growth factor-p and platelet-derived growth factor by normal human mesothelial 
cells and mesothelioma celt lines. Cancer Res, 47: 6180-6184, 1987. 

262. Versnel MA, Hagemeljer A, Bouts MJ, Van der Kwast ThH, Hoogsteden HC. Expression of c-sls WDGF B
chain) and PDGF A-chaIn genes in ten human malignant mesothelioma celf lines derived from primary and 
metastatic tumors. Oncogene 2: 601-605,1988. 

263. Versnel MA, Cia esson-Welsh L, Hammacher A, Bouts MJ, Van der Kwast ThH, Eriksson A, Willemsen R, 
Weima SM, Hoogsteden HC, Hagemeijer A, Heldin C·H. Human malignant mesothelioma cell lines express 
PDGF p-receptors whereas cultured normal mesothelial ceUs express predominantly POGF a-receptors. 
Oncogene 6: 2005·2011,1991. 

264. Perez A, Betsholtz C, Westermark B, Heldin CoHo Frequent expression of growth factors for mesenchymal cells 
in human mammary carcinoma ceU lines. Cancer Res. 47: 3425·3429,1987, 

266. Albino AP, Davis BM, Nanus OM. Induction of growth factor RNA expression in human malignant melanoma: 
markers of transformation. Cencer Res. 51: 4816·4820, 1991, 

266. Sitaras NM, Sari ban E, Bravo M, Pantazis P, Antoniades HN. Constitutive production of pletelet-derived growth 
factor-like proteins by human prostate carcinoma cell lines. Cancer Res, 48: 1930-1935, 1988. 

267. Leveen P, Claesson-Welsh L, Heldin C-H, Westermark B, Betsholtz C. Expression of messenger RNAs for 
platelet-derived growth factor and its receptors in human sarcoma cell lines. Int. J. Cancer 46: 1066-1070, 
1990. 

268. Heldin NE, Cvejic D, Smeds S, Westermark B. Coexpression 01 functiona!ly active receptors for thyrotropin and 
platelet-derived growth factor in human thyroid carcinoma cells, Endocrinology 129: 2187-2193, 1991. 

269. Ponten F, Ren Z, Nister M, Westermark 8, Ponten J. Epithelial-stromal interactions in basal cell cancer: the 
POGF system. J. Invest. Oermatol. 102: 304-309, 1994. 

270. Holmgren L, Flam F, Larsson E, Ohlsson R. Succesive activation of the platelet·derived growth factor B 
receptor and platelet-derived growth factor B genes correlates with the genesis of human choriocarcinoma. 
Cancer Res. 53: 2927-2931,1993. 

271, Lindmark G, Sundberg C, Glimelius B, Pahlman L, Rubin K, Gerdin B. Stromal expression of platelet-derived 
growth factor l1-receptor and platelet-derived growth factor B-chain in colorectal cancer. Lab. Invest. 69: 682-
689, 1993. 

272. Smits A, FUna K, Vassbotn FS, Beausang-Linder M, af Ekenstam F, Heldin C-H, Westermark B, Nister M. 
Expression of platelet·derived growth factor and its receptors in proliferative disorders of fibroblastic origin. 
Am, J. Pathol. 140: 639-648, 1992. 

273. Fleming TP, Saxena A, Clark WC, Robertson JT, Oldfield EH, Aaronson SA, Ali IU. Amplification andlor 
overexpression of platelet-derived growth factor receptors and epidermal growth factor receptor in human glial 
tumors. Cancer Res. 52: 4660-4553, 1992. 



Introduction 45 

274. Antonlades HN, Galanopoulos T, NeviUe·Golden J, O'Hara CJ, Malignant epithelial cells in primary human lung 
carcinomas coexpress in vivo platelet-derived growth factor (pOGF) and POGF receptor mAN As and theIr 
protein products, Proc, Natl, Acad, ScI, USA 89: 3942-3946, 1992. 

275. Henriksen R, Funa K, Wilander E, Backstrom T, Aiderheim M, Oberg K, ExpressIon and prognostic significance 
of platelet-derived growth factor and its receptors in epithelial ovarian neoplasms, Cancer Aes. 53: 4550-
4554, 1993. 

276. Versnel MA, Haarbrink M, Langerak AW, Oe Laat PAJM, Hagemeijer A, Van der Kwast ThH, Van den Berg
Bakker LAM, Schrier PI. Human ovarian tumors of epithelial origin express POGF in vitro and in vivo. Cancer 
Genet. Cytogenet. 73: 60-64, 1994. 

277. Wang J, Coltrera MO, Gown AM. CeU proliferation in human soft tissue tumors correlates with platelet-derived 
growth factor B chain expression: an immunohistochemical and in situ hybrization study. Cancer Res. 54: 
560564,1994. 

278. Zawel L, Reinberg D. Initiation of transcription by ANA polymerase l!: a multi-step process. Prog. Nucleic Acids 
Aes. Mol. BioI. 44: 68-108,1993. 

279. Conaway AC, Conaway JW. Genera! initiation factors for RNA polymerase 11. Annu. Aev. Siochem. 62: 161-
190, 1993. 

280. Buratowsky S. The basics of basal transcription by ANA polymerase II. Cell 77: 1-3, 1994. 
281. Pugh SF, Tjian R. Mechanism of transcriptional activation by Spl: evidence for coactivators, Cell 61: 1187-

1197,1990, 
282. Jakobovits EB, Schlokat V, Vannice JL, Oerynck R, Levinson AD. The human transforming growth factor alpha 

promoter directs transcription initiation from a single site in the absence of a TATA sequence, Mol. Cell. BioI. 
8: 5549-5554, 1988. 

283. Ishii S, Xu VH, Stratton RH, Roe BA, Merlino GT, Pastan I. Characterization of the promoter region of Ihe 
human epidermal growth factor receptor gene. Proc. Natl. Acad. Sci. USA 82: 4920-4924, 1985. 

284. Wers L, Aelnberg D. Transcription by ANA polymerase 11: Initiator-directed formation of transcription-competent 
complexes. FASEB J. 6: 3300-3309, 1992. 

285. Fraizer GC, Wu VJ, Hewitt SM, Maity T, Ton CeT, Huff V, Saunders GF. Transcriptional regulation of the 
Wilms' tumor gene (WT 1). J, Sial. Chem. 269: 8892-8900, 1994. 

286. Godowski PJ, Picard D. Steroid receptors. How to be both a receptor and a transcription factor. Blochem. 
Pharmacol. 38: 3135-3143, 1989. 

287. Bauerle PA, Baltimore D, 1 kappa B: a specIfic inhibitor of the NF kappa B transcription factor. Science 242, 
540-546, 1988. 

288. 80hmann 0, Bos T J, Admon A, Nishimura T, Vogt PK, Tjian R, Human proto·oncogene c·jun encodes a DNA 
binding protein with structural and functional properties of transcription factor AP-l. Science 238: 1386-1392, 
1987. 

289. Yamamoto KR, Gonzalez GA, Menzel P, Rivier J, Montminy MA. Characterization of a bipartite activation 
domain in transcription factor CRE8. Cell 60: 611-617, 1990. 

290. Tjian R, Maniatis T. Transcriptional activation: a complex puzzle with few easy pieces, Cel! 77: 5-8, 1994. 
291. Thanos 0, Maniatis T. The high mobility group protein HMG /IV) is required for NF-kB-dependent viral induction 

of the human IFN-~ gene. Celf 71: 777-789, 1992. 
292. Herschbach BM, Johnson AD. Transcriptional repression in eukaryotes. Annu. Aev. Cel!. BioI. 9: 479-509, 

1993. 
293. Cowell lG. Repression versus activation in the contro! of gene transcription. Trends Blochem. Sci. 19: 38-42, 

1994. 
294. Liu V, Vang N, Teng CT. COUP-TF acts as a competitive repressor for estrogen receptor-mediated activation of 

the mouse lactoferrin gene. Mol. Cell. BioI. 13: 1836-1846, 1993. 
295. Cahill MA, Ernst WH, Janknecht A, Nordheim A. Regulatory squelching. FEBS Lett. 344: 105-108, 1994, 
296. Wolffe AP. Transcription: in tune with the histones. Cel! 77: 13-16, 1994. 
297. Lee DY, Hayes JJ, Pruss 0, Wolfle AP. A positive role for histone acetylation in transcription factor access to 

nucleosomal DNA. Cell 72: 73·84, 1993. 
298. L6pez-Aodas G, Brosch G, Georgevia EI, Sendra A, Franco L, Lold! P. Histone deacetylase. A key enzyme for 

the binding of regulatory proteins to chromatin. FEBS Lett. 317: 175-180, 1993. 
299. Lu a, Waltrath LL, Granok H, Elgin SCA. (CT)n (GAIn repeats and heat shock elements have distinct roles in 

chromatin structure and transcriptional activation of the Drosophila hsp26 gene. Mol. Cell. BioI. 13: 2802-
2814,1993. 

300. Dunaway M, Ostrander EA. Local domains of supercoiling activate a eukaryotic promoter in vivo. Nature 361: 
746-748, 1993. 



46 CHAPTER 1 

301, Stein GS, lian JB, Dworetzky SI, Owen TA, BorteH R, Bidwell JP, van Wijnen AJ. Regulation of transcription
factor activity during growth and differentiation: involvement of the nuclear matdx In concentration and 
localization of promoter binding proteins. J. Cell. Biacham. 47: 300·305, 1991. 

302. Tycko B, Genomic imprinting: mechanism and role in human pathology. Am. J, Pathol. 144: 431·443,1994, 
303. Sturm A, Das G, Herr W. The Ubiquitous cetamer binding protein Octo' contains a POU domain with a 

homeobox subdomain. Gene Dev. 2: 1582·1699, 1988. 
304. Neuberg M, Adamkiewicz J, Hunter JB, Muller R. A Fos protein containing the Jun leucine zipper forms a 

homodimer binding to the APt site. Nature 341: 243-245, 1989. 
305. Turner R, Tjian R. leucine repeats and an adjacent DNA binding domain mediate the formation of functional 

cFos-cJun heterodimers. Science 243: 1689·1694, 1989. 

306. Voronova A, Baltimore D. Mutations that disrupt DNA binding and dimer formation in the E47 helix-loop-helix 
protein map to distinct domains. Proc. Natl. Acad. Sci. USA 87: 4722-4726, 1990. 

307. Kadonaga JT, Carner KR, Masiarz FR, Tjian R. Isolation of eDNA encoding transcription factor Sp1 and 
functional analysis of the DNA binding domain. Cell 51: 1079-1090, 1987. 

308. Sap J, Munoz A, Schmitt J, Stunnenberg H, Vennstrom B. Repression of transcription mediated at a thyroid 
hormone response element by the v-erb-A oncogene product. Nature 340: 242-244, 1989. 

309. Landsman 0, Bustin M. A signature for the HMG-' box DNA-binding proteins. Bioessays 15: 539·546, 1993. 

310. Giese K, Cox J, Grosschedl R. The HMG domain of lymphoid enhancer factor 1 bends DNA and facilitates 
assembly of functional nucleoprotein structures. Cell 69: 185·196, 1992. 

311. Landschulz WH, Johnson PF, McKnight Sl. The leucine zipper: a hypothetical structure common to a new 
class of DNA binding proteins. Science 240: 1759·1764, 1988. 

312. Gentz R, Rauscher FJ III, Abate C, Curran T. Parallel association of Fos and Jun leucine zippers juxtaposes 
DNA binding domains. Science 243: 1695-1699, 1989. 

313. Murre C, McCaw PC, Baltimore D. A new DNA-binding and dimerization motif in immunoglobulin enhancer 
binding, daughter/ess, MyoD, and myc proteins. Cell 56: 777·783,1989. 

314. Hollenberg SM, Evans RM. Multiple and cooperative trans-activation domains of the human g!ucocoricoid 
receptor. Cell 55: 899-906, 1988. 

315. Madden Sl, Cook DM, Morris JF, Gashler A, Sukhatme VP, Rauscher FJ III. Transcriptional repression 
mediated by the WT 1 Wilms tumor gene product. Science 253: 1550-1553, 1991. 

316. Courey AJ, Tjian R. Analysis of Sp1 in vivo reveals multiple transcriptional domains, including a novel 
glutamine-rich activation motif. Cell 55: 887-898, 1988. 

317. Berk BC, Rao GN. Angiotensin II-induced vascular smooth muscte cell hypertrophy: PDGF A-chain mediates the 
increase in cell size. J. Cell. Physio!. 154: 368·380,1993. 

318. Zwijsen RMl, Japenga SC, Heijen AMP, van den Bos R, Koeman JH. Induction of platelet·derived growth 
factor chain A gene expression in human smooth muscle cells by oxidized low density lipoproteins. Biochem. 
Blophys. Res. Comm. 186; 1410-1416, 1992. 

319. Kourembanas S, Hannan RL, Faller OV. Oxygen tension regulates the expression of the platelet·derived growth 

factor B-chain gene in human endothelial celfs. J. Clin. Invest. 86: 670-674, 1990. 
320. Hsieh H-J, li N·C, Frangos JA. Shear-induced platelet-derived growth factor gene expression in human 

endothelial cells is mediated by protein kinase C. J. Cell. Physiol. 150: 552-558, 1992. 

321. Resnick N, Collins T, Atkinson W, Bonthron DT, Forbes Dewey C Jr, Gimbrone MA Jr. Platelet-derived growth 
factor B chain promoter contains a cis-acting fluid shear-stress·responsive element. Proc. Natl. Acad. Sci. USA 
90: 4591-4595, 1993. 

322. Terracio l, Ronnstrand l, Tingstrom A, Rubin K, Claesson-Welsh L, Funa K, Heldin CoHo Induction of platelet
derived growth factor receptor expression in smooth muscle cells and fibroblasts upon tissue culturing. J. Cell 
BioI. 107: 1947-1957, 1988. 

323. Marx M, Daniel TO, Kashgarian M, Madri JA. Spatial organization of the extracellular matrix modulates the 

expression of POGF-receptor subunits in mesangial cells. Kidney Int. 43: 1027-1041, 1993. 
324. Leof EB, Proper JA, Goustin AS, Shipley GO, DiCarleto PE, Moses HL. Induction of c-sis mRNA and activity 

similar to platelet·derived growth factor by transforming growth factor 13: a proposed model for Indirect 

mitogenesis involving autocrine activity. Proc. Nat!. Acad. Sci. USA 83: 2453-2457, 1986. 
325. Janat MF, Liau G. Transforming growth factor-!31 is a powerful modulator of platelet-derived growth factor 

action in smooth muscle cells. J. Cell. Physiol. 150: 232-242, 1992. 
326. Haberstroh U, Zahner G, Disser M, Thaiss F, Wolf G, Stahl RAK. TGF-B stimulates rat mesangial cell 

proliferation in culture: role of PDGF !3-receptor expression. Am. J. Physio!. 264: F 199-F205, 1993. 
327. Soma V, Grotendorst GR. TGF-B stimulates primary human skin fibroblast DNA synthesis via an autocrine 

production of PDGF-related peptides. J. Cell. Physio!. 140: 246-253, 1989. 



Introduction 47 

328. Majack AA, Majesky MW, Goodman LV. Aole of PDGF-A expression in the control of vascular smooth muscle 

celt growth by transforming growth factor-!3. J. Cell BioI. 111 i 239-247, 1990. 
329. Win KM, Charlotte F, MaUat A, Cherqui 0, Martin N, Mavier P, Preaux AM, Dhumeaux 0, Aosenbaum J. 

Mitogenic effect of transforming growth factor-!31 on hUman Ito cells in culture: evidence for mediation by 
platelet-derived growth factor. Hepatology 18: 137-145, 1994. 

330. Pauls son Y, Karlsson C, Herdin C-H, Westermark B. Density-dependent inhibitory effect of transforming growth 
factor-!31 on human fibroblasts involves the down-regulation of platelet-derived growth factor Ct.-receptors. J. 

Celt. Physio!. 157: 97-103,1993. 
331. Battegay EJ, Raines EW, Seifert AA, Bowen-Pope OF, Aoss A. TGF-!3 Induces bimodal proliferation of 

connective tissue cells via complex control of an autocrine POGF loop. Cell 63: 515-524, 1990. 
332. Seifert AA, Coats SA, Aaines EW, Ross R, Bowen-Pope OF. Platelet-derived growth factor (PDGF) receptor Ct.

subunit mutant and reconstituted celt lines demonstrate that transfroming growth factor-!3 can be mitogenic 
through POGF A-chain·dependent and -independent pathways. J. BioI. Chem. 269: 13951-13955, 1994. 

333. Stouffer GA and Owens GK. TGF-B promotes proliferation of cultured SMCmes via both PDGF-AA-dependent 
and PDGF-AA-independent mechanisms. J. Clin. Invest. 93: 2048-2055, 1994. 

334. Bronzer! DA, Bates SE, Sheridan JP, Lindsey A, Valverius EM, Stampfer MR, Lippman ME, Dickson AB. 
Transforming growth factor-beta induces platelet-derived growth factor (POGF) messenger ANA and PDGF 

secretion while Inhibiting growth in normal human mammary epithelial cells. Mol. Endocrinol. 4: 981-989, 

1990. 
335. Van Zoelen EJJ, Van Rotterdam W, Ward-Van Oostwaard TMJ, Feijen A. Phenotypic transformation of normal 

rat kidney celts by transforming growth factor B Is not paralleled by enhanced prodUction of a platelet-derived 

growth factor. Eur. J. Biochem. 209: 89-94,1992. 
336. Kaetzel OM, Coyne OW, Fenstermaker AA. Transcriptional control of the platelet-derived growth factor subunit 

genes. Biofactors 4: 71-81,1993. 
337. Taklmoto Y, Wang ZV, Kobler K, Deuel TF. Promoter region of the human platelet-derived growth factor A

chain gene. Proc. Natl. Acad. Sci. USA 88: 1686-1690, 1991. 
338. Un XH, Wang ZV, Gu LJ, Deuel TF. Functional analysis of the human platelet-derived growth factor A-chain 

promoter region. J. BioI. Chern. 267: 25614-25619, 1992. 
339. Wang ZV, Lin XH, Masaharu N, Qiu QQ, Deuel TF. Binding of single-stranded oligonucleotides to a non-B-form 

DNA structure results in loss of promoter activity of the platelet-derived growth factor A-chain gene. J. BioI. 
Chern. 267: 13669-13674, 1992. 

340. Wang ZV, Lin XH, Qiu QQ, Deuel TF. Modulation of transcription of tha platlet-derived growth factor A-chain 
gene by a promoter region sensitive to S 1 nuclease. J. Bio!. Chem. 267: 17022-17031, 1992. 

341 Bhandari B, Wenzel UO, Marra F, Abboud HE. A nuclear proteIn In mesangial cells that binds to the promoter 
region of the platelet-derived growth factor-A chain gene. J. BioI. Chem. 270: 5541-5548, 1995. 

342. Kaetzel DM, Maul RS, Liu B, Bonthron 0, Fenstermaker AA, Coyne OW. Platelet-derived growth factor A-chaIn 
gene transcription is mediated by positive and negative regulatory regions in the promoter. Biochem. J. 301: 

321-327,1994. 
343. Wang ZV, Madden Sl, Deuel TF, Rauscher FJ II!. The Wilms' tumor gene product WT 1 represses transcription 

of the platelet-derived growth factor A-chain gene. J. BioI. Chem. 267: 21999-22002,1992. 
344. Wang ZV, Qiu QQ, Enger KT, Deuel TF. A second transcriptionally active DNA-binding site fOf the Wilms' 

tumour gene product, WT 1. Proc. Natl. Acad. Sci. USA 90: 8896-8900, 1993. 
345. Wang ZV, Deuel TF. An Sl nuclease-sensitive homopurine/homopyrimidine domain in the POGF A-chain 

promoter contains a novel binding site for the growth factor-inducible protein EGA-l. Biochem. Biophys. Res. 

Comm. 188: 433-439,1992. 
346. Wang ZV, Qlu QQ, Deuel TF. An SI nuclease-sensitive region in the PDGF A-chain promoter contains a 

positive transcriptional regulatory element. Biochem. Biophys. Res. Comm. 198: 103-110, 1994. 
347. Lin XH, Guo C, Gu LJ, Deuel TF. Site-specific methylation inhibits transcriptional activity of platelet-derived 

growth factor A-chain promoter. J. BioI. Chem. 268: 17334-17340, 1993. 

348. Takimoto V, Kuramoto A. Presence of a regulatory element within the first intron of the human platelet-derived 
growth factor A-chain gene. Jpn. J. Cancer Res. 84: 1268-1272, 1993. 

349. Wang ZV, Masaharu N, Qiu QQ, Deuel TF. An Sl nuclease-sensitive region in the first intron of human 
platelet-derived growth factor A-chain gene contains a negatively acting cell type-specific regulatory element. 

Nucleic Acids Aes. 22: 457-464,1994. 
350. Takimoto V, KUramoto A. Gene regulation by the 5'-untranslated region of the platelet-derived growth factor 

A-chain. Bioch. Biophys. Acta 1222: 511-514, 1994. 



48 CHAPTER 1 

351. Ratner l, Thielen B, Collins T. Sequences of the 5' portion of the human c-sis gene: characterization of the 
transcriptional promoter and regulation of expression of the protein product by 5' untranslated mRNA 
sequences. Nucleic Acids Res, 15: 6017-6036, 1987. 

352. Pech M, Gazil A, Arnstein P, Aaronson SA. Generation of fibrosarcomas in vivo by a retrovirus that expresses 
the normal B-chain of platelet-derived growth factor and mimic~ the alternative splicing pattern of the v-sis 
oncogene. Proc. NatL Acad. Sci. USA 86: 2693-2697, 1989. 

353. Pech M, Rao CD, Robbins KC, Aaronson SA. Functional Identification of regulatory elements within the 
promoter region of platelet-derived growth factor 2. Mol. Cell. BioI. 9: 396-406, 1989, 

354. Jin H-M, Brady Ml, Fahl WE, Identification and characterization of an essential, activating regulatory element 

of the human SIS/POGFB promoter in human megakaryocytes, Proc, Nail. Acad. Sci. USA 90: 7563-7567, 
1993. 

355. Khachigian lM, Fries JWU, Benz MW, Bonthron DT, Collins T. Novel cis-acting elements in the human platelet
derived growth factor B-chain core promoter that mediate gene expression in cultured vascular endothelial 
cells. J. BioI. Chem. 269: 22647-22666, 1994, 

356. Dirks RPH, Jansen HJ, Gerritsma J, Onnekink C, Bloemers HPJ. localization and functional analysis of DNesel
hypersensitive sites In the human c-sis/PDGF-B gene transcription unit and its flanking regions. Eur. J. 
Biochem. 211: 509-519,1993. 

357. Jin H-M, Robinson OF, liang Y, Fahl WE. S/S/PDGF-B promoter isolation and charcterization of regulatory 
elements necessary for basal expression of the SIS/POGF-S gene in U2-0S osteosarcoma cells. J. BioI. Chem. 
269: 28648-28654, 1994. 

358. Dirks RPH, Jansen HJ, Van Gerven HJ, Onnekink C, Bloemers HPJ. In vivo footprinting and functional analysis 

of the human c-sis/POGF-B gene promoter provides evidence for two binding sites for transcriptional 
activators. Nucl. Acids Res. 23: 1119-1126, 1995. 

359. Ratner l. Regulation of expression of the c-sis proto-oncogene. Nucleic Acids Res. 17: 4101-4115, 1989. 
360. Franklin GC, Donovan M, Adam GIR, Holmgren L, Pfeifer-Ohlsson S, Ohlsson R. EXpression of the human 

POGF-B gene is regulated by both positively and negatively acting cell type-specific regulatory elements 
located in the first intron. EMBO J. 10: 1365-1375, 1991. 

361. Dirks RPH, Jansen HJ, Onnekink C, de Jonge RJA, Bloemers HPJ. DNesel-hypersensitive sites located far 
upstream of the human c-sis/PDGf-B gene comap with transcriptional enhancers and a silencer and are 
preceded by (part of) a new transcription unit. Eur. J. Biochem. 216: 487-495,1993. 

362. Wang C, Stiles CD. Platelet-derived growth factor a-receptor gene expression: isolation and characterization of 

the promoter and upstream regulatory elements. Proc. Natl. Acad. Sci. USA 91: 7061-7065, 1994. 
363. Afink GB, Nister M, Stassen BHOJ, Joosten PHLJ, Rademakers PJH, Bongcam-Rudloff E, Van Zoe len EJJ, 

Mosselman S. Molecular clonIng and functional characterization of the human platelet-derived growth factor a
receptor gene promoter. Oncogene, 10: 1667-1672, 1995. 

364. Mosselman S, Cia esson-Welsh l, Kamphuis JS, Van Zoelen EJJ. Developmentally regulated expression of two 
novel platelet-derived growth factor a~receptor transcripts In human teratocarcinoma celfs. Cancer Res. 54: 
220-225, 1994. 

365. Eriksson A, Nister M, Leveen P, Westermark B, Heldin C-H, Claesson-Welsh L Induction of platelet-derived 
growth factor a- and B-receptor mANA and protein by platelet-derived growth factor BB. J. Bioi. Chem. 266: 
21138-21144,1991. 

366. Behl C, Bogdahn U, Winkler J, Apfel R, Brysch W, Schlingensiepen K-H. Autoinduction of platelet-derived 

growth factor (POGF) A-chain mRNA exxpression in a human malignant melanoma cell line and growth 
inhIbitory effects of PDGF A~chain mRNA-specific antisense molecules. Biochem. Biophys. Res. Comm. 193: 
744-751,1993. 

367. Bhandari B, Grandaliano G, Abboud HE. Platelet-derived growth factor (POGF) BB homodimer regulates POOF 
A- and B~chain gene transcription In human mesangial cells. Biochem. J. 297: 385-38S, 1994. 

368. Starksen NF, Harsh GA IV, Gibbs VC, Williams LT. Regulated expression of the platelet-derived growth factor 
A-chain gene in microvascular endothelial cells. J. BioI. Chem. 262: 14381-14384, 1987. 

369. Daniel TO, Gibbs VC, Milfay OF, Williams LT. Agents that increase cAMP accumulation block endothelial c-sis 

induction by thrombin and transforming growth factor-B. J. BioI. Chem. 262; 11893-11896, 1987. 

370. Paulsson Y, Beckmann MP, Westermark B, Heldin CoHo Density-dependent Inhibition of cell growth by 
transforming growth factor-B 1 in normal human fibroblasts. Growth Factors': 19-27, 1988. 

371. Yeh YL, Kang YM, Chaibi MS, Xie JF, Graves DT. Il-' and transforming growth factor-B inhibit platelet-derived 
growth factor-A A binding to osteoblastic cells by reducing platelet-derived growth factor-a receptor 

expression. J. Immuno!. 150: 5625-5632, 1993. 
372. Winkles JA, Gay CG. Regulated expression of PDGF A-chain mRNA in human saphenous vein smooth muscle 

celfs. Biochem. Biophys. Res. Comm. 180; 519-524, 1991. 



Introduction 49 

373. Colamonici OR, Trepel JB, Vidal CA, Neckers LM. Phorbol ester induces c-sis gene transcfiption in stem cell 
Une K-662. Mol. Cell. BioI. 6: 1847·1860, 1986. 

374. AHtalo R, Andersson LC, Betsholtz C, Nilsson K, Westermark B, Heldin C-H, Alitalo K. Induction of platelet
derived growth factor gene expressIon during megakaryoblastic and monocytic differentiation of human 
leukemia ceU lines. EMBO J. 6: 1213-1218, 1987. 

376. Sari ban E, Kufe D. Expression of the platelet-derived growth factor 1 and 2 genes in hum a myeloid cell lines 
and monocytes. Cancer Res. 48: 4498-4602, 1988. 

376. Gay CG, Winkles JA. Heparin-binding growth factor-' stimulation of human endothelial cells induces platelet· 
derived growth factor A-chain gene expression. J. BioI. Chem. 265: 3284-3292, 1990. 

377. Kourembanas S, Faller OV. Platelet-derived growth factor production by human umbilical vein endothelial cells 
Is regulated by basic fibroblast growth factor. J. BioI. Chern. 264: 4466·4469,1989. 

378. SchOlimann C, Grugel A, Tatje 0, Hoppe J, Folkman J, Mafma 0, Weich HA. Basic fibroblast growth factor 
modulates the mitogenic potency of the platelet·derived growth factor {POGFI Isoforms by specific 
upregulation of the POGF a-receptor in vascular smooth muscle cells. J. Bioi. Chern. 267: 18032·18039, 
1992. 

379. Harsh GR, Kavanaugh WM, Starksen NF, Witliams LT. Cyclic AMP blocks expression of the c-sis gene in tumor 
cells. Oncogene Aes. 4: 65-73,1989. 

380. Aaines EW, Dower SK, Ross R. Interleukln-l mitogenIc activity for fibroblasts and smooth muscle cells is due 
to PDGF-AA. Science 243; 393-396, 1989, 

381. Suzuki H, Shlbano K, Okane M, Kono I, Matsui Y, Yamane K, Kashiwagi H. Interferon-y modulates levels of c
sis (pOGF B-chainl, POGF A-chain, and IL·lf1 genes in human vascular endothelial cells. Am. J. Pathol. 134: 
36-43, 1989. 

382. Kovacs EJ, Van Stedum s, Neuman JE. Selective induction of POGF gene expression in peritoneal 
macrophages by interleukin-2, Immunoblology 190: 263-274, 1994. 

383. Hajjar KAt Hajjar DP, Silverstein RL, Nachman RL Tumor necrosis factor-mediated release of platelet-derived 
growth faclor from cultured endothelial cells. J. Exp. Med. 166: 235-245, 1987. 

384. Haynes AR, Shaw RJ. Dexamethasone-induced increase in platelet·derived growth factor lBI mRNA In human 
alveolar macrophages and myelomonocytic HL60 macrophage-like celts. Am. J. Resp. Celt Mol. BioI. 7: 198-
206, 1992. 

386. Haraguchi T, Alexander DB, King OS, Edwards CP, Firestone Gl. Identification of the glucocorticoid 
suppressible mitogen from rat hepatoma celts es an angiogenic platelet-derived growth factor A-chaIn 
homodimer. J. BioI. Chem. 266: 18299-18307. 1991. 

386. Keating MT, Williams LT. Autocrine stimulation of intracellular POGF receptors in v-sis transformed celfs. 
Science 239: 914-916,1988. 





OUTLINE OF THE THESIS 





CHAPTER 2 

OUTLINE OF THE THESIS 

The aim of the studies described in this thesis was to get more insight into the 
regulation of platelet-derived growth factor (PDGF) chain and PDGF receptor expression 
in normal and malignant mesothelial cell lines. These cell lines constitute a good and 
relevant model system for such a study, because of their characteristic expression 
patterns and because of the important role that PDGF probably plays in the 
pathogenesis of mesothelioma. 

In Chapter 3.1 the differential PDGF chain and receptor mRNA expression patterns 
of normal and malignant mesothelial cells are presented. The co-expression of PDGF 8-
chain and PDGF B-receptor mRNA in the mesothelioma cell lines, but not in the 
untransformed mesothelial cells, is suggestive for a role for the PDGF B-chain as an 
autocrine growth factor in mesothelioma cells. 

To study the expression of PDGF and PDGF receptor proteins, 
immunocytochemical stainings were also performed. The results of these stainings with 
antibodies directed against PDGF and the PDGF receptor subtypes in these cell lines are 
given in Chapter 3.2. Furthermore, to investigate whether the observed expression 
pattern in the cell lines reflects the actual expression of reactive and malignant 
mesothelial cells in vivo, effusions and frozen tissue sections are studied as well. 
Collectively, the expression data in these uncultured cells indicate that the mesothelial 
cell lines indeed form a good model system for studies of the role of PDGF in 
mesothelioma. 

Transcriptional and post-transcriptional regulation of .PDGF chain and receptor 
mRNA are important mechanisms in regulating the biological action of PDGF in (tumour) 
cells. Chapter 4.1 describes the regulation of the different PDGF A-chain mRNA levels in 
normal and malignant mesothelial cells and the alternative splicing of PDGF A-chain 
transcripts in these cell lines. In Chapter 4.2 the PDGF B-chain promoter region is 
studied in detail by in vivo footprint and reporter gene analysis. Furthermore, several 
DNase I hypersensitive sites are mapped in regions upstream and downstream of the 
transcription unit in both normal and malignant mesothelial cells. The contribution of 
these hypersensitive sequences as potential regulatory elements in PDGF B-chain mRNA 
expression in mesothelioma cells is evaluated in Chapter 4.2 as well. Finally, in 
Chapter 4.3 regulation of the differential PDGF receptor messenger expression between 
normal and malignant mesothelial cell lines is described. 

It is generally accepted that in tumorigenesis both oncogenes and tumour 
suppressor genes are involved. The WT1 (Wilms tumour) gene is one of these tumour 
suppressor genes. The product encoded by this gene displays DNA binding capacity. It 
seems to function in repression of transcription of target genes that contain a 
consensus DNA binding sequence. Expression of the WT1 gene is seen in a limited set 
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of tissues during embryonal development, e.g. the kidneys, the gonads, and the 
mesothelium. In Chapter 5.2 WT1 mRNA expression is analyzed in a panel of normal 
mesothelial cell lines. To see whether WT1 may play a role in mesothelial 
carcinogenesis, WT1 expression as well as the possible occurrence of point mutations, 
deletions, and gene rearrangements in WT 1 are also studied in malignant mesothelioma 
cell lines (Chapter 5.2). Furthermore, as IGF2 and also PDGF A-chain have been 
mentioned as target genes for regulation by WT1, the possible relationship between the 
expression levels of these genes in the mesothelial cell lines are evaluated. 

In the general discussion (Chapter 6) the results of the previous chapters are 
discussed with regard to data presented in the literature. Special attention is paid to the 
usefulness of mesothelioma cell lines as a model system to study regulation of PDGF 
chains and receptors. Furthermore, the contribution of factors like PDGF and WT1 to 
the pathogenesis of mesothelioma is evaluated in the context of other factors that may 
playa role in this malignancy. 



EXPRESSION OF PDGF CHAINS AND RECEPTORS IN 
MESOTHELIAL CELLS IN VITRO AND IN VIVO 

3.1 Expression of POGF chains and POGF receptors in normal and malignant 57 
mesothelial cell lines 

3.2 Expression of POGF and POGF receptors in human malignant mesotheli- 61 
oma in vitro and in vivo 





CHAPTER 3.1 

Expression of POGF chains and POGF receptors in human 
malignant and normal mesothelial cell lines 
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ABSTRACT: A panel of human malignant mesothelioma cell lines and normal 
mesolhellal cells was in\'esligaled for the expression of the genes coding for the 
platelet·derived growth factor (PDGF) A.chaln, pnGF D·chain, PDGF 
a'receptor and pnGF p·re-ce-plor. The human malignant mesolhelloma cell lines 
were found to express the pnGF A·chaln, PDGF D·chaln and PUGF p.rcccptor. 
Normal mesothelial cell lines were found to express the pnGF A·chain at a low 
level and Ihe rOaF a·receptor. The rDGF p'receplor expression In normal 
mesolhellal cells is generally weak 10 undelectable and sometimes slronger. The 
coexpression of rnaF n·chains and pnar p.receplors on human malignant 
mesothelioma cell Ilnes and Ihe absence of PDGF n·chaln e:,:presslon In normal 
mesolhellal cells suggests Ihal Ihe homo dime ric PDGF·nn protein can func. 
lion as an aulocrine growlh factor and playa role in Ihe slimulatlon of the 
grO\\th of the lumour cells. In cullured normal mesolhellal celis, on the other 
hand, PDGF·AA acting ~'ia the rnaF a.receptor may be Im'oh'cd in aulocrlne 
growlh stimulation. 
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Humrm malignant mesotheliomas are mesoderm ally 
derived tumours, most frequently encountered in the 
pleura and thought to develop from mesothelial cells. 
A panel of human malignant mesothelioma cell lines 
was established from pleural effusions and tumour tis
sue of malignant mesothelioma patients [1]. Nonnal 
mesothelial cells were cultured from pleural effusions 
of noncancerous patients or sheets of mesothelial 
tissue from thoracic surgery [I]. These normal and 
malignant mesothelial cell lines were used as a model 
for the study of the malignant transformation of mes
othelial cells with emphasis on the expression of plate
let-derived growth factor (POOF) and POGF receptors. 

PDOF is a growth factor for mesenchymal cells and 
e.xpression of PDOF has been found in a variety of 
nonnal and malignant cells [2, 3}. Two POOP chain 
genes have been identified: the poop A-chain gene 
[4} and the POOP B-chain gene [5, 6]. The POOF 
B-chain is almost identical to the c-sis oncogene and 
is 60% similar to the POGF A-chain gene [4]. All 
possible dime ric combinations of A- and B-chains have 
been identified [2, 3]. Binding experiments with 
different isoforms of rOGF revealed the existence of 
two distinct receptor types, denoted POGP a- and p
receptor [7, 8]. The rDOF a-receptor binds all 
dimeric combinations (AA, AB and BB), whilst 
the POOP p-receptor binds rDOF B-chains and no 
A-chains [9, 10]. Oimerization of POOP receptors can 

result in three different POOP receptor dimers (ru, o.p 
and PP receptors) [10-12]. 

We investigated our panel of human normal and 
malignant mesothelial cell lines for the expression of 
POOP chains and PDGF receptor genes. 

l'IJatcrials and methods 

Cell lines 

A panel of human malignant mesothelioma cell lines 
and nomlal mesothelial cell lines has been established, 
characterized and cultured as described previously [I, 
13]. All malignant mesothelioma cell lines had a 
highly abnormal karyotype, whereas the normal meso
thelial cell cultures had normal karyotypes [1], 

Norlhern bIoI analysis (llId probes 

Ribonucleic acid (RNA) isolation, Northern blot 
analysis and the probes used were described previously 
[13. 14J. 

bnll1l1noprecipilalion alld radiorcceplOr analysis 

Immunoprecipitation and radioreceptor analysis. with 
Il5J-PDOF were performed as described previously [14]. 
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Results 

Expression of PDGF receplOrs al/d PDGF chaills ill 
malignallt mesolhelioma cell lilies 

RNA was isolated from a panel of human malignant 
mesothelioma cell lines. A Northern blot with total 
RNA from five of our malignant mesothelioma cell 
lines (J\'Iero-14, Mcro-25, IvlcroAl. Mero-72 and rvlero-
82), the normal mesothelial cell line NM-I and pla
cental RNA was hybridized to probes for PDOF 
a-receptor, POOF p-receptor, PDOF B-chain and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
(fig. I), The PDOF ((-receptor probe hybridized to a 
band of 7 kb in Ni.."J-J and after long exposure to pla
cental RNA. The malignant mesothelioma cell lines did 
not have a detectable level of PDOF a-receptor ex
pression, Hybridization with probes for the PDOF p
receptor and PDOF B-chain at the same time revealed 
a variable level of expression of the PDOP p-receptor 
and POOP B-chain in all malignant mesothelioma cell 
lines and human placenta. NM-! did not show a de
tectable PDOF p-receptor or PDOF B-chain expression. 
The PDOF A-chain gene was expressed in all malig
nant mesothelioma cell lines (data not shown). 

;[ 
z 

POGF a-receptor 

POGF ,B-receptor 

PDGF a-chain 

GAPDH 

Fig, I. ~ Northern bIoI analysis of 25 Ilg toial RNA from pla.
centa. a normal mesothelial cdl line (NM-l) and fh'e malignant 
mesothelioma celJ lines subsequently hybridized \0 a ·l.'P_labe!!cd 
POOF {(-receptor probe. POOF P-receptor probe and at the same 
time a POOF B-chain probe and a GAPOB probe. RNA: ribo
nucleic acid; POOF: platelet-derj\'ed groll-th factor; OADPH: glyc
craldeh}'de-3 -phosphate deh}'droge n ase, 

E.'1m:ssion of PDGF receptors alld PDGF chains ill 
1I0l'malmeso/heliai cell lilies 

Figure 2 shows RNA isolated from five different 
normal mesothelial cell lines NM-9, Nl>.I-lO, NM-!!, 
NM-!2, NM-13 and the mnlignant mesothelioma cell 
line mero-82 hybridized with probes for the genes en
coding the PDOP B-chain, PDOF ((-receptor, POOP 
p-receptor and OAPDH. In contrast to mero-82, none 
of the nonnal mesothelial cell lines showed a specific 
band after hybridization with the POOF B-chain probe. 
The POOP a-receptor messenger RNA (mRNA) was 
clearly detectable in all five nomlal mesothelial cell 

lines, whilst Ihis band was absent in mero-82. The 
PDOF p-receptor was expressed in the malignant me
sothelioma cell line and in one of the five (Nt'I-!l) 
normal mesothelial cell Jines. The othe'r four nonna! 
mesothelial cell lines (NM-9. -10, -12 and -13) did not 
show a significant signal. The POOF A-chain gene 
was expressed in all five normal mesothelial cell lines 
at a weaker level than generally observed in malignant 
mesothelioma cell lines (data not shown). 

POGF 8-
chain 

POOF 
a-receptor 

POGF 
p-receptor 

GAPDH 
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Fig. 2. ~ Northern blot analysis of 25 I-lg tolal RNA from a 
malignant mesothelioma ~ell line (Mero-82) and fjve normal 
mesothelial celt lines subsequently h>'bridized \0 a llP·labe1ted 
POOF B-~hain probe, POOF «-receplor probe, POOF p-receptor 
probe and a OAPDH probe, For abbreviations sec legend to 
figure I. 

Expression of PDGF reap/or proteills 

The presence of POOF a- and POOF p-receptors in 
normal and malignant mesothelial cell lines was also 
demonstrated by immunoprecipilation and radioreceptor 
analysis with tl.IJ-labelled POOF. lmmunoprecipitation 
of metabolically labelled cells revealed expression of 
PDOP p-receptors in the malignant mesothelioma cell 
Jines and predominantly PDOP a-receptors in the nor
mal mesothelial cell lines (data not shown). Radio
receptor analysis showed the presence of the expressed 
receptors on the membrane of the cells (data not shown). 

Discussion 

Expression of the PDor A-chain, POOF B-chain 
and POOP p-receptor genes wns demonstrated in a 
panel of human malignant mesothelioma cell lines. The 
POOP a-receptor was undetectable in these cell lines. 
In contrast, normal mesothelial cell lines expressed 
predominantly the POOP a-receptor, the POOF A
chain gene and no POOF R-chain gene. 

All twelve human malignant mesothelioma cell Jines 
established and investigated in our department for 
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PDOP receptor and PDOF chain expression were 
found to express the genes for the PDOP B-chain, 
PDOP A-chain and the pnop ~-receptor [13, 14]. So 
far we have studied ten different nonnal mesothelial 
cell lines and found no expression of the PDGF B
chain gene, a weak PDOP A-chain expression and a 
strong PDOF ((-receptor expression ([13, 14] and this 
paper). Two of these ten nomml mesothelial cell lines 
were found to clearly express the pnOF j3-receptor 
gene, whilst the others had a weak to undetectable 
level of this messenger RNA (mRNA). GERWIN et af. 
[15], also found expression of the PDGF B-chain gene 
in six malignant mesothelioma cell lines. However, 
no data on the PDOF receptor expression in these cell 
lines are yet available. A panel of five human ma
lignant mesothelioma cell lines isolated in Western 
Australia was found to have a similar expression pat
tern of PDOP chains and pnop receptors as our cell 
lines (Oariepp, unpublished results). Only one of these 
cell lines did not have PDOP B-chain mRNA. Thus, 
it seems that coexpression of the genes for PDOF A
chain, PDOF B-cllain and the PDOF J3-receptor is a 
general property of human malignant mesothelioma 
cell lines, with few exceptions. However, as a malig
nant mesothelioma is strongly related to asbestos ex
posure and these cell lines were isolated from patients 
with a different history of asbestos exposure (duration, 
load and kind of asbestos) exceptions on the observed 
pattern of expression could be due to variation in ex
posure. Furthermore, it is our experience that the di
agnosis of malignant mesothelioma is still difficult and 
should he con finned by different pathologists in order 
to avoid the use of erroneously named malignant me
sothelioma cell lines. 

The coexpression of pnop B-chains and pnOF 
p-receptors on human malignant mesothelioma cell 
lines and the absence of PDOP B-chain expression in 
normal mesothelial cell lines suggests that PDOF-BB 
can function as an autocrine growth factor and playa 
role in the stimulation of the growth of the tumour 
cells. However, in cultured normal mesothelial cells 
it is possible that PDOF-AA acting via the pnOF 
a-receptor is involved in autocrine growth stimulation. 
Future investigations will be directed towards the 
interference in the autocrine growth stimulation and 
study of the expression of PDOF chains and PDOF 
receptors in fresh tumour material. 
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ABSTRACT 

The expression of platelet-derived growth factor (PDGF) and PDGF receptors was 
studied in human normal and malignant mesothelial cells in vitro and in vivo. Staining with 
anti-cytokeratin and ME 1 antibodies and ultrastructural analysis confirmed the mesothelial 
nature of the cell lines used to study PDGF and PDGF receptor expression in vitro. Using 
antibodies, mesothelioma cell lines were found to express PDGF and both the PDGF a- and 
"-receptor, whereas cultured normal mesothelial cells expressed PDGF and PDGF a
receptor. This PDGF and PDGF receptor staining pattern largely reflects the earlier described 
mRNA expression in these cell lines. The only exception was the immunocytochemical 
detection of PDGF o:-receptors in the mesothelioma cell lines, which is different from the 
inability to detect a.~receptor transcripts on Northern blots. 

Expression was also investigated in mesothelial cells in vivo. Expression of PDGF was 
observed in malignant mesothelioma cells on frozen tissue sections. In pleural effusions a 
double immunofluorescence staining procedure for PDGF and epithelial membrane antigen 
(EMA), revealed PDGF expression by EMA-positive malignant mesothelioma cells. PDGF p
receptors and occasionally PDGF a~receptors were detected in frozen tissue sections of 
malignant mesotheliomas, whereas mesothelioma cells in effusions showed faint expression 
of only the PDGF B-receptor. In contrast, in effusions containing non~malignant mesothelial 
cells only a very low level of PDGF a-receptor could be detected. 

Taken together these results indicate that the pattern of PDGF and PDGF receptor 
expression in mesothelial cells in vivo largely corresponds with expression of PDGF and its 
receptors in vitro. Malignant mesothelioma cell lines thus constitute a good model system 
for studies on the role of PDGF in this malignancy. Furthermore, the data in the present 
paper are consistent with the idea that an autocrine growth stimulatory effect of PDGF via 
PDGF receptors may playa role in the pathogenesis of malignant mesothelioma . 

• J. Pathol., in press. 



62 CHAPTER 3.2 

Keywords: malignant mesothelioma; platelet-derived growth factor; platelet-derived growth 
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INTRODUCTION 

Human malignant mesothelioma is a tumour of mesothelial origin, which is seen most 

frequently in the lining of the coelomic cavities. Epidemiological studies have indicated that 

the incidence of malignant mesothelioma is strongly related to exposure to asbestos fibers 
(11, but the mechanism by which cells become transformed by asbestos is largely 
unknown. Although in recent years asbestos usage has been greatly diminished, the 

incidence of malignant mesothelioma is still increasing. This is due to the long latency 
period (15-45 years) between asbestos exposure and tumour development. 

Platelet-derived growth factor (PDGFI is mitogenic for cells of mesenchymal origin 
(2,31. The dimeric PDGF molecule consists of two disulfide bounded polypeptides, which 
are encoded by two distinct genes, the PDGF A- and B-chain genes. All three possible 
dimeric isoforms of PDGF (AA, AB and BBI were found to be produced by various normal 
cell types (4-61. Two distinct receptors for PDGF were identified: the PDGF a-receptor 
which binds all isoforms and the PDGF p-receptor which binds just PDGF-BB (7,81. In vivo 
PDGF seems to playa role in wound healing and several non"malignant and malignant 
pathological disorders (reviewed by Heldin, 91. Expression of PDGF and its receptors in 
tumour cells has been considered suggestive for an autoerine growth stimulation. Recently, 

evidence was presented for autoerine stimulation by PDGF, as dominant"negative mutants 

of the PDGF ligand were shown to revert the transformed phenotype of two astrocytoma 
cell lines (10). Similarly I an autocrine loop in a glioblastoma cell line was shown to be 

blocked by PDGF neutralizing antibodies (111. 
In previous studies, we suggested that an autoerine PDGF-dependent loop may play 

a role in the pathogenesis of malignant mesothelioma. This was based on results from 

studies on mRNA expression of PDGF chains and receptors in normal and malignant 
mesothelial cell lines. Human malignant mesothelioma cell lines were found to express 

PDGF A-chain and B-chain genes, whereas In contrast no PDGF B-chain mRNA and a low 
level of PDGF A-chain mRNA expression were found in cultured normal mesothelial cells 
(12,13). Furthermore, expression of the PDGF p-receptor was observed in human malignant 
mesothelioma cell lines, while normal mesothelial cells were found to predominantly 

express the PDGF a-receptor (14). In this paper we report on the immunocytochemical and 
immunohistochemical analysis of mesothelial cell lines, pleural effusion cells from 

mesothelioma patients as well as patients without a malignancy, and frozen tissue sections 
of malignant mesothelioma patients, with antibodies directed against PDGF and PDGF 
receptors. The resulting staining pattern is discussed in comparison with the previously 

reported mRNA expression pattern. 

MATERIAL AND METHODS 

Cell lines and culture conditions 
Normal (NM) and malignant (Mero) human mesothelial cell lines were described previously (13,15, 16l. 
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Culture conditions of the cell lines were described as well. Fibroblasts, derived from skin connective tissue, 
were used for comparison with cultured normal mesothelial cells. Cytogenetic analysis on the normal 

mesothelial cell tines revealed no clonal chromosomal aberrations, whereas analysis of the malignant cell lines 
demonstrated many abnormalities (13). 

Patient material and diagnosis 

Pleural effusion cells were collected and harvested as described (15). Autopsy was performed within 

two hours after death. Immediately after autopsy, tumour material was frozen in liquid nitrogen and stored 

at -70°C. Diagnosis was established by routine cytology and always confirmed ultrastructurally and/or 
histologically. 

Immunofluorescence staining 

For immunofluorescence (IF) staining pleural effusion cells were used either immediately or after 
storage in RPM I medium with 40% FCS and 10% dimethyl sulfoxide at -196°C. At a later stage after 

thawing, these cells were washed twice in phosphate buffered saline (PBS) with 0.5% bovine serum albumin 

(BSA). Cytospln preparations were made from 1-2 x 106 cultured or uncultured cells/ml phosphate-buffered 

saline (PBS) with 0.5 % bovine serum albumin (BSA) and 5 % human serum albumin {HSAI. The slides were 
fixed In acetone for 10 min at room temperature (AT) and airdried. For a single IF staining the slides were 

Incubated with the first step antibody for 30 min in a moist chamber at RT and subsequently washed in PBS 
for 15 min at RT, After incubation with second step fluorescein isothiocyanate (FITC)-conjugated goat-anti

mouse (GaM-FITC) or goat-anU-rabbit (GaR-FITC) antiserum with 10% pooled human serum for 30 min in 
a moist chamber at RT, the slides were washed again and were mounted in glycerol/PBS (9:1) with 1 mg/ml 

phenylenediamine (BOH Chemicals, Poole, UK) and sealed under coversllps with paraffinwax. Incubations 
with just second step GaM-FITC and GaR-FIlC antibodies or with non-specific first step antibodies were 

Included for control. At least 150 cells were analyzed by fluorescence microscopy and the percentage of cells 

staining above background levels was determined. For the double IF staining (pDGF and EMAI slides were 

incubated f30 min, RT) with the antibody PGF007 (Mochida Pharmac. Co. Ltd" Tokyo, Japan) and washed 
In PBS. Then the slides were Incubated for 30 min at AT with a FITC-conJugated goat-anti-mouse IgG 1 

antibody (SBA, Birmingham, ALI. Subsequently the slides were washed and incubated (30 min, RT) with an 
anti-EM A antibody IDako, Glostrup, Denmark). After washing the slides were finally incubated for 30 min 

at AT with an tetra methyl rhodamine isothiocyanate (TRITC)-conjugated goat-anti-mouse IgG2a antibody 
(SBA), Incubations with non-specific first step antibodies were Included for control. 

I mm u n ohl s to ch emi stry 
Immunohistochemical staining was largely performed as described by Versnel et ai, (17). The only 

exception Is that subsequent to Incubation with diamonobenzldine for visualization of enzyme activity, an 

enhancement was performed with 0,5% CuS04.5H20 In 0.9% NaCI for 5 min, 

Antibodies 
In this study mouse monoclonal antibodies RGE53 (18) (undiluted supernatant) directed against 

cytokeratin 18, ME 1(19) (undiluted supernatant) against a mesothelial membrane antigen, and anti-EM A 

(1 :80: Dako, Glostrup, Denmark) against epithelial membrane antigen, were used. Mouse monoclonal 
antibody PGF007 (20) (1 :400) and rabbit polyclonal antibody Zp215 (1 :50; Genzyme, Cambridge, MA) were 

used to detect PDGF. Although reported to be specific for PDGF-BB and PDGF-AB it Is our experience that 

the reactivity of both these antibodies could be blocked by preincubation with native POGF-BB as well as 
POGF-AA (our own observations). Moreover, PGF007 has also been described to recognize both POGF-BB 

and POGF-AA In A-chain and B-chain transfected cen tines (21), Rabbit polyclonal Zp214 (1: 1 00; Genzyme), 

directed against PDGF-AA, could be blocked only very weakly by preincubation with PDGF-BB, For detection 

of POGF a-receptor and POGF B-receptor proteins, respectively, mouse monoclonals 1264-00 (clone PR292; 
1 :60; Genzyme) and 1263-00 (clone PR7212; 1 :50; Genzyme) were used, These were described as PDGF

receptor type-specific antibodies (221. 
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RESULTS 

Characterization of mesothelial cell lines 

Our panel of normal (NM) and malignant (Mero) mesothelial cell lines was 
characterized by various methods to obtain evidence for their mesothelial origin. Human 
fibroblasts were used as controls. All mesothelial cell lines were positive for the anti~ 

cytokeratin 18 antibody RGE53 (Figure 1a, and Table 1). Antibody ME1, which has been 
reported to react with a mesothelial specific membrane antigen, stained all normal 
mesothelial cell lines and the majority of malignant mesothelioma cell lines (Figure 1 o,d and 

Table 1). Anti-EMA positive cells were observed in 50 % of the malignant mesothelioma 
cell lines, but no positive cells could be found in the normal mesothelial cell lines (Table 1). 
Fibroblasts did not stain with RGE53, ME 1 or anti-EMA. TEM examination of several 
mesothelial cell lines revealed the presence of several features (microvilli with a more or 
less slender phenotype, glycogen granules, intermediate filaments and occasionally 

junctional complexes) that are consistent with a mesothelial origin (data not shown). When 
EGF and HC were lett out of the standard culture medium for three days, most of the 
normal mesothelial cell lines switched their morphology from fibrous to epithelial (Table 1), 
similarly to the original description of Connell and Rheinwald (23). Fibroblasts did not 
demonstrate this morphological switch. 

Expression of PDGF and PDGF receptors in mesothelial cell lines 
In the various mesothelial cell lines expression of PDGF and both PDGF CJ.- and ~

receptors was analyzed by immunofluorescence staining (Table 1). In all cases clear 
staining (85-100% of cells) was seen with the anti-PDGF antibody PGF007. Reactivity with 
the anti-POGF-AA antibody Zp214 was observed in a high number of cells (80-100%) of 
normal and malignant mesothelial cell lines as well. When using an anti-PDGF a-receptor 
monoclonal antibody (1264-00) strong reactivity was observed in the normal mesothelial 
cell lines and in nearly all malignant mesothelioma cell lines (Figure 1e,f and Table 1). With 
anti-PDGF ~-receptor antibody 1263-00 the normal mesothelial cell lines demonstrated 
almost no reactivity (Figure 19), whereas in the malignant mesothelioma lines the PDGF~
receptor staining pattern was variable. In seven out of fourteen cell lines 100% positivity 

was observed (Figure 1 h), whereas in the remaining seven no clear expression could be 
detected. Cultured fibroblasts reacted strongly with the PGF007, Zp214, and anti-PDGF 
(X- and B-receptor antibodies. 

Expression of PDGF and PDGF receptors in pleural effusion cells 

In an attempt to study expression of PDGF in mesothelioma cells in vivo, total RNA 
from pleural effusion cells of eight malignant mesothelioma patients was analyzed for the 

expression of PDGF B-chain mRNA by Northern blot analysis. In all cases the 3.5 kb PDGF 
B-chain transcript could be detected, but the level of expression was variable and did not 

correlate with the cytologically detected percentage of tumour cells. Moreover, expression 
could not be attributed exclusively to mesothelioma cells as other cell types like 
macrophages are also present in these effusions. In order to investigate expression of PDGF 

and its receptors at a single cell level, cytospin preparations of pleural effusion cells were 
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Figura 1. Immunofluorescence staining of normal human mesothelial cell line NM-21 (a,c,e,g) and human malignant 
mesothelioma cell line Mero-72 (b,d,f,h). (a,b) anti-cytokeratin 18 staining; (e,d) MEl staining; (e,f) anti-PDGF a-receptor 
staining; (g,h) anti-PDGF B-receptor staining. Magnification 500x. 
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TABLE 1. Immunofluorescence staining (% of cells staining positive) and morphological data of normal (NMI and malignant (Mero) 
mesothelial cell lines and cultured human fibroblasts. 

eel! line source of subtype switch RGE53 MEl anti-EMA PGF007 Zp214 1264-00 1263-00 
material tumour (CK18)<J (unknown) lEMA) IPDGF) IPDGF) IPDGF",R) PDGF~R) 

Mero-14 effusion epithelial NA 100 100 a 100 97 100 100 
Mero-25 autopsy epithelial NA 100 100 4 100 100 66 a 
Mero-41 effusion epith.comp. NA 100 100 69 100 100 91 100 
Mero-48a autopsy blphasic NA 100 100 a 100 100 54 a 
Mero-48b autopsy biphasic NA 100 100 100 100 100 100 93 
Mero-48c autopsy biphasic NA 100 100 77 100 100 100 100 
Mero-72 biopsy biphasic NA 100 100 100 100 100 100 100 
Mero-82 effusion fibrous NA 100 4 95 100 100 93 4 
Mera-83 effusion biphasic NA 100 100 3 100 100 68 3 
Mera-84 effusion epithelial NA 100 100 92 100 100 a a co 
Mero-95 effusion epith.comp. NA 100 91 87 100 100 69 1 ~ 
Mero-96 biopsy fibrous NA 6 a 4 100 100 100 100 " Mero-123 autopsy fibrous NA 100 a a 100 100 100 100 ;;: 
Mero-134 effusion epith.comp. NA 100 a a 100 87 91 a " "' '" NM-l effusion NA yes 94 42 ND 95 99 94 a 
NM-2 tissue NA yes 76 42 ND 80 91 83 a 
NM-3 effusion NA +/- 100 100 ND 86 100 96 
NM-4 effusion NA +/- 100 53 ND 96 100 86 1 
NM-5 tissue NA no 69 56 ND 78 95 84 3 
NM-8 tissue NA yes 100 43 ND 97 ND 100 1 
NM-9 tissue NA yes 100 46 a 100 100 100 a 
NM-12 tissue NA yes 97 56 a 100 100 98 1 
NM-21 ascites NA yes 100 43 a 100 100 80 a 
human connective NA no a a a 100 100 100 100 
fibroblasts tissue 

NO; not determined. NA; not applicable. 
a. antigen recognized in parenthesis (see also Materials and Methods). 



TABLE 2. Immunofluorescence staining of pleural effusions containing malignant mesothelioma cells (Mel arnon-malignant mesothelial 
cells (M). 

patient cellsa anti-EMAb PGF007b anti-EMA/PGF007c Zp215 Zp214 1264-00 1263-00 
(EMA)d (POGF) (POGF) (PDGF) (PDGFaR) (POGF~R) 

Me-7 1 - 25 + + + + + + 
Me-67 75 - 100 + + + + + 
Me-69 50 - 75 + + + + + + ;g 
Me-83 1 - 25 + + + + + !;,; 
Me-84 75 - 100 + + + + + + • , 
Me-85 50 - 75 + + + + + "-
Me-103 75 - 100 + + + + + + ;g 
Me-135 25 - 50 + + + + + + '" -" 
Me-160 50 - 75 + + + + + + • Me-164 75 - 100 + + + + + +/- 0 

Me-169 75 - 100 + + + + + NO ~ 

" Me-178 50 - 75 + + + + + + <1 
Me-184 50 - 75 + + + + + + S· 
Me-186 - 25 + + + + + ". 

~ 

Me-197e 1 - 25 + + + + + ~ , 
M-12 1 - 25 + +/- + + + 3 

NO 
~ 

M-17 1 - 25 + + + + + ~ 
c 

M-55 1 - 25 + + + + SO 
M-81 1 - 25 + + NO + + + §: 
M-82 1 - 25 + + + + 3 
M-83 50 - 75 + + + + + + • 

+ staining; +/- doubtful staining; - no st<lining; NO: not determined. 
a. cytologically detected percentage mesotheIiom<l cells (Me) or non-malignant mesothelial cells (M). 
b. immunofluorescence st<lining. 
c. double immunofluorescence staining. 
d. antigen recognized in parenthesis (see also Materials and Methods). 
e. ascites. 

0> 

" 
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Figure 2. Double immunofluorescence 
staining for EMA and PDGF on pleural 
effusion celis of malignant mesothelioma 
patient Me-169. (a) phase contrast 
morphology; (bl EMA-positive celis 
(TRITG-Iabeled); (c) PDGF-positive cells 
(FITG-Iabeled). The three photographs 
represent the same microscopic field. 
Magnification 500x. 

CHAPTER 3.2 

made and used for immunofluorescence staining. In 
Table 2 the staining results of pleural effusion cells 
of fifteen malignant mesothelioma patients are 
presented. The percentage of cytologically detected 
malignant mesothelioma cells in these effusions 
varies from less than 25% to nearly 100%. EMA 
expression was observed in all cases, but in several 
patients not all cytologically detected tumour cells 
were EMA +. The staining pattern for EMA varied 
between dull cytoplasmic and bright membrane 
staining. In all cases the percentage PDGF + 
effusion cells, as detected with anti-PDGF antibody 
PGF007, was higher than the cytologically detected 
percentage malignant mesothelioma cells, due to 
cells with a macrophage-like appearance expressing 
PDGF as well. In order to prove that malignant 
mesothelioma cells in pleural effusions express 
PDGF, a double IF staining procedure for PDGF in 
combination with EMA was developed. With this 
double staining PDGF expression was seen in most 
EMA + cells from the various patients. In Figure 2 
a double IF staining of pleural effusion cells from 
malignant mesothelioma patient Me-169 is 
presented. Most mesothelioma cells Were found to 
be EMA + and PDGF + (Figure 2b,c), whereas cells 
demonstrating a macrophage-like morphology 
(Figure 2a) were EMA' but PDGF+ (Figure 2b,c). 
Stainings performed with the polycional anti-PDGF 
antibody Zp215 yielded staining results similar to 
the ones obtained with PGF007 (Table 2). 
Unfortunately, a double IF staining with EMA and 
Zp215 could not be performed as staining with the 
latter antibody was too faint. In all cases 
mesothelioma cells stained with the anti-PDGF-AA 
antibody Zp214. Mesothelial cells in effusions from 
patients without a malignancy reacted strongly with 
antibodies PGF007, Zp215 and Zp214 as well 
(Table 2). In non-malignant effusions staining of 
mesothelial cells for Zp214 was more intense than 

the staining for Zp215 and PGF007, whereas non-malignant mesothelial cells were only 
occasionally EMA-positive. Stainings with antibodies 1264-00 and 1263-00, directed 
against PDGF u- and B-receptors, respectively, are also shown in Table 2. No PDGF u
receptors were observed in mesothelioma cells from pleural effusions, whereas PDGF B
receptors could be detected in at least eight out of fifteen cases. However, the PDGF B
receptor signal was often faint and not all tumour cells were positive. In non-malignant 
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effusions the opposite was observed, i.e, the mesothelial cells demonstrated no detectable 
POGF B-receptors and a faint POGF «-receptor expression. 

Expression of PDGF and POGF receptors in frozen tissue sections 
Frozen tissue sections of fifteen pleural malignant mesothelioma patients were stained 

using an immunoperoxidase technique with antibodies against EMA, PDGF and the PDGF 
receptors (Table 3). In Figure 3 stained tissue sections of patient Me~202 are presented. 
Thirteen mesothelioma tissues were EMA + (Figure 3a,b), PDGF was detected using 
antibodies PGF007 and Zp215. Using PGF007, POGF + tumour cells were detected in 
twelve out of thirteen malignant mesotheliomas. The immunoreactivity with PGF007 was 
characterized by a perinuclear staining (Figure 3c,d). Excopt for a few cases, the results 
obtained with Zp215 were similar to those obtained with PGF007. In general, staining with 
PGF007 was more intense. No correlation could be observed between PDGF expression or 
EMA positivity and the tumour histology. The malignant mesothelioma tissue sections were 
stained with antibodies directed against the PDGF a~ and p~receptors as well. In nine out 
of fourteen analyzed patients PDGF a~receptor expression was observed, although it should 
be noted that the staining intensity was variable (Figure 3e), In all cases the majority of 
mesothelioma cells were found to react with anti-POGF p-receptor antibody 1263-00 
(Figure 31). 

TABLE 3. Immunoperoxldase staining of frozen tissue sections from pleural malignant mesothelioma 
patients. 

patient histology anti-EMA PGF007 Zp215 1264-00 
lEMA)' IPOGF) IPOGF) IPOGF«R) 

Me-7 epithelial + +/- + 
Me-4B biphasic ++ +++ ++ +/-
Me-66 biphasic ++ +++ + + 
Me-71 epithelial +++ +++ +++ + 
Me-72 biphasic +++ NO +++ +/-
Me-77 biphasic ++ NO 
Me-84 epithelial + +++ +++ 
Me-97 biphasic + NO NO 
Me-122 biphasic +/- ++ + + 
Me-123 fibrous + +++ +++ +/-
Me-128 biphasic + ++ +1+ + +1+ + 
Me-137 biphasic +/- ++ +1+ + 
Me-200 biphasic +++ +/-
Me-201 biphasic + ++ 
Me-202 epithelial ++ +++ +/- +1+ + 

+ + + vary strong staining; + + strong staining; + moderate staining; +1- weak staining; - negative staining; 
ND: not determined. 
a. antigen recognized in parenthesis (see also Materials and Methods), 

DISCUSSION 

1263-00 
IPOGFPR) 

++ 
+ 

++ 
++ 
++ 
+/-
+ 
+ 
+ 
+ 

++ 
+ 

++ 
++ 

+++ 

Previously we reported on the mRNA expression pattern of PDGF chains and receptors 
in normal and malignant mesothelial celillnes (13,14). The mesothelial nature of these cell 
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Figure 3. Immunohistochemical staining of frozen tissue sections of mesothelioma patient Me-202. (a,b) anti
PDGF (PGF007)-staining; (e,d) anti-EM A staining; (e) anti-PDGF a-receptor staining; (f) anti-PDGF B-receptor 
staining, Magnification 250x (a,e,e,f) and 675x (b,d). 

lines was confirmed in various ways. Staining with anti-cytokeratin and ME 1 antibodies, 
as observed in cultured normal and malignant mesothelial cells (19,23-25), was seen in 
these mesothelial cell lines as well. In the present report the various cell lines were analyzed 
immunocytochemically with antibodies against the PDGF chains and receptors. The 
immunocytochemical detection of PDGF-AA IZp214) and PDGF a-receptors 11264-00) and 
the lack of PDGF B-receptors in normal mesothelial cell lines is consistent with the earlier 
observed mRNA pattern. Given the fact that PGF007 reactivity could also be blocked by 
native PDGF-AA 121 and our own observation), PGF007 most probably reacts with PDGF-
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AA in normal mesothelial cells, since we could not detect PDGF B-chain transcripts in these 
cell lines using Northern blot and run off analysis (Langerak et al., in preparation). The 
staining pattern in the various mesothelioma cell lines largely confirmed the earlier reported 
expression of POGF A-chain and PDGF B-chain mRNA in these cell lines. Furthermore, in 
those cell lines showing high levels of PDGF f!-receptor mRNA PDGF f!-receptors could 
clearly be detected immunocytochemically, whereas in cell lines in which lower or 
undetectable PDGF B-receptor mRNA levels were observed POGF B-receptor proteins were 
almost or totally undetectable in the majority of cells. The immunocytochemical detection 
of PDGF a-receptors in nearly all mesothelioma cell lines in the present study is in contrast 
with their lack of POGF a-receptor transcripts in Northern blot analysis (14). However, it 
does fit in with the detection of a-receptor mRNA in mesothelioma cell lines using the more 
sensitive nuclear run off (Langerak et aI., in preparation) and RNase protection assays (26). 
Furthermore, together this also suggests that our earlier obtained data from radioreceptor 
assays should be interpreted as specific, although very low, binding of PDGF-AA to PDGF 
a-receptors in mesothelioma cell lines (14). 

In order to test whether the cell lines constitute a relevant model system for the study 
of the role of PDGF and POGF receptors in malignant mesothelioma in vivo, the expression 
pattern was analyzed in effusions and biopsies as well. Northern blot analysis of PDGF 
expression in total RNA of effusions from malignant mesothelioma patients appeared to be 
inconclusive due to the presence of contaminating cell types in these effusions, whereas 
RNA in situ hybridization on pleural effusion cells resulted in high background levels. 
Therefore, antibodies directed against PDGF and the PDGF receptors were used to analyze 
patient material. Given the specifiCities of the various anti-POGF antibodies as described 
in Materials and Methods, we conclude that malignant mesothelioma cells in tissue sections 
express PDGF, which is at least partly of the PDGF-AA form. The same was shown for 
mesothelioma cells in pleural effusions using a double IF staining for PDGF and EMA. 
Mesothelial cells from non-malignant effusions were observed to express PDGF as well. 

In addition to PDGF expression, we found membrane expression of PDGF p-receptors 
in tissue sections from all mesothelioma patients studied. Using the same antibody, Ramael 
et al. (27) found cytoplasmic and sometimes membrane expression of the B-receptor in only 
half of the malignant mesotheliomas. This difference in reactivity and subcellular 
localization might result from the use of paraffin-embedded material by Ramael et al. (27). 
We also observed small groups of PDGF a-receptor+ cells in nine out of fourteen cases 
analyzed, but due to the poor morphology in frozen tissue sections it remains unclear 
whether these are malignant mesothelioma cells or stromal cells. Thus far there have been 
no reports on PDGF a-receptor expression in malignant mesothelioma in vivo. In 
mesothelioma cells of pleural effusions we could not detect POGF a-receptors, whereas 
expression of PDGF IS-receptors was seen in these cells in eight out of fifteen effusions. 
This may indicate that in some cases malignant mesothelioma cells have lost their PDGF 
p-receptor expression upon leaving the solid tumour tissue or that the expression in the 
exfoliated mesothelioma cells is below the detection limit. In non-malignant mesothelial 
cells in effusions only a faint PDGF a-receptor expression was seen. The fact that in vitro 
normal mesothelial cells clearly express PDGF (I.-receptors and mesothelioma cells both 
PDGF a- and B-receptors, suggests that the levels of these receptors are upregulated in 
culture. Upregulation of the PDGF receptor in culture has been reported in fibroblasts and 
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smooth muscle cells (28). In general, the use of anti-PDGF and anti-PDGF receptor 
antibodies does not seem to be suitable for a reliable diagnosis of malignant mesothelioma 
on pleural effusions. 

In this report we demonstrate that malignant mesothelioma cells, but not non
malignant mesothelial cells, co-express PDGF and PDGF p-receptors in vitro as well as In 
vivo. The in vivo data are thus consistent with the earlier suggestion that PDGF contributes 
to the pathogenesis of malignant mesothelioma in an autocrine way by activating PDGF p
receptors. In primary human lung carcinomas, but not in non-malignant epithelial cells, co
expression of POGF B-chain and POGF p-receptors was reported as well (29). Similarly, 
Hermanson et al. (30) demonstrated high expression of POGF a-receptors and POGF A- and 
POGF B-chains in gliomas. POGF expressed by the mesothelioma cells may exert a 
paracrine function as well. The possible expression of POGF a-receptors on stromal cells 
on frozen tissue sections of mesotheliomas may be in support of this. Based on the strong 
POGF B.-receptor expression in tumour-supporting stromal tissues, a paracrine function of 
POGF in tumour growth has been suggested in gliomas (30,31) as well. Convincing 
evidence for a paracrine role of tumour-derived POGF in stromal development came from 
a study in which nUde mice Were inoculated with PDGF B-chain-transfected human 
melanoma cells (32). These POGF p-receptor-, POGF-BB+ melanoma cells produced 
tumours with abundant supporting connective tissue without necrosis, whereas PDGF p
receptor-, PDGF-BS- melanoma cells gave rise to tumours with necrotic areas and a poorly 

developed stroma. 
In conclusion, this paper describes the immunofluorescence staining of PDGF and 

PDGF receptors in normal and malignant human mesothelial cell lines. The observed pattern 
largely reflects the earlier reported POGF chain and receptor mRNA expression pattern in 
these cells. Furthermore, expression of PDGF and PDGF receptors in human malignant 
mesothelioma cells in vivo is similar to the expression observed in vitro. These data support 
the idea that an autocrine growth stimulatory effect of POGF via POGF receptors could play 
a role in the pathogenesis of malignant mesothelioma. Malignant mesothelioma cell lines 
thus constitute a good model system for future studies on the role of POGF in this 
malignancy. 
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CHAPTER 4.1 

Splicing of the platelet-derived-growth-factor A-chain mRNA 
in human malignant mesothelioma cell lines and regulation of its expression 

Anthonie W. LANOERAK I, Ron P. H. DIRKSl and Marjan A. VERSNEL 1 

I Department of Immunology, Erasmus University, Rotterdam, The Netherlands 
2 D~partment of Biochemistry, University of Nijrnegen, The Netherlands 

(Receiwd June 5, J992) - E1D 92 0789 

Platelet-deri\,cd.growth·faClor (PDGF) A-chain transcripts differing in the presence or absence 
of an alternative exon-derived sequence have been described. In some publications, the presence of 
PDGF A-chain transcripts with this exon-6-derived sequence was suggested to be tumour spedfic. 
However, in this paper it was shown by reverse-transcription polymerase-chain-reaction (peR) 
analysis that both normal mesothelial cells and malignant mesothelioma ccl! lines predominantly 
express the POOF A-chain transcript without the exon-6-derived sequence. This sequence encodes a 
cell-retention signal, which meam that the POOF A-chain protein is most likely to be secreted by 
both cell types. In cultured normal mesothelial cells, the secreted POOF ,A-chain protein might 
be involved in autocrine growth stimulation via POOF a receptors. However, human malignant 
mesothelioma cell lines only possess POOF fJ receptors. Irthis also holds true {n rho, the PDOF A
chain protein produced and secreted by malignant mesothelial cells might have a paracrlne function. 

In a previous paper, wc described elevated cxpression of the PDOF A-chain transcript in human 
malignant mesothelioma cell lines, compared to normal mesothelial cells. In this papcr"the possible 
reason for this devation was studied, First, alterations at the genomic levcl were considered, but 
cytogenetic and Southern-blot analysis revealed neither consistent chromosomal aberrations, amplifi
cation nor structural rearrangement of the POGF A-chain gene in the malignant cells. Possible 
differences in transcription rate of the POGF A-chain gene, and stability of the lramcripl between 
normal and malignant cells, were therefore studied. The presence of a protein-synthesis inhibitor, 
cycloheximide, in the culture medium did not significantly influence the POOF A-chain mRNA level 
in normal mesothelial and malignant mesothclioma eel! lines. Furthermore, nuclear run-off analysis 
showed that nuclear POOF A-chain mRNA levels varied in both cell types to the same extent as the 
levels observed in Northern blots. Taken together, this suggests that increased transcription is the 
most probable mechanism for the elevated mRNA level of the POOF A-chain gene in human 
malignant mesothelioma cell lines. 

Platelet-derived growth factor (POOF) is composed of 
homodimers or heterodimers of two polypeptide chains, de
noted A and B. These polypeptides are encoded by two distinct 
genes, which show a high degree of similarity (Betsholtz et al., 
.1986). All three dimeric combinations (AA, AB and BB) have 
been identified (Strooban! and Waterfield, 1984; Heldin et al., 
.1986; Hammacher et aI., .1988). Based on ligand-binding and 
cross-competition analysis, two different POOF receptors, C( 

and {J, haye been described (Hart et aI., 1988; Heldin el aI., 
.1988). The structure of these receptors is quite similar, showing 
mosl variation in the extrace!1ular binding domain (Claesson
Welshet al., .1988, 1989; Matsui et al., 1989). The two receptor 

COffcspondcllc., 10 A. W. Langerak, Department of Immuno!ogy, 
P. O. Box 1738, NL-3000 DR Rotterdam, The Netherlands 

Fax: + 31 104367601. 
Abbri'f'iaIiOIlS. PDOF, platelet-derived growth factor; PCR, poly· 

memse chain reaction. 
£/l!)m~s. HindI![ (EC 3.1.23.20); XhaI restriction endonuclease 

(EC 3.1.23.41); RNAse A (EC 3.1.27.5); RNase-free DNAse I (EC 
3.1.21.1); avian myoblastoma virus reverse transcdptase (EC 
2.7.7.49); Taq pol)merase (EC 2.7.1.1); T4 polynucleotide kinase (EC 
2.1.1.18). 

subtypes show different affinities for the dimeric POOF 
isoforms. The POOF C( receptor binds all three forms with high 
amnily, whereas the {J-receptor subtype only binds POOF BB 
with high affinity (Claesson-Welsh et aI., .1988, 1989; 
Hammacher et aI., 1989; Seifert et 011.,1989). The reports on 
the ability of POGF AB to bind to POOF P r("(eptors are 
conflicting (Hammacher et aI., 1989; Seifert et a\., 1989; 
Grotendorst et aI., 1991; Heidaran et aI., 1991; Orozdoff and 
Pledger, .1991) . 

Although originally isolated from blood platelets, POOF 
seems also to be produced by several other cell types, e.g. 
endothelial ceUs and smooth muscle cdls. Furthermore, ex
pression of one or both of the POGF chains has been reported 
for a variety of tumour cdl types, such as osteosarcoma and 
glioblastoma (reviewed in Heldin and Westermark, 1990; 
Raines et aI., 1990), 

Human malignant mesothelioma is a tumour of me soder
mal origin and is predominantly found in the pleuHI. The 
ineidence of malignant mesothelioma is strongly associated 
with asbestos exposure (Wagner et aI., .1960). Malignant 
mesothelioma is thought to develop from cells of mesothelial 
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origin. Expression of POOF B-chain and POOF p'reccptor 
transcripts in a panel of human malignant mesothelioma cell 
lines was reported earlier, whereas normal mesothelial cell 
lines express no POOF B-dJain mRNA and little or no POOF 
p.rceeplor mRNA (Gerwin et ai., 1987; Versne! et aI., 1988, 
1991). NOfmaime50thcliai celiHnes, in contrast, were found 
to express POOF ct-receptor mRNA, which could not be 
detected in mesothelioma ccll Jines (Versnel et aI" 1991). 
POOF A-chain mRNA was detected both in normal and 
malignant mesothelial celiHnes, but the latter clearly showed 
an e!e\'aled expression of this gene (Gerwin et aI., 1987; 
Versnel et al., 1988), 

In severaJ reports, alternative splicing of exon 6, resulting 
in an extra 69-bp internal region, was shown for the PDOF 
A-chain mRNA (Collins et aI., 1987; Rorsman et aI., 1988; 
Bonthron et aL, 1988; Matoskova et aL, 1989). Since in some 
publications expression of the transcript with the exon-6-de
rived sequence was suggested to be tumour specific (Collins 
et aI, 1987; Rorsman et al., 1988), the presence of this extra 
exon in the A-chain mRNA was studied in both normal and 
malignant mesothelial cell lines. We found no increased use 
of the exon·6 element in transcripts produced by malignant 
versus normal mesothelial cell lines. Furthermore, in this 
paper, the possible cause of the observed elevated expression 
of the PDOF A-chain gene in malignant mesothelioma cell 
lines was also studied. Increased transcription was found to 
be the most probable mechanism for this elevation. 

.\IATEHlALS AND METHODS 

Cdllines, conditions of growth and cytogenetic anal)'.sls 

Experiments were performed using the human malignant 
mesothelioma ce!llines Mero-14, Mero-25, Mero-41, Mero-
4Sb, Mero-48c, Mero-72, Mero-82, ~'lero·83, Mero-S4, Mero-
95 and Mero-96 (Versnel et aI., 1989) and the normal 
mesothelial cell lines NM-l, NM-2, NM-5, NM-6, NM-7, 
NM-9, NM-IO, NM-ll, NM·12 and NM-13. Cell lines were 
routinely cultured as described by Versnel et al. (1989). When 
indicated, cycloheximide (Sigma, St. Louis, ~W) was added 
to the medium at a concentration of 10 pg/ml for 2 h, and 
actinomycin 0 (Sigma) at 5 pg/ml for 1-4 h. Cytogenetic 
analysis was performed as described by Versnel et al. (1988). 

ReH'rsc-transcription peR analysis 
and olIgonucleotide h)'bridizatlon 

RNA was isolated as described by Versnel et a!. (1988). 
Chromosomal DNA Was removed by treating lO).Ig total 
RNA for 1 hat 3rC with lO).Ig RNAse· free DNAse I (BItL, 
Gaithersburg, MD). Afterethano! precipitation, 1 ~Ig DNAse
l-tre,1ted RNA was used in a reverse Iranseriptase reaction, 
modified from Krug and Berger (1987). First 0.01 U (dThs 
(Pharmacia, Uppsala, Sweden) was added to the RNA to give 
a final volume of 14 ~ll, and the mixture was heated for 3 min 
at 85~C. The oJigo(dT)-primed RNA was then added to a 
mixture containing 50 mM Tris/HCI, pH 8.3, 50 mM KCI, 
10 mM MgCI

" 
1 mM dithiothreitol, 1 mM EDTA, I ~Ig/ml 

bovine serum albumin, I mM dNTP, 4mM sodium pyro
phosphate, 40 U RNAsin (Promega, Madison, WI) and 5 U 
avian-myoblastoma-yjrus reverse transcriptase (Boehringer 
:\fannheim, FRG). This mixture was incubated for I h at 
39'C. Of this eDNA mixture, 25% was used in a PCR reac
tion. eDNA was mixed with 10 111M Tris/HCI, pH 8.3, 50 mr ... ! 
KCI, 1.5 mM MgCl

" 
0.01 % (mass/vo!.) gelatin, 0.2 mM 

dNTP, PDGF A-chain sense and antisense primers (A '60 = 
0.2) and 1 U Taq polymerase (Perkin.Elmer Cetus, Norwalk, 
CT). The primers used were the same as in Matoskova et al. 
(1989).35 cycles (I min at 94°C for denaturation, 2 min at 
55 <C for annealing and 3 min at 72 ~C for primer extension) of 
amplification were perfom1Cd, using the Perkin-Elmer Cetus 
DNA thermal cycler. 

The PCR reaction mixture was analysed on a 1.5% (mass! 
vo!.) agarose gel. After 10 min depurination (0.25 M HCI), 
two 15-min periods of denaturation (1.5 M NaCI, 0.5 M 
NaOH) and two 20·min periods of neutralization (1.5 M 
NaCI, 0.5 M Tris/HCI, pH 7), PCR fragments were blotted 
onto Hybond-N (Amersham, UK) in 1.5 M NaC], 150 mM 
trisodium citrate, pH 7, and were immobilized by ultnt,'iolet 
cross-linking. A 53-bp oligonucleotide primer complementary 
to a part of the PDGF A-chain exon-6 sequence, [5'
d(OOTOOOTTTTAACCTTTTTCTTITCCGTTTTITAC
CTOACTCCCTAGGCCTTC)-3'; Fig. tAl was used for 
oligonucleotide hybridization of the filter. The oligomer (12.5 
pmol) was end-labeled with 40 ).ICi [}._31 pJATP in a reaction 
mixture containing 50 mM Tris/HCl, pH 7.6, 10 mM MgCl

" 5 mM dithiothreitol, 0.1 mM spermidine, 0.1 mM EDTA and 
10 U 1'4 polynucleotide kinase (pharmacia) for 30 min at 
3rC. Oligonucleotide hybridization was performed at 65~C 
for 2 h and the filter was washed twice for 30min in 0.1% 
SDS, 0.9 M NaCi, 50 mM NaH 2P04 and 5 mM EDTA at 
65~C. The filter was rehybridized with the l.3·kb EcoRI 
POOF A-chain fragment (Figs lAand 4A), which was labeled 
with 32p by random-primer labeling. Hybridization con
ditions with this probe were the same as described for 
Southern-blot anillysis (Versnel et al., 1988). Autoradiography 
was performed with Fuji-HX films at room temperature for 
10-20 min. 

Northern-blot and Southern-blot analyses 

RNA isolation and Northern blotting were performed as 
described by Versnel et al. (1988). Filters were washed in 
45 mM NaCI and 4.5 m~.f trisodiun citrate, pH 7.0, at 42~C. 
DNA isolation and Southern blotting were also described by 
Versnel et ill. (1988). Filters were exposed to Fuji-RX films. 

Nuclear run-off assay 

Cells were cultured as described. Nuclei were isolated from 
108 cells, essentially according to Zenke el al. (1988) except 
for the presence of 0.5% Nonidet P-40 in lysis buffer. From 
each eell line, 1-2 x 101 nuclei were used for a nuclear run
off assay, adapted from Linial et al. (1985). The ultimate 
concentration of TrisjHCI, pH 8.0, in the run-otT buffer was 
6 mM, and 140 ~ICi [a_ 32 PjUTP was added. Transcripts were 
synthesized at 30°C for 20 min, followed by a 5·min DNAse 
I (10 j.Jg) digestion at 30'c. After centrifUgation, the nuclear 
RNA pellet was resuspended in hybridization butTer contain
ing 45% (by vol.) fonnamide, 0.2 M sodium phosphate, 
pH 7.2, 1 mM EDTA, 7% SDS and 250 ).Ig/ml yeast RNA. 

Plasmid DNA was spotted on to nitrocellulose filters with 
a slot-blot apparatus (Schleicher and Schuell, Dassel, FRO) 
and immobilized for 2 h at 80 cC. Subsequently, the filters 
were hybridized with the 32P·labeJe.d RNA for 2 days at 45°C. 
After hybridization, filters were washed for 3-4 h in 40 mM 
sodium phosphate, pH 7.2, and 1% SDS at 65<C, interrupted 
by a washing step of 30 min at 37"C in 0.3 M NaCI and 
30 mM trisodium citrate, pH 7.0, containing 5 pg!ml RNAse 
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Fig. I. Alternatilc splldllgoflhc PDGF A-chain gene in llomlal and malignanl m~solhdlalccll lInU. (A) Part of the PDOF A·chain transcription 
unit v,ith positions of PDOF A-chain probe (a), thc exon·6-spedfic oligomer (b) and the primers used for peR (c). The two alternatively 
spliced mRNA (including exon 6 or nol) can be reverse-transcribed to cDNA. (B) PCR·mediated amplification ofcDNA results in fragments 
of250 br. as found in the control cell line U-J4J, or 181 bp, obser\'ed in eight nonnal and eight malignant mesothelial cell lines. 

A. Autoradiography was perfomled at _80°C wilh Kodak 
XAR films. 

Probes 

The PDGF A-chain probe (Figs lA and 4A) was an EcoRI 
fragment ofl.3 kb(Betsholtzet a!., 1986). Theglyceraldchyde-
3-phosphate-dehydrogenase probe wus a O.7-kb EcoRI - PslI 
fragment (Denham et a!., 1984). The T-ceH.receptor C)' probe 
was a OA-kb Ball/HI fragment (van Dongen and Wolvers
Teltero, 1991). For the run-off analysis, the above·mentioned 
rOOF A-chain fragmenl was used, subcloned in pUc. pAct 
(Dodemont et al., 1982) was used to detect actin expression 
in this assay. 

RESULTS 

PDGl·' A-chain exon-6-derh'ed sequences are not exprcss{'d 
in normal and malignant mesothelial ('ell lines 

For reverse·transcription peR analysis of the PDGF A
chain mRNA, lolal RNA of several malignant mesothelioma 
0\,[ero-14, Mero·25, Mero·48c, Mero-n, 1\'lero-83, 11ero·84, 
Mero-95 and h-1ero-96) and nomlal mesothelial (NM-l, NM-
2, NM-6, NM-7, NM-l0, NM-l1, NM-12 and N1-1-13) cell 
lines was reverse-transcribed. eDNA was amplified by PCR. 
Using the PDGF-A-chain-specific oligonucleotide primers, 
which were described by Matoskova et a!. (1989), fragments 
of 250 bp (including the cxon·6-derived sequence) or 181 bp 
(without exon-6·derived eDNA) were amplified (Fig. 1). The 
PDOF A·ehain eDNA from glioma cdlline U·343 was used 
as u positive conlrol for the pre,ence of Ihe cxon·6·derived 
sequence (Maloskovn et ul., 1989). Amplification of this 
eDNA with these primers resulted in a DNA fragment of 
250 bp, as shown in Figs 1-3. Non-reverse-transcribed RNA 
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probe: 
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probe' 
e.on6 
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I'Ig.2. Re\erse-lranscnpUon peR anal)'sls Ilith RNA horn mailgnant 
mesothelioma cclllln~s Mero-14, Mero-2S, ~lcro-lSe, "fero-n, "'ero-
83, i\luo-S-I, MefO·95 and Mcro·96 011 an ethldium·brom!dc-stalncd 
agarose gel. cDNA from glioma eel! line U·J43 was used as a positive 
control (+), and RNA from nonnal mesotbelial cclllin~ NM·2 as a 
negative control (-) for the PCR reaelion. After blotting of the gel, 
the /ilter was h>'bridizeJ to a PDGF A·chain probe and to an c~on' 
6,sp<-cifie oligomer (spec. oligo), as dcscribed in the legend to Fig. IA. 

of cell line NM-2 was used as a negative control for the 
PCR reaction. In the normal, as well as in the malignant, 
mesothelial Cell Jines studied, peR-mediated amplificalion 
resulted in a predominant band of 181 bp on ethidium-bro
mide-stained agarose gels (Figs 1-3). Only in some eases was 
a faint band of 250 bp detected (datu not shown). Band size 
was confirmed by electrophoresis on a 10% polyacrylamide 
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Flg.3. ReH'fSe-lranscrlpllon peR anal}'sls \Ilth RNA from nOfmal 
mesothelial cell lines NM-I, 1'1;\1.2, NM-6, N;'I,I-7, NM-IO, N:\I.II, 
N,\I·12 and 1'1.\1-13 on an elhidlum·bromldc-stained agarose gel, eDNA 
from glioma (CaUne U·343 was used a5 a positive control (+) and 
RNA from ncmla) mesothelial cell line NM-2 as a negative control 
(-) for the peR reaction. After blotting of the gel, the filler was 
hybridized to a PDGF A·chain probe and to an e."on.6.specific 
oligomer (s!>"c. oligo), as described in the legend \0 Fig. I. 

gcl (data not shown), The nature of the bands on agarose 
gels was studied by hybridization to an exon-6-specifie 
oligonucleotide primer and to the poOP A-chain eDNA 
probe. As expected, the POoF A-chain probe hybridized to 
the 181-bp and the 250-bp fragments, and not to the marker 
DNA (Figs 1-3). However, the exon-6-specific oligomer hy
bridized only to the 250-bp band (Figs 1 - 3), showing the 
absence of the exon-6-derived sequence in the 181-bp frag
ment. It was therefore shown by hybridization that normal 
and malignant mesothelial cell Jines predominantly contain 
the 181-bp fragment variant of the PDOF A-chain. On longer 
exposure, howe\'er, in some cell lines faint .bands of 250 bp 
were also seen. A summary of these data is given in Fig. j B. 

;\Iallgnant mesotheUoma cell lines do not show structural 
rearrangements or ampllneatlon of the pnGF A-chain gene 

As a possible reason for elevated POoF A-chain mRNA 
expression in malignant mesothelioma cell lines, structural 
rearrangement or amplification of the PDOF A-chain gene 
were considered. Xbal/llil1dIII-digested DNA from the nor
mal mesothelial cell line NM-6 and from the malignant 
mesothelioma cell lines ivlero-14, Mero-25, Mero-41, Mero-
48b and Mero-82 was used for Southern· blot analysis with a 
POOF A-chain cDNA probe (Fig. 4A). XbllljffilldIIl-digesl
cd DNA of these cell lines did not reveal structural rearrange
ments in the PDOF A-chain gene. In nomlal as well as malig
nant cells, a b,mdofabout15.6 kbwasdetectablenfter Nil/dIll 
digestion (Fig.4B). On longer exposure, a second band of 
about 25 kb, probably corresponding 10 a fragment upstream 
of the 15.6-kb fragment, was detected in the investigated ccJ! 
lines (Fig.4B). The bands seen on Southern blots of XhaI
digested (data not shown) and fiJildlIl-digested (Fig_ 4B) 
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Hg. 4. Southern-blot analysis of the pnGF A-chain gene In normal and 
malignant mesothelial cell Jines. (A) Pari of the PDOF A-chain locus 
""ith PDOF A-chain cDNA probe (a), restriction sites for the enzymes 
Xbal (X) and HindIH (H) and exons numbered 1-7. Adapted from 
[Jonthron et al. (1988). (8) Southern-bIoI anal),sis with DNA from 
normal mesothelial cell line NM-6 and malignant mesothelioma cell 
lines MeTo-14, Mero-25, Mero·41, Mero·48b and Mcro-82. DNA \\as 
hybridized to PDOF A-chain and T-cdl-receplor (TcR) C, probes . 
• , number of nonnal and rearranged copies of chromosome 7p. 

ONA correspond to DNA fragments in the POOF A-chain 
locus, which are indicated in Fig. 4A. 

The same filters were subsequently hybridized with a T
ceH-receptor C, probe, since this locus, like the PDoF A
chain, has been mapped to chromosome 7p. This resulted in 
bands of 2.8 bp and 3.5 kb in all ceHlines investigated after 
Hindlll digestion (Fig. 4B). The intensities of the bands corre
lated with those after PDoF A-chain hybridization, which 
suggests that there is no amplification of the POOF A-chain 
gene in malignant mesothelioma cell tines. Correlation of the 
intensities of the hands from the various cell lines \\lth the copy 
number of chromosome 7p (Fig. 4B) showed that v,1rlation in 
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fig. 5, )\'orthem·b!ot anal)!ls \llth 25/1g total RNA frolll placenta (P), 
normallllCSOlhdlal cell lin .. N;\I-5 and malignant mesothelioma c~lIline 
Mero·2S, cultured in the prescon- (+) or absence (-) of 10 J1g(ml 
c)cloheximldc (CHX). RNA was hybridind to PDOF A·chain and 
g lyccra Ideh>'de-)-phosphalc·dehyd rogena so! (0 APD II) probes. 

copy number is the major cause of the difference in band 
intensity seen in the various lanes. 

Jnereased mRNA stabllHy does not seem 
to be the cause of derated PDGF A-chaIn leI-cis 
In malignant mesothelioma cellllm's 

Elevated expression of mRNA on Northern blots can, in 
general. be accountl'd for by increased transcription or by 
increased stability of the transnipt in the cytoplasm. To dis
cern between these possibilities, the human malignant 
mesothelioma cell lines Mero·25, r-,.·1ero-48c and Mero-82 and 
the normal mesothelial cell lines NM-5, NM-7 and NM-9 
were cultured in the lIbsence or presence of a protein synthesis 
inhibitor, cycloheximide, for 2 h. RNA isolated from these 
cell lines was analyzed for the expression of POOF A-chain 
mRNA. Placental RNA was used as a positive control. Ad
dition of cycloheximide did not affect levels of POOF A
chain transcripts (2.8, 2.3 and 1.9 kb) significantly in the 
three nonnal or in the three malignant mesothelial cell lines 
investigated. This is shown for the nomlal mesothelial cell 
line NM-5 and the malignant mesothelioma cell line Mero-2S 
(Fig. S). Approximately e(llial amounts of RNA were loaded 
in each lane, which was demonstrated by rehybridization of 
the filter with glyceraldehyde-3-phosphate dehydrogenase 
(Fig. 5). 

Nuclear RNA expression levels of the POOF A·chain were 
studied in the malignant mesothelioma cell lines Mcro-2S and 
Mero-82 and in the lIonnal mesothelial eel! lines NM-5 and 
NM-7. By nuclear nUl-off analysis, nllclear PDOF A-chain 
RNA levels were found to be increased in the two nlalignant 
mesothelioma cell lines, compared to the two nomlal 
mesothelial cdllines. In Fig_ 6, this is demonstrated for NM-
5 lind Mero-25. This increase was comparable to the earlier 
observed increase on Northern blots betwe~'n the two cell types 
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Fig.6_ Nllc!.:ar rUlI-off a031)$is l'iith JJP_labeled nudear RNA from 
normal mesothelial cell line 1'\;-'1-5 and malignant 111csolhdfoma cell 11M 
;\lero-25, on nitrocellulose blots containing the plasmfds pUC, pUC plus 
actin and pUC plus PDGF" A chain at the Indicated positiolls. 
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Fig. 7, (\'orlhero-blot lInal)sts \\lIh 25 pg total RNA from malignant 
mesothelioma cdl Hnes i'llero-25 and Mcro·82, cultured in the preseflce 
of 5 pg/ml actinom)dn l> (Act D) for the Indicated lime. RNA \\as 
h,'bridilCd to PDGF A·chain and glycaaldeh}'de-J-phosphalc·dc
hydrogenase (GAPDIf) probe,. 

(data not shown). Concomitant analysis of the constitutively 
tmfiScribed actin gene revealed that the same amounts of 
nuclear RNA were analyzed in the various cells. Non-specific 
hybridization to the pUC vector was not observed (Fig. 6). 
Thus, the difference in rOOF A-chain mRNA expression 
between normal and malignant mesothelial cdllincs, as detect
ed by Northern-blot analysis, was also reflected in the amount 
of nuclear transcripts. 

Northern-blot analysis of RNA from the malignant 
mesothelioma cell lines Mero-25 and Meso-82, cultured for 
various times with the transcription inhibitor actinomycin 
D, revealed a sudden decrease in PDOF A-chain mRNA 
expression, after 2-4 h treatment with actinomycin 0, which 
was not a~'companied by a similar decrease in the glyceralde
hyde-3-phosphate-dehydrogenase mRNA expression (Fig. 7). 
The level of expression after 1 h tr('alment with tlctinomycin 
o was comparable to the level found in untreated cells of 
},'lcro-25 and Mero-82 (data not shown). Thesc results suggest 
a half-life of less than 4 h for the PDOF A-chain mRNA in 
these cell lines. Unfortunately, we did not succeed in isolating 
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cnough RNA from actinomycin-D-Irealed normal meso
thelial cells to study the half·life of the A-chain transcript in 
nomlai cells. 

DISCUSSION 

Alternatively spiked PDOP A-chain transcripts, which 
di[fer in the presence or absence of exon-6-derivcd sequences, 
have been described. In some publications, transcripts includ
ing this sequence were thought to be tumour specific (Collins 
et a]., 1987; Rorsman el a1., 1988). The results in this study 
suggest that in both normal and malignant mesothelial cell 
lines, PDOF A-chain mRNA withoutexon 6was the predomi
nant transcript. In some cell tines, only tiny amounts of the 
alternative mRNA, which includes the exon·6·derivcd se
quence, were observed. Thus, the results obtained in 
mesothelial cells are consistent with earlier described data by 
Maloskova et al. (1989), who suggested that usage of exon-6 
was not tumour specific. Of the two proteins formed, the 
PDOF A-chain protein encoded by the sma1!er transcript is 
efficiently secreted (6slman et al., 1991). The protein encoded 
by the larger transcript, however, is retained in the cell due to 
a cell-retention signal in the exon-6-derived domain of this 
protein (Maher etal., 1989; 6stman etal., 1991). Thus, in both 
normal and malignant mesothelial cells, secretable PDOF A
chain protein is most often encountered. 

Cultured nomlai human mesothelial cells predominantly 
express PDOF IX receptors (Versnel et al., 1991). Ther\'fore, 
secreted POOF A-chain protein could haveanautocrine func
tion in normal mesothelial cells in vitro. Whether this also 
holds true ill \'i\'o remains to be determined, since POOF 
receptors are easily induced ill culture (Terrado et al., 1988), 
and no data are currently available about PDOF IX receptors 
in freshly isolated normal mesothelial ceJls. Human malignant 
mesothelioma cell lines, however, were shown to produce only 
PDOP preceptors (Versnel et al., 1991). The secretable PDOF 
A-chain protein, produced by malignant mesothelioma cell 
lines, might therefore act asa paracrine growth factor. Possible 
target cells for this paracrine growth activity could be 
mesothelial cells, fibroblasts or smooth musele cells. 

POOF A-chain mRNA levels were earlier shown to be 
elevated in human malignant mesothelioma cell lines, com
pared to cultured nomlal mesothelial cells (Oerwin et ai., 
1987; Versnel et ai., 1988). In this paper, the possible reason 
for this elevation was studied. The culture conditions for nor
mal and malignant mesothelial cdllines are almost identical, 
except for the addition of epidermal growth factor and 
hydrocortisone to the culture medium of nomlal mesothelial 
cells. Recently, POOP A-chain mRNA and protein expression 
were reported to be decreased in hepatoma cells cultured in 
the presence of the glucocorticoid dexamethasone (Haraguchi 
et ai., 1991). Malignant mesothelioma cell Hnes cultured in 
the presence of epidemml growth factor and hydrocortisone, 
alone or in combination, however, showed a similar level of 
POOF A-chain mRNA to that found in the absence of these 
agents (data not shown). Moreover, the absence of epidermal 
growth factor or hydrocortisone in the culture medium of 
nomlal mesothelial cells did not result in an increase in PDOF 
A-chain mRNA to the level seen in malignant cells (data not 
shown). 

Alterations at the genomic level were considered a possible 
reason for elevated expression of the PDOF A-chain gene. 
However, by cytogenetic analysis, the copy number of 
chromosome 7 was previously shown to be variable between 

the ten dinerent human malignant mesothelioma cell lines, 
but not to be related to the PDOP A-chain mRNA level. 
Moreover, no consistent specific marker of chromosome 7, 
which might be involved in PDOF A-chain expression, could 
be found in these cell lines (Versnel el al., 1988). In this study, 
Southern-blot analysis did not reveal amplification of the 
POGF A-chain gene or slructural rearrangements in theinves
tigated region. 

Based on these observations, increased transcription and 
increased stability of the transcript were studied as the possible 
mechanism for elevated PDOF A-chain mRNA expression in 
human malignant mesothelioma cell Jines. Since the protein
synthesis inhibitor cycloheximide did not significantly influ
ence the expression of the PDOF A-chain transcript in nomml 
and malignant mesothelial cells, tle-lIo\'O-synthesized proteins 
do not seem to affect expression of this gene in these cell types. 

Furthermore, the level of nuclear PDOF A'chain tran
scripts in malignant mesothelioma cells compared with normal 
mesothelial cells was elevated to the same extent as the steady
state mRNA level in Northern blots. Taken together, these 
results point towards increased transcription as the most 
probable cause for the elevated expression in malignant 
mesothelioma cell lines. Oifferences in mRNA stability are 
probably less important in this respect. 

Many different regulators of PDOF A-chain mRNA ex
pression have been found in various cell types ill ~·itro. POOP 
A-chain expression in microvascular endothelial cells was 
shown to be increased by transforming growth factor P and 
phorbol ester (Starksen et aI., 1987), and by acidic fibroblast 
growth factor, interieukin-1, interleukin-6, tumour necrosis 
factor IX and phorbol ester in human endothelial ceUs (Oay 
and Winkles, 1990). In smooth muscle cei!s, POOF A-chain 
mRNA was positively modulated by acidic fibroblast growth 
factor, tumour necrosis factor a, transforming growth factor 
p, phorbol ester and serum (Winkles and Gay, 1991), and in 
fibroblasts by PDOF and interleukin-l (Paulsson et ai., 1987; 
Raines et at, 1989). Some of these regulators are thought to 
act by transcriptionally activating the POOF A-chain gene. 
One or more might also be involved in modulation of POOF 
A-chain gene expression in malignant mesothelioma cell lines. 
However, this remains to be demonstrated in further exper
iments. 

A half-life of less than 4 h was observed for POOF A
chain mRNA in human malignant mesothelioma cell lines. 
This is similar to the previously described half-life of about 
4 h in rat aortic smooth muscle cells (Majesky et ai., 1988) 
and differs slightly from the half-life of2.4 h in human umbili
cal-vein endothelial cells (Gay and Winkles, 1991). 

In conclusion, in this paper, we demonstrate that both 
normal and malignant human mesothelial cells predominantly 
produce POOF A-chain transcripts without exon-6-derived 
sequences. This means that normal and malignant mesothelial 
cells probably secrete PDOF A-chain proteins, due to the 
absence of the sequence encoding a cell-retention signal in 
the transcript. We suggest that the POOF A-chain protein, 
produced and secreted by malignant mesothelioma cell Hnes, 
probably has a paraerine function. Furthermore, we alsodem
onstrate that the elevated PDOF A-chain mRNA expression 
in human malignant mesothelioma cell Jines is presumably 
caused by an increased transcription of this gene. The causes 
of this increased transcription rate wi!! be further investigated 
in the future by localisation of regulatory regions in the POGF 
A-chain gene and characterisation of the possible faclor(s) 
acting on them. 
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MECHANISM OF TRANSCRIPTIONAL ACTIVATION OF PDGF B-CHAIN 
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ABSTRACT 
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2Department of Biochemistry, University of Nijmegen, the Netherlands. 

Elevated POGF B-chain mRNA expression was observed previously in human malignant 
mesothelioma cell lines as compared to cultured normal mesothelial cells. Because of its 

possible role as an autocrine growth factor in malignant mesothelioma cell lines, we 
investigated the mechanism behind this differential PDGF B-chain expression. We conclude 
that the difference in PDGF 8-chain mRNA level between normal and malignant mesothelial 
cell lines is most probably determined at the transcriptional level, as in nuclear run off 
assays nuclear PDGF B-chain RNA could only be detected in malignant mesothelioma cells. 
Furthermore, the protein synthesis inhibitor cycloheximide did not affect the difference in 
PDGF B-chain mRNA levels between normal and malignant mesothelial cell lines. 

Analysis of the PDGF B-chain promoter revealed that this region was hypersensitive 
for DNasel and mediated basal activation in reporter CAT assays in both normal and 
malignant mesothelial cell lines. Further reporter gene analysis using a site-directed mutant 
construct strongly suggested that (part of) an activator is contained within the -64/-61 
TCTC region. The in vivo footprint experiments indicated that actual binding of (a) factor(s) 
to this region and also to the region around the transcription start site only occurs in the 
POGF B-chain-expressing malignant mesothelioma cell lines. This suggests that in normal 
mesothelial cells binding of such (a) factor(s) to the endogenous PDGF 8-chain promoter 
is hindered by other mechanisms. Furthermore, several DNasel hypersensitive (OH) sites 
were found in and around the POGF B-chain transcription unit in both normal and malignant 
mesothelial cells. When tested in CAT assays, the region around OH -9.9, which was 
observed in both cell types, turned out to be an activator in malignant but not in normal 
mesothelial cells. However it did not function equally well in both orientations. 

Taken together, a difference in transcription initiation seems to be the decisive factor 
for the elevated POGF B-chain mRNA expression in malignant mesothelioma cells. Binding 
of one or more factors to the -64/-61 (TCTC) sequence of the promoter region seems to 
be relevant in this respect. Furthermore, an activator at -9.9 kb may contribute to the 
increased POGF B-chain mRNA expression in the malignant mesothelioma cell lines as well. 

• Submitted for publication. 
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INTRODUCTION 

Platelet-derived growth factor (PDGF) is a connective tissue-cell mitogen that is 

composed of two disulfide-bonded polypeptides, Homodimeric (AA and BB) as well as 
heterodimeric (AB) forms of PDGF have been observed (1-3), The polypeptides are encoded 
by distinct genes, the PDGF A- and B-chain genes, which show high structural similarity 
(4). There are two structurally related but distinct PDGF receptors, denoted CJ. and B (5,6). 
which form homo- or heterodimers upon ligand binding (7,8), The PDGF receptors show 
different affinities for the dimeric PDGF isoforms. PDGF a-receptors bind all three dimeric 
forms of PDGF, whereas PDGF B-receptors only bind PDGF-BB with high affinity (8-10), 

Based on expression of PDGF chains and/or PDGF receptors in platelets, endothelial 
cells, smooth muscle cells and placental cytotrophoblasts, PDGF is thought to function in 
e,g, wound healing and developmental processes (reviewed in 11), Expression of PDGF (A
chain andlor B-chain) is also observed in various tumour tissues and cell lines (reviewed in 
12,13), Co-expression of PDGF and one or both PDGF receptor subtypes is suggestive of 
autoerine (and paracrine) loops of growth stimulation in e.g. sarcoma and glioblastoma cells 
(14,15), and lung carcinomas (16). Direct evidence for autocrine stimulating activity of 
PDGF came from studies in which dominant-negative PDGF mutants and PDGF neutralizing 
antibodies were shown to revert the transformed phenotype of astrocytoma and 
glioblastoma cell lines (1 7,18), 

Human malignant mesothelioma is a tumour of mesodermal origin which is most often 
found in the pleura. It is known that the incidence of malignant mesothelioma is strongly 
associated with asbestos exposure (19). In human malignant mesothelioma cell lines, but 
not in cultured normal mesothelial cells, PDGF B-chain mRNA expression was observed, 
whereas expression of PDGF A-chain mRNA was shown to be elevated in cultured 
malignant mesothelial cells as compared to their normal counterparts (20-22). Furthermore, 
most malignant mesothelioma cell lines were shown to express PDGF r-,-receptor 
transcripts, while normal mesot~elial cell lines predominantly expressed PDGF a-receptor 
mRNA (23). Immunofluorescence staining of normal and malignant mesothelial cells in vitro 
and in vivo with antibodies directed against PDGF and the PDGF receptors largely 
confirmed the mRNA expression pattern (24). The co-expression of PDGF B-chains and IS
receptors in malignant mesothelial cells in vitro and in vivo, is suggestive of autocrine 
growth stimulation (21.23,24). 

Because of this postulated role for PDGF-BB as an autocrine growth factor, we studied 
the mechanism behind the elevated PDGF B-chain mRNA expression in malignant 
mesothelioma cell lines. We demonstrate by nuclear run off analysis that the increased 
PDGF B-chain mRNA level in malignant mesothelioma cell lines is most probably caused by 
elevated transcription. The promoter was found to be hypersensitive for DNasel in both 
normal and malignant mesothelial cell lines. A DNasel hypersensitive (DH) site is a 
nucleosome-free region in chromatin that is thought to be accessible to trans-acting factors 
(25), Recently, in other cell types proximal promoter elements of the PDGF B-chain gene 
(26-29) have been identified as well as several regions containing regulating elements 
outside the minimal promoter region (30-32), The promoter region was studied in more 
detail by in vivo footprinting and CAT reporter gene analysis to identify the promoter 
elements involved in regulation of PDGF 8-chain transcription in malignant mesothelioma 
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cell lines. To find other regulating regions that are potentially involved in PDGF B-chain 
transcription, chromatin of normal and malignant mesothelial cell lines was further analyzed 
for the presence of DH sites in the PDGF 8~chain transcription unit and its upstream and 
downstream flanking regions. In reporter assays these DH sites were tested for their 
transcription regulating potential in mesothelial cell lines. 

MATERIALS AND METHoDS 

Cell lines and growth conditions 
Experiments were performed using human malignant mesothelioma (Mero-25, Mero-41 and Mero-82) 

and normal mesothelial (NM-5, NM-20, NM-21) cell lines (24). All cell lines were routinely cultured in Ham's 

FlO medium (Gibeo, Paisley, U.K.) with 15 % fetal calf serum (FCS). Epidermal growth factor (EGF; 

Collaborative Research Inc., Lexington, MA; 10 ngfml) and hydrocortisone (HC; 0.4 ~lg!ml) were added to 
the culture medium of normal mesothelial cells. In some experiments cells were exposed to cycloheximide 

(CHX; Sigma, St. Louis, MO, USA; 10 ~lgfml medium) for 2 h. 

Probes 
1.7 kb BamHI PDGF B-chaln (33) and 0.7 kb EeoRI-Pstl GAPDH (34) fragments were used as probes 

in Northern blot analysis. For nuclear run off analysis the 2.0 kb Xhol PDGF B-chaln fragment from pSM1 
(35) and the 1.25 kb PstJ (I.-actin fragment from pAct (36) were both subcloned in pUC18 and subsequently 

spotted onto nitrocellulose filters prior to hybridization. For mapping of DH sites, subcloned sequences of 

human genomic POGF B-chain clones were used (see also Figure 3). PR3 is the 0.61 kb Smal-EcoAI fragment 

of pA056, PA7 the 0.35 kb Pstl-HindlH fragment of pA0121, PR9 the 0.3 kb EcoRi-Pstl fragment of pA06S, 
PR12 the 0.9 kb Hindlll~Kpnl fragment of pA056, PR13 the 0.46 kb Smal-Hindlll fragment of pA0149, and 

PR16 the 0.38 kb Pstl-Pvull fragment of pA0121. pA056, pA0149, and pA078 contain 11 and 5 kb EcoRI 

and 8 kb BamHI fragments of cos mid clone ALLW-1283-CI 21, respectively. Cosmid ALLW-1283-CI 21, 

pA068 and pA0121 were described elsewhere (37,38). 

Reporter gene constructs for CAT analysis 
pSV2CAT and pSuperCAT, a promoterless CAT construct, were used as positive and negative controls 

for CAT analysis, respectively. pSis-1758! + 43CAT, pSis-4251 + 43CAT, and pSis-112! + 43CAT have been 
described previously (31 ,39). pSls-4251 + 43CAT was used to construct unidirectional deletion mutants pSis-

65! + 43CAT, pSis-64! + 43CAT, pSis-601 + 43CAT, pSis-44! + 43CAT, and pSis-36! + 43CAT using 
exonuclease III (Prom ega, Madison, WI, USA) (39). pSis-112! + 18mutaCAT is a site-directed mutant form 

of pSis-112/+ lOCAT, in which the sequence -64 TCTC -61 has been changed into -65 ATATC -61 (39). 
All these constructs were checked by sequencing. All other reporter constructs were made by cloning PDGF 

B-chain genomic fragments in sense (s) or antisense (a) orientation In the Smal-site, upstream of the PDGF 

B-chaln promoter in pSis1 (s)CAT (::: pSis-112! + 43CAT) ((31,32) and Figure 4). PDGF B-chain-CAT fusion 

constructs 2(5), 3(s), and 4(s) contain the 170 bp ( + 302 to + 472) Hinfl-XhoJ, 297 bp (+ 472 to + 761) 
Xhol-BamHI, and 449 bp (+ 761 to + 1210) BamHI-BstEII fragments of pA0121, respectively; 5(s) and 6(s) 

the 0.7 kb Pstl and 3.4 kb Kpnl fragments of pA078, respectively; 8(s) the 3.2 kb EeoRI-Xbal fragment of 
pA068; 10(s/a), 12(s/a), 13(s), and 14 (s/a) the 6 kb Hindll1-BamHI, 0.6 kb BstUI, 0.7 kb Sstl-Narl, and 1.5 

kb Pvull-BamHI fragments of pA056, respectively. 

Northern and Southern blot analysis 
DNA isolation and Southern blotting using Hybond·N membranes (Amersham Int., Amersham, UK) were 

performed according to standard procedures. RNA isolation and Northern blotting were performed as 

described elsewhere (22). 
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Nuclear run off assay 

Isolation of nuclei, ;n vitro labeling of nuclear RNA and hybridization were described elsewhere (22). 

Mapping of DNasel hypersensitivity (DH) sites 

Mapping of DH sites was performed largely according to the earlier described protocol (31). Nuclei 

were isolated from 6 x 108 normal or malignant mesothelial cells. After DNase I and restriction enzyme 

digestion, electrophoresis, and blotting, DNA was hybridized overnight at 65°C in hybridization buffer 

containing 5 x SSPE, 0.1 % 80S, 0.1 % Fico!!, 0,1 % BSA, 0.1 % polyvinylpyrrolidone and 100 pgfmt 
salmon sperm DNA. Filters were washed at 65"C in 1 x SSPE, 0.1 % 80S. AutoradIography was performed 
at ~80°C with intensifying screens using Kodak X-ray films, 

In vivo footprinting 

OMS treatment of subconfluent normal and malignant mesothelial cell cultures, DNA isolation and 
piperidine cleavage of in vitro or in vivo modified methylated guanine residues were all performed as 

described earlier (39), 

Subsequently genomic footprinting was performed by means of ligation-mediated PCR (LM-PCA) (40) 

using PDGF B-chain promoter-specific primersets, POGF B-chain primers 1 s (5'-CATGGACTGAAGGGTTGCTC-
3'; -190/~ 171), 2s f5'-CTCTCAGAGACCCCCT AAGCGCCCC-3'; + 168/-144), and 3s f5'-AGACCCCCTAAGCG

CCCCGCCCTGG-3'; -161/-137) were used for lower strand analysis, whereas primers 1 a (5'

CGCAAAGTATCTCTATCTAGGGAA-3'; + 131{ + 108), 2, (5'-TAGGGAATGAAAAATGGGCGCTGGC3'; 

+ 1141 + 90), and 3a (5'-GGAATGAAAAATGGGCGCTGGCGGC-3'; + 111/+ 86) were used for upper strand 
analysis, Firs strand synthesis (primers 1s and la), PCR amplification (primers 2s and 2a), and labeling 

reactions ({y_ 32PJATP-labeled primers 3s and 3a) were all performed as described (39), using Vent DNA 
polymerase fThermococcus litora/is DNA polymerase; New England Biolabs, Beverly, MA, USA)' Mixtures 

were electrophoresed on 6% polyacrylamide sequenclng gels, dried and subsequently exposed to Kodak X

ray films with intensifying screens at -ao°c for 1 week, 

Transfoctions and CAT assays 

1.8-2.0 x 106 cells were seeded in 10 em-dishes and grown in their standard culture medium for 24 

h. Cells from subconfluent cultures were transfected with 1 ~[g pCH110 IS-galactosidase expression vector; 
Pharmacia, Uppsala, Sweden) and 9 pg reporter construct in combination with 30 pg Lipofectin (Gibco BRL, 

Paisley, U.K.) in 3 ml serum-free OptiMEM culture medium (Gibco BRL) (41). For transfection two 10 cm

dishes with cells were used for each reporter construct. After 16 h 3 ml culture medium containing 30 % 
FCS (supplemented with EGF an,d HC for normal mesothelial cells) was added, resulting in a final 

concentration of 15 % FCS in the dishes, All cells were harvested 48 h later and celf Iysates were prepared 

according to Sambrook et al. (42), The variation in transfection efficiency of the various reporter constructs 
was normalized by performing a r..-galactosidase assay, Amounts of protein correspondIng to equal r..

galactosidase activity were used for CAT analysis, largely according to the protocol of Gorman et al. (43), 

After 1 h incubation at 3JOC, 20 ~ll 4mM acetyl coenzyme A was readded and the incubation was continued 
for 1 h, The samples were extracted with ethyl acetate and analyzed on silica gel TlC plates (J,T, Baker, 

Phillipsburg, NJ). CAT activity was quantified using a Phosphor Imager" (Molecular Dynamics, Sunnyvale, CA, 
USA). In each experiment CAT activity of the promoterless pSuperCAT construct was subtracted from the 

values obtained for each construct. After correction CAT activities were determined relative to a reference 
construct. As CAT activities are thus expressed as percentage of reference activities, the mean and standard 

deviation were calculated on log-transformed values. 

RESULTS 

PDGF B·chain expression in mesothelioma cell lines is regulated at the transcriptional level 
In order to study the PDGF B-chain nuclear RNA levels in normal and malignant 

mesothelial cell lines, nuclear run off assays were performed, No nuclear PDGF 8·chain 
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RNA was observed in several normal 
mesothelial cell lines tested, whereas PDGF 
A~chain transcripts and transcripts of the 

constitutively transcribed f!,·actin gene were 
clearly detectable (Figure 1 and data not 

shown). So the inability to detect B-chain 

transcripts in total RNA of normal 
mesothelial cell lines seems to be caused by 

absence of PDGF B-chain transcription rather 
than by messenger unstability. In human 
malignant mesothelioma cell lines nuclear 

PDGF B-chain transcripts could readily be 
observed, as shown for Mero-25 (Figure 1). 

Culturing of normal mesothelial cells 
with the protein synthesis inhibitor 

cycloheximide (CHX) did not result in PDGF 
B-chain mRNA expression, as shown in 

Figure 2. CHX treatment did not cause any 

clear difference in expression of the 3.5 kb 
PDGF B-chain transcript in the malignant 

mesothelioma cell lines, not even when 20 or 
30 ftg/ml CHX was used. A smaller transcript 
that was seen in some of these cell lines was 
stabilized through CHX addition (Figure 2 and 

data not shown). 

Mapping of DH sites in the PDGF B-chain 
gene 

Since these results pointed towards a 
difference in PDGF B-chain transcription 
between normal and malignant mesothelial 

cells, we studied the presence of DH sites in 
the PDGF B-chain transcription unit and its 

flanking regions in normal (NM-5) and 

malignant (Mero-25 and Mero-82) mesothelial 
cell lines; DNasel hypersensitivity of a 

genomic DNA region is thought to correlate 

with accessibility of that region to trans
acting factors (25). Nuclei from NM-5, Mero-

25 and Mero-82 were digested with DNase I. 
After isolation, genomic DNA was digested 
with either EcoRI or Hind II I. After 

hybridization with one of the probes indicated 
in Figure 3, DH sites were localized by 

calculating the length of the resulting 

pUC -

actin - - -
PDGF B-

Figure 1. Nuclear run off analysis. 32p_ 
labeled nuclear RNA of normal 
mesothelial cell line NM·5 and malignant 
mesothelioma cell line Mero-25 was 
hybridized to nitrocellulose blots 
containing pUC, pUC + actin, and pUC 
+ POGF B-chain plasmids. 
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Figure 2. Northern blot analysis. 25 Jig total RNA 
of cell lines NM-5, Mero-25, and Mero-82, 
cultured in the absence (-) or presence (+) of 10 
pg/ml cycloheximide (CHX) for 2 h was blotted 
and hybridized to POGF B-chaln and glyceral
dehyde-3-phosphate dehydrogenase (GAPOH) 
probes. 
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Figure 3, Schematic overview of rastriction sites and probes used for mapping DH sites In the POGF B-chain 
transcription unit. The numbered boxes in the upper panel indicate POGF B-chaln axons. Boxes In the lower 
panel indicate the genomic probes used for hybridization. E, EcoRI; H, Hindlli. 

fragments using a DNA marker. All DH sites that could be identified in these cell lines are 
summarized in Figures 4A and 48. 

Using probes PR16 and PR7 for analysis of the 22 kb EcoRI and 5.2 kb Hind II I 
fragments, respectively, several DH sites were identified within the PDGF B-chain 
transcription unit. The promoter region was found to be DNasel hypersensitive in Mero-25 
and Mero·82 and also in NM·5. Several other DH sites IDH + 0.4, DH + 0.6, and DH + 1.0) 
were observed in all cell lines as well. In contrast, two additional DH sites IDH + 1.9 and 
DH + 4.0) were found within the first intron of the PDGF B·chain gene of malignant 
mesothelioma cell lines only. There were no indications for DH sites in the other intron and 
exon sequences or in the region immediately upstream of the PDGF B-chain promoter in 
these cell lines. 

DNA elements that are involved in regulation of transcription of a particular gene, can 

1 2 7 
OJ • : , , , , , , 

·16 ." ., ·4 0 8 kb 16 20 24 28 kb 

NM-S t t tttt NM-S 
Mero-25 t t ttlt t MerO-25 
Mero-82 t t tttl t Mero-82 

10 (sfa) +1 (s)..[g[J 8 (s) --- +l{s)~ 
12 (s/a) +I{s)~ 

13 (s) +I{s)~ 
14 (sfa) +1 (s)-r:::::B!J 

1 (sfa) - + [Q[) 
2 (5) +I(S)~ 
3 (s) +I(S)~ 
4 (5) +1(s)~ 
5 (5) +1(s)~ 
6 (s) +1 (s)-{TID 

Figure 4. localization of DH sites within (AI, far upstream (AI, and downstream (B) of the PDGF B-chain 
transcription unit and overview of CAT reporter constructs containing these DH sites. Normal mesothelial cell 
line NM-5 and malignant mesothelioma cell lines Mero-25 and Mero-82 were used for these studies. 
Numbered boxes designate PDGF B-chain exons. Arrows indicate location of identified DH sites. Fragment 
1(s/a) corresponds to the -112/ + 43 B-chaln promoter fragment. Barl'! indicate fragments cloned in sense (s) 
and/or antisense (a) orientation In front of the 1 (s) fragment in CAT reporter gene constructs. 
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also be encountered in regions at a considerable distance of the transcription start site. We 
therefore examined the partly overlapping 9.2 kb EcoRI and S.1 kb Hindlll fragments 
upstream of the PDGF B-chain transcription unit with probes PR3 and PR13/PR12, 
respectively. Several DH sites (DH -9.9, DH -S.6 and DH -7.31 were observed in Mero-25 
and Mero-S2. In NM-5 only DH -9.9 and DH -S.6 were identified, whereas the region at -
7.3 kb was hardly DNasel hypersensitive. Finally, when using probe PR9 for the 
downstream region, (DH + 23.71 was identified in NM-5, but not in Mero-25 and Mero-S2. 

Functional analysis of the DH promoter of the POGF B-chaill gene 
Since the promoter region was found to be nucleosome-free in both normal and 

malignant mesothelial cell lines, we wanted to know whether in either of them factor(s) 
potentially involved in transcription. actually bind to sequences in this region. The PDGF 
B-chain proximal promoter region of both normal and malignant mesothelial cell lines was 
therefore studied in more detail by in vivo DMS footprint analysis. Guanine residue (GI -61 
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Figure 5. In vivo footprint analysis of the human PDGF B-chaln promoter. Cells were treated with DMS in 
vivo, prior to piperidine cleavage and G residue sequencing. A. Numbers indicate positions of G residues in 
the lower strand of NM-21, Mero-25, and Mero-41 relative to the transcription initiation site. + in vitro 
treated naked DNA. B. Numbers indicate positions of G residues in the upper strand of Mero-82 relative to 
the transcription initiation site_ + in vitro treated naked DNA. 
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in the lower strand was found to be hyper methylated in malignant mesothelioma cell lines 
as compared to the corresponding residue in in vitro OMS-treated naked DNA of mesothelial 
cells (Figure 5A), In normal mesothelial cells no such hypermethylated guanine residue was 
found at this position. We also detected hypermethylation at position G -1 in the lower 
strand in malignant mesothelioma cells, but not in normal mesothelial cells or in the in vitro 
DMS treated DNA samples (Figure 5A), Unfortunately the G -2 residue in the upper strand 
could be evaluated in only one of the mesothelioma DNA samples (Mero-82), showing 
hypermethylation as well, as compared to DMS-treated naked DNA (Figure 58), 

In an assay using chloramphenicol acetyl transferase (CAT) as reporter gene, the 

activity of the B-chain promoter region was tested in normal as well as malignant 
mesothelial eel/lines. In both cases basal promoter activity was observed, using a fragment 
of 1758 bp upstream of the PDGF 8-chain transcription start site, Most of the activity was 
retained when this fragment was narrowed down to the first 425, 112, or even 65 bp 
upstream of the transcription start (data not shown). When used in antisense direction the 
activity of the 112-bp fragment was much lower, indicating that the promoter needs a 
correct orientation for proper functioning. As we observed hypermethylation at G -61 in the 
in vivo footprint assay, we subsequently tested a series of PDGF B-chain promoter deletion 
mutants ranging from bp -64 to bp -36. A slight, though not statistically significant, 
decrease in activity was observed in the malignant mesothelioma cell lines between bp -64 
and -60, as shown for Mero-82 (Figure 6; left part). As the effect was less clear in Mero-25 
and Mero-41 (data not shown), the importance of the sequence between -64 and -60 was 
analyzed in more detail using a site-directed mutant. In this -11 2/ + 18mutaCA T construct 
the sequence -64 TCTC -61 was mutated to -65 ATATC -61 (40). In Mero-25, Mero-41, 
and Mero-82 a strong decrease in activity was observed upon mutation of the -64/-61 
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Figure 6. Relative CAT activities of cells transfected with various PDGF B-chain promoter/CAT fusion 
constructs. After normalization to r?-galactosidase activity from co-transfected expression vector pCHll0, 
CAT activities were determined as percentage conversion. The CAT activity from the promoterless 
pSuperCAT construct was subtracted from each value. Corrected activities are indicated on a logarithmic 
scale relative to pSis-641 +43CAT (-64; left part) or pSis-1121 + l8CAT (wt; right part), which were defined 
as 1 in each cell line tested. All data are presented as means from 2-5 Independent transfections. S.D, are 
indicated by errors bars. 
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sequence (Figure 6; right part). A similar but not significant effect was seen from this 
mutation in normal mesothelial cells (Figure 6; right part). 

Functional analysis of other DH sites in the PDGF B-chain gene 
All identified DH sites outside the promoter region were analyzed for their ability to 

regulate basal PDGF 8-chain promoter-induced CAT activity in normal and malignant 
mesothelial cells. To this end reporter gene constructs with the sequences representing the 
DH sites cloned upstream of the 112 bp B-chain promoter [= construct 1 (s)] (Figure 4), 
were transfected into these cells. No reproducible activity could be identified from 
sequences located in the first ex on or first intron [constructs 2(s) to 6(s)}, when tested in 
normal or malignant mesothelial cells (data not shown). A slight silencing effect of 
downstream fragment 8(s) was seen in normal mesothelial cells and not in Mero-82 
(Figure 7). 

Reporter constructs containing DH sites far upstream of the transcription unit were 
analyzed as well. In normal mesothelial cells construct 12 (containing DH -9.9) in either the 
sense (s) or antisense (a) orientation caused a small but not significant decrease in basal 
activity (Figure 7). In contrast, a clear 2 to 3-fold enhancing activity of the 12(a) construct 
was observed in Mero-25 and Mero-82 (Figure 7). When tested in the sense orientation the 
region around DH -9.9 [construct 12(s)) caused a strong increase in activity as well in 
Mero-82, but this strong enhancing effect was not seen in Mero-25 (Figure 7). To further 
elucidate the significance of these regions constructs 10(s) and 10(a), encompassing all 
identified DH sites in the -12/-6 kb region, were analyzed. A slight increase in basal PDGF 
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Figure 7. Relative CAT activities of cells transfected with various PDGF B-chain/CA T fusion constructs. After 
normalization to ~-galactosldase activity from co-transfected expression vector pCH110, CAT activities were 
determined as percentage conversion. The CAT activity from the promoter/ess pSuperCAT construct was 
subtracted from each value. Corrected activities are indicated on a logarithmic scale relative to pSis-1121 + 43 
CAT (l(s)), which were defined as 1 in each cell/ine tested. Due to higher activities, a different scale is used 
for Mero-82 (right part). All data are presented as means from 2-4 independent transfections. S.D. are 
indicated by error bars, NO: not determined. 
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B-chain promoter activity was observed in Mero-82 using fragment 10(a), although this 
increase was lower than we had expected from the results with the 12(s/a) fragment 
(Figure 7). Fragment 10(s) did not show any enhancement at all. In Mero-25 constructs 
1 O(s) and 1 O(a) demonstrated enhancing effects, similar to those observed with constructs 
12(s) and 12(a) (Figure 7). Analysis of the entire -12/-6 kb region in normal mesothelial 
cells only revealed a silencing effect (Figure 7). Constructs 13(s) and 14(s/a), which 
encompass DH -8.6 and DH -7.3, respectively, did not seem to affect basal PDGF B-chain 
promoter activity in either the normal or the malignant cells in a reproducible way (data not 
shown). 

DISCUSSION 

In earlier studies PDGF B-chain mRNA expression was clearly detectable in human 
malignant but not in normal mesothelial cell lines (20,21). As there were no indications for 

consistent aberrations on chromosome 22 or for gene rearrangements or amplifications that 
could explain the elevated PDGF B-chain expression in mesothelioma cell lines (21), a 
transcriptional or post-transcriptional mechanism had to be considered. In this study we 
demonstrate by two different approaches, that the elevated steady-state PDGF B-chain 
mRNA level in malignant mesothelioma cell lines is caused by elevated transcription. By 
nuclear run off analysis no PDGF B-chain mRNA expression was observed in normal 
mesothelial cells, indicating a lack of transcription. Moreover, in normal mesothelial cells 

no PDGF B-chain mRNA could be detected after CHX treatment. In glioblastoma and 
bladder carcinoma cell lines and human umbilical vein endothelial cells (HUVEC) no 

stabilizing effect of CHX was seen either (44,45). In contrast, CHX clearly enhanced 
steady-state PDGF B-chain messenger levels in TPA-treated HL-60 cells and human 
monocytes (resting, lPS- and TPA-treated) (46,47). Fen and Daniel (48) showed that CHX 
treatment of microvascular endothelial cells specifically stabilized a smaller PDGF B-chain 
transcript, lacking the translation inhibiting 5' untranslated sequence (49). We found an 
increase in the expression level of a transcript of similar size after CHX treatment in a few 

of our cell lines. The PDGF B-chain mRNA half-life of 2 to 3 h, as determined in 
Actinomycin D-treated malignant mesothelioma cell lines (data not shown) is similar to 

reported B-chain half-lives in glioblastoma, bladder carcinoma, PC3, Hela and TPA-treated 
K562 cells (31,44). Shorter half-lives were observed in HUVEC (44,45). 

To further unravel activation of PDGF B-chain transcription in mesothelial cell lines, 

the promoter region was studied in more detail. Despite the clear difference in endogenous 
8-chain expression, the promoter region of the PDGF B-chain gene was found to be DNase I 
hypersensitive in normal as well as malignant mesothelial cell lines. Moreover, the 1758 bp 

5' flanking region of the PDGF 8-chain gene was found to be able to drive transcription in 
both types of cell lines. Most of this activity was retained when narrowed down to -112 
or -65 bp, relative to the transcription start identified by Van den Ouweland et a!. (38). 

Further deletion of the promoter region resulted in a weak decrease in activity between -64 
and -60. In addition, site-directed mutagenesis of the -64/-61 sequence caused a clear 

decreasing effect, suggesting that this region may harbour (part of) the binding sequence 

for (a) factor(s) involved in PDGF B-chain transcription. It is at present unknown why this 
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effect is not so clearly seen upon deletion of the region between -64 and -60, but it may 
be caused by an altered structural integrity in the deletion constructs, as compared to the 
site-directed mutant. A similar, but not significant, decreasing effect of the site-directed 
mutation was seen in normal mesothelial cells as well. This suggests that this factor is not 
exclusively present in malignant mesothelial cells. However, the footprint experiments show 
that actual binding of one or more factors to the region around G-61 and to the region 
around the transcription start site only seems to occur in PDGF B-chaln-expressing 
malignant mesothelioma cell lines. In undifferentiated K562 cells and Hela cells the -64/-61 
region was found to be involved in activation of PDGF 8-chain transcription as well, but the 
factor(s) binding at this TCTC sequence is (are) still unknown (39). Furthermore, a partly 
overlapping transcription activating region of the PDGF B-chain region -the SIS proximal 
element (SPE)- was observed in endothelial, osteosarcoma and K562 cells (27-29,39). This 
region appeared to contain the core binding site CCACCC (-61/-56) for the ubiquitously 
expressed transcription factor Sp 1. In several cell types other regulatory elements were 
identified in the PDGF S-chain gene next to the SPE, especially in the region -100/-70 
(26,28,29), but we could not find a consistent effect of these sequences on PDGF S-chain 
transcription in our mesothelioma cell lines. It remains to be determined which factor(s) 
play(s) a role in activation of PDGF S-chain transcription in malignant mesothelioma cell 
lines through binding to nucleotides around -61. 

Collectively the results suggest that the absence of PDGF S-chain mRNA in normal 
mesothelial cell lines seems to be due to lack of B-chain transcript synthesis. Alternatively, 
a very low rate of PDGF B-chain transcription immediately followed by a very rapid 
degradation of the messenger may occur in these normal cells. The finding of a basal level 
of PDGF B-chain promoter-induced CA T expression in normal mesothelial cells may support 
the latter possibility, indicating that these cells in principle possess the necessary factors 
for PDGF B-chain transcription as well. A similar phenomenon is seen in human fibroblasts 
which do not show endogenous B-chain expression, but nevertheless demonstrate basal 
PDGF S-chain promoter-induced activity (26,31). lack of clear nuclear RNA in normal 
mesothelial cells together with the data from the in vivo footprint experiment, suggest that 
in the context of the normal mesothelial cell genome the basal promoter activity is 
decreased or even totally repressed. Epigenetic mechanisms, such as methylation of 
promoter sequences or inaccessibility of the promoter due to nucleosome phasing, may 
playa role in this respect. However, preliminary Southern blot data of digests of Mspll and 
its methylation-sensitive isoschizomer Hpall did not provide indications for differential 
methylation of the promoter region in normal and malignant mesothelial cell lines, but this 
should be studied in more detail. The possibility of nucleosome phasing, as suggested for 
human fibroblasts by Dirks et al. (31) appears less likely, since in both cell types the 
promoter region was found to be nucleosome-free. The precise mechanism of repression 
of 8-chain mRNA transcription therefore remains to be determined in future studies. 

In an attempt to identify other regulatory regions that may (partly) explain the 
observed difference in PDGF B-chain expression between normal and malignant mesothelial 
cells, we tested several of the identified DH sites for their transactlvating potential. No 
enhancing activity was seen from first exon and first intron sequences. Moreover, the 
entire first intron region cloned upstream of its own promoter did not significantly affect 
promoter-induced reporter activity in mesothelioma cells (data not shown). In cervix 
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carcinoma and prostate carcinoma cell lines no activating influence from first exon or intron 
sequences Was seen either (31), In contrast, Franklin et al. (30) showed enhancing effects 
of first intron sequences in choriocarcinoma and osteosarcoma cells i although the net 
effect of the entire first intron was not positive in the latter either. Since the DNA region 
contained in construct 8(s) was found to be DNase I hypersensitive in normal mesothelial 

cells only, this weak silencer may contribute to the apparent lack of PDGF B-chain mRNA 
expression in normal mesothelial cells. In addition, constructs 12(5/a) conferred an even 
stronger downregulating effect to normal mesothelial cells. In Mero-25 and Mero-82 
constructs 12(5/a) acted as an activator of transcription, suggesting that an enhancer is 
located around ~9.9 kb. In sense orientation [12(s)] the effect was stronger in Mero~82 than 
in Mero-25. When tested in a larger construct, the enhancing effect of this ~9.9 kb region 
was found to be weaker in both Mero~82 and Mero-25. The reason for this is unclear, as 
no consistent repressive (nor enhancing) effects were seen from constructs 13(s) and 
14(s/a) containing identified DH sites at -8.6 and -7.3 kb, respectively. A comparable 
discrepancy was seen in cervix and prostate carcinoma cell lines, in which no repressing 
elements were found that could explain the difference in activation between constructs 10 
and 12 (32). 

In conclusion, in this paper we demonstrate that the difference in PDGF B-chain mRNA 
expression between normal and malignant mesothelial cells is mainly determined at the 
transcriptional level. In both normal and malignant mesothelial cell lines the PDGF B-chain 
promoter region was found to be nucleosome-free and to confer basal transcription activity 
when tested in reporter assays. However, in vivo footprint experiments demonstrate that 
actual binding (around bp -61) of one or more factors that seem to be involved in regulation 
of POGF B-chain gene transcription only occurs in the POGF B-chain-expressing 
mesothelioma cell lines. In addition, an enhancer-like element at the -9.9 kb region in 
malignant mesothelioma cells and silencer regions in normal mesothelial cells, seem to 
contribute to the elevated PDGF B-chain mRNA level in mesothelioma cell lines as well. 
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ABSTRACT 

In earlier studies we showed that the expression patterns of platelet-derived growth 
factor (PDGF) a- and IS-receptors differ between normal and malignant mesothelial cell lines. 
Normal mesothelial cells predominantly express PDGF a-receptor mRNA and protein, 
whereas most malignant mesothelioma cell lines produce POGF IS-receptor mRNA and 
protein. In this paper we studied regulation of this differential PDGF receptor mRNA 
expression. Such an analysis is of importance in view of the suggested PDGF autocrine 

activity involving the PDGF B-receptor in mesothelioma cells. 
The results obtained in this study demonstrate that malignant mesothelioma cell lines 

are not only capable of PDGF B-receptor transcription but of a-receptor transcription as 
well, as evidenced from run off analysis and RT-PCR using a-receptor specific primers. 

However, the fact that PDGF a-receptor mRNA could not be detected by Northern blot 
analysis, even after cycloheximide treatment, suggests a difference in steady-state PDGF 

a-receptor mRNA expression levels between normal and malignant mesothelial cell lines, 
which is likely to be caused by a post-transcriptional mechanism. In normal mesothelial 

cells a half-life of more than 6 h was observed for PDGF a-receptor mRNA. In the majority 
of malignant mesothelioma cell lines clear PDGF B-receptor mRNA expression was seen. 

The half-life of the PDGF ~-receptor transcript was at least 6 h in these cells. In contrast, 

no PDGF B-receptor transcription was observed in run off assays in normal mesothelial 
cells, suggesting that differences in B-receptor transcriptional initiation most probably 

account for the inability to clearly detect PDGF ~-receptor transcripts in these cells. 
Stimulation with transforming growth factor-~ 1 (TGF-~ 1) revealed decreased PDGF 

a-receptor mRNA expression in normal mesothelial cells, whereas the effect on PDGF B

receptor mRNA in the malignant mesothelioma cell lines was variable. Although this effect 
of TGF-B 1 stimulation cannot entirely explain the differential PDGF receptor expression 
pattern, TGF-~ 1 may nevertheless playa role in downregulation of an (already) low PDGF 

a-receptor mRNA level in malignant mesothelioma cell lines. 

Post-transcriptional and transcriptional mechanisms most probably account for the 

• Biochim. Biophys. Acta, in press, 
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observed differences in expression of PDGF u- and B-receptor mRNA, respectively, in 

normal and malignant mesothelial cell lines. This differential regulation underscores the 
relevance of mesothelial cell lines as a model system for future studies on regulation of 
PDGF receptor expression. 

INTRODUCTION 

Platelet-derived growth factor (PDGF) is a mitogenic factor for cells of mesenchymal 
origin (14), that is composed of two disulfide-bonded polypeptides. These polypeptide 
chains are encoded by the distinct, but structurally related, PDGF A-chain and B-chain 
genes (5). Homodimeric (AA and BB) as well as heterodimeric (AB) forms of PDGF were 
observed. In addition, two homologous PDGF receptor subtypes have been described, the 
PDGF a-receptor and PDGF ll-receptor (13). These two receptors show different affinities 
for the various dimeric PDGF forms. PDGF a-receptors bind all PDGF isoforms (AA, AB, and 
BB) with high affinity, whereas PDGF ll-receptors only show high affinity binding of PDGF
BB (25). Ligand binding results in receptor dimerization and subsequent activation through 
cross-phosphorylation on tyrosine residues (17). 

PDGF and PDGF receptors, expressed by various cell types like platelets, macrophages 
and cytotrophoblasts (for a review, see 24) playa role in e.g. wound healing and 
developmental processes. PDGF has been suggested to playa role in several tumour types 
as well (for a review, see 23,33), Evidence for autocrine activity of PDGF has been 

presented in glioblastoma and astrocytoma cell lines (26,27). 
Human malignant mesothelioma is a tumour of mesodermally-derived tissues that is 

predominantly observed in the pleura. Based on in vitro and in vivo expression data, PDGF 

was suggested to playa role in the tumorigenesis of malignant mesothelioma (19,28,30). 
In summary, malignant mesothelioma cells were found to express PDGF A-chain and B

chain mRNA at high levels, whereas normal mesothelial cells only expressed low levels of 
PDGF A-chain mRNA. Furthermore, expression of PDGF a-receptor mRNA and protein was 
demonstrated in non-malignant mesothelial cells, whereas in mesothelioma cells PDGF B
receptor transcripts and proteins were observed in most cases. Membrane-bound PDGF ((
receptor proteins were also found to be expressed by the latter (19l. 

In view of the involvement of POGF and POGF receptors in several physiological and 

pathophysiological processes, transcriptional regulation of PDGF chains and receptors is an 
important topic to study. Transcriptional regulation constitutes the first regulatory level of 

the biological action of PDGF as it determines the availability of ligands and signal
transducing receptors. In our normal and malignant mesothelial cell lines we previously 

analyzed regulation of PDGF A-chain and B-chain transcription (18 and unpublished work). 
We now report on the regulation of the differential PDGF receptor mRNA expression in 

normal and malignant mesothelial cell lines, as insight into regulation of PDGF receptors in 
mesothelioma cells is relevant in view of the possible PDGF-driven autocrine loop in these 

cells. It has been shown in several studies that mRNA expression of PDGF chains and PDGF 
receptors is regulated by e.g. acidic fibroblast growth factor and interleukin-l (22,34,35). 
Transforming growth factor-ll (TGF-ll) is probably one of the most extensively studied 
regulators of POGF receptor expression. TGF-B stimulation has been shown to result in 
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downregulation of POGF a-receptor mRNA in e.g. fibroblasts and smooth muscle cells 
(3,21), whereas upregulation of POGF B-receptor messenger levels was seen in smooth 
muscle and mesangial cells (12,15). As TGF-~ has been shown to be endogenously 
produced by mesothelial and mesothelioma cells (9,11,20), we evaluated whether TGF-~ 
may contribute to the differential expression of PDGF a.- and ~-receptors in mesothelial cell 
lines. Although studies on regulatory elements involved in transcription of the PDGF A
chain and B-chain genes have been performed in many cell types (for a recent review, see 
(16)), similar reports on PDGF receptor elements have been limited so far. Recently, studies 
on the promoter and upstream regulatory elements of the murine (32) and human (1) PDGF 
a.-receptor have been published. Their differential expression pattern makes the mesothelial 
cell lines important as model system for studies on POGF receptor regulation. The results 
discussed in this study are therefore also relevant for the general understanding of 
regulation of POGF Ck and B-receptor expression. 

MATERIALS AND METHODS 

Celllfnes and growth conditions 
Experiments were performed using the human malignant mesothelioma cell lines Mero-14, Mero-25, 

Mero-41, Mero-48c, Mero-72, Mero-82, Mero-84, and Mero-95 and the normal human mesothelial cell lines 
NM-9, NM-12, NM-21, NM-23, and NM-25 (19,29). The cell tines were routinely cultured in Ham's FlO 
medium (Glbco, Paisley, U.K.) with 16 % fetal calf serum (29). Epidermal growth factor (EGF; Collaborative 
Research Inc" lexington, MA, USA; 10 ng/ml) and hydrocortisone (HC: 0.4 ~tg/ml) were added to the culture 
medium of normal mesothelial cells. In some experiments ceUs were exposed to cycloheximide (CHX; Sigma, 
St. louis, MO, USA) at a concentration of 10 I-lg/ml medium for 2 h or to actinomycin 0 (Act 0; Merck Sharp 
& Dohme Int., Rahway, NJ, USA) at a concentration of 61-lg/ml medium for 1-6 h. Prior to TGF-~ 1 treatment, 

cells were cultured under serum-free conditions in Ham's FlO medium (+ EGF/HC for normal cells) 
supplemented with 0.1 mg/ml BSA (Sigma), 1 0 ~tgfml human transferrin (Behrlngwerke AG, Marburg, 
Germany), 10 I-lg/ml insulin (Sigma), and 50 nM sodium selenite (Merck, Darmstadt, Germany) for 24 h. 
Subsequent stimulation with human TGF·Bl (2 ng/ml; 24 h; R&D, Abingdon, U.K.) was performed In this 
serum-free medium as well. 

Probes 
For hybridization of Northern blots the 1.5 kb EcoRI (extracellular) PDGF a-receptor (7), the 1.7 kb 

EcoAI-Hindlll (extracellular) PDGF ~-receptor (6), and the 0,7 kb EcoRI-Pstl GAPDH (4) eDNA fragments were 
used as probes. For nuclear run off analysis the same extracellular PDGF a-receptor and B-receptor fragments 
(6,7) as well as the 1.25 kb Pstl B-acHn fragment from pAct (8) were all subcloned in the multicloning site 
of pUC and subsequently spotted onto nitrocellulose f11ters prior to hybridization, 

Northern and Southern blot analvses 
RNA isolation, Northern blotting and subsequent hybridization were performed as described elsewhere 

(18). Isolation of chromosomal DNA and transfer to Hybond-N (Amersham, UK) membranes were performed 
according to standard procedures. Hybridization and autoradiography were described previously (281. 

Nuclear run off assay 
Isolation of nuclei, in vitro labeling of nuclear RNA and hybridization were described elsewhere (18). 

RT·peR analysis 
For reverse transcription (AT) 1 ~Ig total ANA was denatured at 66°C for 10 min and mixed with 10 

I-lg/ml 01lgo(dT)16lPharmacia, Uppsala, Sweden), 2,5 OD260/mi (dN)6 (Pharmacia), avian myobJastoma virus 
(AM V) RT buffer (50 mM Trls-HCI, pH 8.3; 50 mM KCJ; 10 mM MgC12; 1 mM dithiothreitol; 1 mM EDTA; 
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10 )1g/ml bovine serum albumin). lmM dNTPs. lmM spermidine-Hel (Sigma), 40 U RNAsin (Promega, 

Madison, WI, USA), and 5 U AMV RTase (Prom ega) and incubated for 55 min at 39QC, For amplification of 
PDGF ((-receptor sequences eDNA was mixed with Taq buffer flO mM Trls-Hel, pH 8.3; 50 mM KCI; 1.5 

mM MgCI2; 0.01% 1m/v) gelatin), 0,2 mM dNTPs, 20 pmol sensa primer aR-7 (5'·CTGGAAGAAAT· 
CAAAGTCCCATCC-3';bp 909-932 according to the sequence in (7)), 20 pmoi antisense primer «R-B (5'

TGAGCCATGGTGATCATCGACC-3'; bp 1388-1409), and 1 U Taq polymerase (Perkin-Eimer Cetus, Norwalk, 
CT, USA). Fourty cycles of 30 sec at 94°C, 30 sec at 65°C, and 30 sec at 72°C were performed, The POGF 
a-receptor eDNA clone pSV7d15EB and a full-length PDGF B-receptor cDNA clone were used as positive and 

negative controls, respectively (6,7). No amplified products were seen using these primers on chromosomal 

DNA and non-reverse transcribed RNA. All samples were checked for the amount of analyzable cDNA using 

specific HPRT gene primers (tourty cycles of 30 sec at 94°C, 30 sec at 55°C, and 1 min at 72°C). Ethidium 
bromide analysis and hybridization of filters with amplWed PCR products were performed as described 

previously (18). PDGF a-receptor-specific oligo aR-3A (5'-TCACTGAGATCACCACTGATGTGG-3'; bp 1207-

1230) was used as probe for hybridization. 

RESULTS 

Differential regulation of PDGF a- and B-receptor mRNA expression in mesothelial cell lines 
As normal and malignant mesothelial cell lines display a differential POGF receptor 

mRNA expression pattern and as there are no indications for consistent cytogenetic andlor 
genomic aberrations, run off assays were performed to study the nuclear PDGF u;~ and B~ 
receptor mRNA levels in these cell lines. Nuclear POGF a-receptor RNA could be 
demonstrated in both normal and malignant mesothelial cell lines (Table 1). In Figure 1 this 
is shown for NM-9 and Mero-14 as representative examples. Nuclear PDGF B~receptor 

transcripts were only detectable in the malignant 
mesothelioma cell lines and hardly or not in the normal 
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Figure 1. Nuclear run off analysis 
using 32P-fabefed nuclear RNA of 
normal mesothelial (NM-9) and 
malignant mesothelioma (Mero-14) 
cell lines. The nitrocellulose blots 
contained plasmids pUC, pUC plus 
actin, pUC plus PDGF a-receptor, 
and pUC plus POGF ~-receptor. 

mesothelial cell lines tested (Figure 1 and Table 1). All 
cell lines tested clearly expressed nuclear RNA of the 
constitutively transcribed B-actin gene. 

Culturing of several normal and malignant 
mesothelial cells with the protein synthesis inhibitor 
cycloheximide (CHX; 1 0 ~g/ml) did not significantly 
affect the POGF ~-receptor mRNA levels in both cell 
types (Table 1). This is shown for NM-9 and Mero-14 in 
Figure 2. POGF ~-receptor mRNA expression was hardly 
or not detectable in untreated as well as CHX-treated 
normal mesothelial cells. Furthermore, CHX treatment did 
not alter the differential expression of PDGF a~receptor 
transcripts in normal and malignant mesothelial cell lines, 
as determined by Northern blot analysis (Figure 2 and 
Table 1). In CHX-treated malignant mesothelioma cell 
lines no POGF a-receptor mRNA could be demonstrated. 
Moreover, the use of higher concentrations of CHX (20~ 
30 ~g/ml) still did not result in detectable POGF a
receptor expression in these cells (data not shown). 



TABLE 1. Summary of data on PDGF a-receptor and B-reeeptor mRNA detection in normal and malignant mesothelial cell lines under various experimental 
conditions. 

cell 
line 
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+ 
+ 
NO 

+ 
+ 
NO 
NO 
+ 
+ 

ND: not determined. 

PDGF a-receptor 

mRNA 
(CHX treated 
samples) 

+ 
+ 
NO 

NO 

mRNA 
(RT-PCR) 

+ 
NO 
+ 

+/-
+/-
+/-
+/-
+/-
NO 

mRNA half-life 
(Act 0 treated 
samples) 

min. 4-6 h 
NO 
NO 

no mRNA detectable 
NO 
NO 
NO 
no mRNA detectable 
NO 

nuclear RNA 
(run off assay) 

NO 

+ 
+/-
+ 
+ 
+/-
+ 

PDGF r..-receptor 

mRNA level 
(CHX treated 
samples) 

NO 

+ 
+/-
+ 
+ 
+/-
NO 

mRNA half-life 
(Act D treated 
samples) 

no mRNA detectable 
NO 
NO 

min. 4-6 h 
NO 
NO 
NO 
min. 4-6 h 
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Figure 2. Northern blot analysis of total 
ANA from normal mesothelial INM-9J and 
malignant mesothelioma (Mero-14J cell 
lines. Total RNA (25 pg) of cells cultured 
in the absence (-J or presence (+) of 10 
~lg/ml cycloheximide (CHXl was blotted 
and hybridized to PDGF Ct.-receptor, PDGF 
f?-receptor, and GAPDH probes. 
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Detection of PDGF «-receptor mRNA by RT-PCR 
To obtain further evidence for PDGF a-receptor 

gene expression in malignant mesothelioma cell lines, 
we performed RT-PCR analysis. Amplification of 
PDGF «-receptor cDNA clone pSV7d15EB (used as 
positive control) with primers «R-7 and «R-8 resulted 
in a 501 bp band_ A fragment of similar size could 
also be amplified from cDNA of normal mesothelial 
cells (Figure 3 and Table 1). In the majority of our 
malignant mesothelioma cell lines such a 501 bp 
band could be detected as well, although the 
intensity was generally much lower than in normal 
mesothelial cell lines (Figure 3 and Table 1). 
However, distinct samples of a single malignant 
mesothelioma cell line were not always positive, 
further indicating low expression levels indeed. Since 
the PDGF a- and B-receptor sequences are quite 
homologous in many regions, cross-reactivity of the 
aR-7 and aR-8 primers with B-receptor sequences in 
these cells had to be excluded. Therefore, we 
checked the specificity of the PDGF «-receptor 
primers in various ways. EcoRV digestion of the 
amplified fragments resulted in the expected 244 and 
257 bp PDGF «-receptor-cDNA fragments (data not 
shown), whereas hybridization with the «R-3A oligo 
further confirmed the PDGF «-receptor origin of the 
amplified cDNA fragments (Figure 3). Furthermore, 
the lack of amplification of the PDGF ~-receptor 

cDNA construct with these primers excluded cross
reactivity with PDGF B-receptor sequences. Finally, 
genomic DNA, non-reverse transcribed RNA, and 
H20 controls were all negative. Despite the low 
expression levels, the results are in agreement with 
the data obtained in run off assays, indicating that 
malignant mesothelioma cells are in principle capable 
of producing PDGF «-receptor mRNA as well. 

Stability of PDGF «- and ~-receptor transcripts 
The stability of the PDGF «- and ~-receptor transcripts was studied by Northern blot 

analysis in a few normal and malignant mesothelial cell lines (NM-9, Mero-14, Mero-82l, 
which were treated with actinomycin 0 (Act D) for different times. The PDGF «-receptor 
and PDGF ~-receptor mRNA levels remained relatively stable during a 4 h treatment with 
Act 0, suggesting half-lives of at least 4 h (Table 1). In Figure 4 this is shown for NM-9 
and Mero-14_ In fact both transcripts are rather stable, as even prolonged exposure (6 h) 
to Act 0 did not result in significant decreases in a-receptor levels in normal mesothelial 
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Figure 3. Reverse-transcription PCR analysis of RNA from normal mesothelial {NM-9, NM-231, and malignant 
mesothelioma (Mero-41, Mero-4Bc, Mero-B2) celf lines. Upper panel: Ethldlum bromide analysis of amplified 
products, using cDNA from PDGF a-receptor clone pSV7d15EB as positive control {+}. POGF !3-receptor 
eDNA was used to exclude cross-reactivity of the aR-7 and aR-B primers {-I. Genomic DNA and H20 were 
used as negative controls. Lower panel: After blotting the filter was hybridized to a-receptor-specific oligo 
aR-3A. 
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Figure 4. Northern blot analysis of total RNA from normal mesothelial (NM-9) and malignant mesothelloma 
(Mero-14) cell lines. Total RNA (25 I1g) of NM-9 cells cultured in the presence of 5 !-I9/ml actinomycin 0 {Act 
OJ for the indicated times was blotted and hybridized to POGF a-receptor and GAPOH probes. Similarly, total 
RNA of Mero-14 cells cultured with Act 0, was hybridized to POGF !3-receptor and GAPDH probes. 
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cell lines or in f"S-receptor levels in mesothelioma cell lines (data not shown). Further support 

for the high PDGF receptor mRNA stability in these cells came from the observation that 
at the utilized Act D concentration the PDGF A-chain messenger half-life of these cells was 

2 to 3 h. This PDGF A-chain half-life is in agreement with our earlier fihdings (18). 
Unfortunately, the stability of POGF a-receptor transcripts in malignant mesothelioma cell 

lines could not be determined due to the inability to detect these messengers in these cell 
lines by Northern blot analysis. RT-PCR of Act D-treated cells has not been performed 

because the quality of the RNA isolated from the Act D-treated cells was not constant 
enough for reliable determination of POGF a-receptor mRNA half-lives in these cells. 

Differential effects of TGF-B 1 on PDGF IX- and B-receptor mRNA levels 

To further identify which factor(s) may be involved in regulation of the differential 
POGF rceptor expression between normal and malignant mesothelial cells, we evaluated the 
possible contribution of TGF-B 1. TGF-B1 is one of the most extensively studied regulators 
of POGF receptor expression and is known to be produced by mesothelial cells. In a pilot 
experiment, that was designed to identify conditions for TGF-B 1 stimulation, maximal 

effects were seen under serum-free conditions using 2 ng/ml TGF-B 1 for 24 h (data not 
shown). Serum-free culture was found to slightly alter PDGF (J.- and B-receptor mRNA levels 

in normal and malignant mesothelial cells, respectively, but no significant induction of the 

otherwise undetectable receptor type was seen. Based on these results, the effect of TGF
B 1 stimulation was analyzed in a panel of cell lines. Serum-free culture of normal 

mesothelial cell lines (NM-21 and NM-25) for an additional 24 h resulted in slightly altered 
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Figure 5. Northern blot analysis of total ANA from normal mesothelial !NM-21, NM-251 (Al and malignant 
mesothelioma !Mero-72, Mero-841 (B) celillnes. Cells were either cultured without serum Oanes aJ. cultured 
without serum for another 24 h. (lanes b) or cultured In the presence of 2 nglml transforming growth factor
J!,1 !TGF-Bll under serumfree conditions Hanes cl. Total RNA !25 ~Ig) was blotted and hybridized to POGF 
((·receptor (A) and PDGF J!,-receptor (B) probes. GAPDH hybridization was done for control. 
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PDGF ,,-receptor mRNA expression levels (Figure 5A, lanes a,b).ln parallel cultures addition 
of 2 ng/ml TGF-B 1 caused downregulation of a-receptor messenger expression in these cell 
lines, as can be clearly seen when comparing lanes band c. In malignant mesothelioma cell 
lines no PDGF-a receptor mRNA expression was seen under the conditions tested. The 
effect of serum-free culture and TGF-~ 1 stimulation on PDGF ~-receptor mRNA levels in 
the malignant mesothelioma cell lines tested, was variable. In two out of six (Mero-82, 
Mero-84) an increase in PDGF B-receptor level was seen after serum depletion, which was 
even further increased by TGF-~l stimulation (Figure 5B, lanes b, c). In Mero-72 the level 
was slightly increased by serum depletion, but TGF-~ 1 did not have a clear additional effect 
(Figure 5B, lanes b, c). Of the other three cell lines tested, one did not demonstrate PDGF 
B-receptor mRNA expression under all conditions (Mero-95), whereas the other two 
showed rather low (Mero-25, MeroA1) expression levels that were hardly affected by 
serum removal or TGF-B1 stimulation (data not shown). In normal mesothelial cell lines a 
weak enhancing effect was seen after serum removal. 

DISCUSSION 

We previously reported on PDGF a-receptor mRNA expression in normal mesothelial 
cells, whereas on Northern blots only PDGF B-receptor transcripts could be detected in 
nearly all malignant mesothelioma cell lines (30). The observed differences are not likely 
to be caused by the culture conditions, as addition of EGF and HC (added to normal 
mesothelial cells cultures) and serum removal just slightly modulated PDGF receptor mRNA 
levels in both normal and malignant mesothelial cell lines and, most importantly, did not 
cause induction of the otherwise undetectable PDGF receptor subunit ((31) and this study). 
Cytogenetic analysis did not demonstrate any consistent chromosomal aberration on 
chromosomes 4 (a-receptor) or 5 (B-receptor) in the malignant mesothelioma cell lines (30). 
Furthermore, in the present study no PDGF a-receptor gene rearrangements or intragenic 
deletions were detected in the malignant mesothelioma cell lines by Southern blot analysis 
using restriction enzyme EcoRI (data not shown). We therefore studied transcriptional and 
post-transcriptional regulation of the differential PDGF receptor mRNA pattern in 
mesothelial cells. We conclude that the absence of clear PDGF B-receptor mRNA levels in 
total RNA of normal mesothelial cell lines is probably caused by lack of transcription of this 
gene rather than by rapid decay of unstable messengers. In contrast, the absence of PDGF 
a-receptor mRNA on Northern blots of malignant mesothelioma cell lines cannot be 
explained similarly. Several lines of evidence suggest that malignant mesothelioma cell lines 
in fact are capable of transcribing the PDGF a-receptor gene. By nuclear run off analysis 
as well as RT-PCR PDGF ,,-receptor transcripts could be detected, although in the latter 
assay the expression level was rather low and variable as compared to normal mesothelial 
cells. Prolonged exposure of blots containing poly(A) + RNA of malignant mesothelioma cell 
lines also showed a faint PDGF a-receptor hybridization signal (data not shown). 
Furthermore, other investigators found PDGF a-receptor transcripts in their malignant 
mesothelioma cell lines using the sensitive RNase protection analysis (10). In agreement 
with all these findings we recently observed membrane-bound PDGF a-receptor proteins 
on malignant mesothelioma cells using immunostaining techniques (19). Furthermore, in 
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view of these data the earlier observed binding of radiolabeled 1261_PDGF_AA to malignant 
mesothelioma cell lines should not be interpreted as background binding, but rather as 
specific, though low, binding of PDGF-AA to PDGF a-receptors on these cells (30). Despite 
the demonstration of PDGF a-receptor expression in malignant mesothelioma cell lines, it 
remains to be determined in future studies whether growth stimulatory pathways acting 
via PDGF a-receptors are really of biological importance in these cells as well. 

Being one of the best studied regulators of POGF receptor expression and being 

produced by both normal and malignant mesothelial cells, TGF-B1 was evaluated for its 
putative contribution to the differential PDGF receptor expression in mesothelial cell lines. 
After stimulation with TGF-B 1, no induction of PDGF a- and B-receptor mRNA was seen 
in normal and malignant mesothelial cells, respectively. However, PDGF a-receptor mRNA 

levels in normal mesothelial cells were found to be decreased by TGF-B 1, which is similar 
to what has been described for e.g. smooth muscle cells and fibroblasts (3,21). The effect 
of TGF-B 1 on PDGF B-receptor expression in malignant mesothelioma cell lines Was 
variable, which also fits in with data from other cell types, like smooth muscle and 
mesangial cells (12,15,21). Taken together, the effect of TGF-B1 stimulation is not likely 
to explain the differential PDGF receptor expression. Nevertheless, the low PDGF a-receptor 
mRNA expression in malignant mesothelioma cell lines may well be (partly) the 
consequence of a-receptor downregulation by endogenously produced TGF-B1. However, 

the latter suggestion awaits further experimental proof . Recently, it has been shown that 
antisense messengers against TGF-B2 and to a lesser extent against TGF-B 1, resulted in 

growth-inhibition of mesotheioma cells in vitro and in reduced tumorigenicity and increased 
T-Iymphocyte infiltration in vivo (9). Together these results suggest an important role for 
TGF-B in mesothelial carcinogenesis. The results described in this study indicate that 

modulation of PDGF receptor mRNA expression m.y be another effect of TGF-B 1 in (part 
of the) malignant mesothelioma cells. 

The apparent inability to detect PDGF a-receptor messengers in malignant 

mesothelioma cells by Northern blot analysis, is most probably due to rapid degradation, 
suggesting that the POGF a-receptor transcript is rather unstable in malignant 

mesothelioma cells. In contrast, the a-receptor messenger in normal mesothelial cells is 

quite stable, with a half-life of at least 6 h. As inhibition of protein synthesis did not seem 
to influence PDGF a-receptor mRNA stability in malignant mesothelioma cells, labile 
degrading proteins are not likely to be involved. However, CHX-insensitive proteins may 

very well be responsible for the observed difference in stability. Alternatively, it may be 
that the absence of certain degradation-protecting proteins or the presence of mutations 
in 3' untranslated sequences (UTS) cause differences in POGF a-receptor messenger 

degradation between normal and malignant cells. AUUUA regions in the 3' UTS have 
earlier been shown to playa role in stability of e.g. GM-CSF transcripts (2). It remains to 
be determined if any of these mechanisms accounts for the apparent difference in POGF 

a-receptor stability between normal and malignant mesothelial cells. 
Thusfar there have been, to our knowledge, no reports on promoter function and 

involvement of cis-acting regulatory elements in PDGF B-receptor transcription. Concerning 
the PDGF a-receptor, recently a study was published in which a 93 bp minimal promoter 
region, relative to the transcription start, was identified, that functioned in a way that 

mirrored mouse tissue-specific PDGF a-receptor expression (32). Moreover, a similar though 
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larger promoter region was identified in human Tera-2 cells (1). It would be interesting to 
see whether this promoter region would be sufficient to drive PDGF a~receptor transcription 
in mesothelial cells as well. Based on the earlier discussed differences and similarities in 
regulation of PDGF a-receptor and B-receptor expression, normal and malignant mesothelial 
cell lines could thus be very helpful for characterization of promoter and upstream 
regulatory elements of both PDGF receptor genes in human cells. 

In conclusion, data on regulation of PDGF receptor expression collectively suggests 
that both PDGF a- and "-receptor transcripts can be expressed by malignant mesothelioma 
cell lines. However, there seems to be a difference in stability between PDGF a- and B
receptor transcripts. Moreover, a-receptor processing in malignant mesothelioma cell lines 
seems to be different from that in normal mesothelial cell lines as well. Further 
identification of the mechanism behind this processing will therefore be a topic of future 
studies. 
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THE WILMS TUMOUR WT1 GENE 
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WT1 tumour suppressor gene 

Wilms tumour or nephroblastoma is the most common pediatric solid tumour. 
Approximately 1 in 10,000 children are affected by this malignancy (1,2). 

Chromosome region 11 p 13 has been identified as one of the loci involved in Wilms 
tumorigenesis, through deletion analysis of WAGR (Wilms tumoUf, aniridia, genitourinary 
abnormalities, mental retardation) patients (Table 1; 3-5). Another genetic locus on 

chromosome 11 at band p 15 seems to play a role in predisposition to Wilms tumours 
found in association with BWS (Beckwith-Wiedemann syndrome) (Table 1; 6,7). 

Furthermore, frequent LOH of chromosome 16q suggests this region to contain yet 
another gene involved in Wilms tumours (8). Sofar, this locus has not been further 

characterized. 
More thorough analysis of the 11 p 13 region revealed the presence of deletions in a 

candidate gene that was subsequently cloned by three groups and was designated WT 1 

(9~ 11). The demonstration of both germline and somatic intragenic deletions in this WT1 
gene in a proportion of Wilms tumour patients indicated that it is indeed a Wilms tumour 

predisposition gene (12-16). The presence of point mutations in the wn tumour 
suppressor gene that may disrupt or alter its function as a transcription factor (see later) 

were also studied. Only in a minority of sporadic unilateral and bilateral Wilms tumours 
such point mutations in the DNA binding zinc finger-encoding region of WT1 were 
reported (17~19). In Wilms tumours occurring in Denys-Drash syndrome (DDS) patients 

(Table 1), wn point mutations were observed in nearly all cases analyzed (20-24). In 
DDS patients these mutations are heterozygous, suggesting a dominant~negative mode 

of action. Such a dominant~negative effect could either result from association with 
wild~type WT1 proteins or from squelching of an interactive protein involved in transre
gulation by WT1 (25). 

TABLE 1. Association of Wilms tumours with syndromes and chromosomal loci. 
syndrome locus tumour characteristics tumour histology 

WAGR, DDS 11p13 

BWS 11p15 

intralobar nephrogenlc rest-like 

perilobar nephrogenic rest-like 

heterogeneous (entire 
spectrum of nephrogenesis) 
homogeneous (late stages 
of nephrogenesis) 

Abbreviations used are; BWS: Beckwith·Wiedemann syndrome (characterized by prenatal and postnatal gigantism); DDS: Denys
Drash syndrome la triad of nephropathY, pseudohermaphroditism, and Wilms tumour); WAGR: Wilms tumour, aniridia, genitourinary 
abnormalities, menial retardation. 



114 CHAPTER 5.1 

Expression and possible function of the WT1 gene 
Expression of the WT1 gene is seen in a limited set of tissues in developing human 

and mice embryos, e.g. kidney, spleen, mesothelial linings of the coelomic cavities, 
gonadal ridge mesothelium, Sertoli cells and granulosa cells (26-28). In adults, WT1 

expression was observed in the glomerular epithelia of the kidney, Sertoli cells in the 
testes and ovarian granulosa cells (26-28). 

All these tissues are derived from the mesoderm and have undergone a mesenchy
me to epithelial transition during development. Hence, it was proposed that WT1 may 
be required in this transition (26). However, expression of WT1 was also seen in 
ectodermally-derived tissues, like parts of the spinal cord and the developing brain in 
embryonic mice and rats, suggesting that WT1 might have other tissue-specific roles as 
well (28,29). 

The WT1 expression pattern strongly suggests that WT1 plays a role in regulating 

genes that are involved in several stages of nephrogenesis and in development of the 
gonads. A crucial role for WT1 in early urogenital development was established in a 
gene targeting model system of murine embryonic stem cells (30). In these WT1 knock

out mice a failure in kidney development was observed. In addition, abnormal develop

ment of gonads, heart and mesothelium was seen. The occurrence of Wilms tumours in 
combination with genitourinary abnormalities in WAGR and DDS patients further 

supports the view that the WT1 product may have pleiotropic effects in urogenital 
development. 

In malignancies arising from WT1-expressing tissues other than the kidney, the 
WT1 gene was studied as well, although the number of reports is limited. No clear 

indications for WT1 contribution could be found in the neoplastic counterpart of SertoH 
cells and granulosa cells, commonly referred to as sex cord-stromal tumours (31) as 
well as in ovarian carcinomas (32), as wild-type WT1 mRNA was observed in most 

cases. Furthermore, there are a few reports on WT1 expression in transformed mesot
helial cells (33-35). These authors observed WTl mRNA expression in a single normal 

and several malignant mesothelial cell lines. WT1 protein expression was also observed 
in malignant mesothelioma tumour samples (36). In a single and exceptional case of 
peritoneal mesothelioma a point mutation was found in the WT1 transregulating domain 

(33). Point mutations could not be observed in the analyzed exons of the coding region 
of the WT1 gene in several pleural mesotheliomas (33,34). The fact that malignant 
mesothelioma was mentioned as a second risk tumour in a small number of patients 

that had recovered from Wilms tumour (37). may indicate the possible involvement of a 

similar underlying genetic event in at least a subset of cases. A genetically altered WT1 
gene could be a good candidate. 

Regulation of WT1 expression 

In several studies the WT1 gene was shown to contain a TATA-Iess, CCAAT-Iess 
promoter with a high (> 60%) GC-content with potential Egr-1/WTl and Sp1 binding 
sites (38,39). One major and several minor WT1 transcription start sites were identified 

(39). The WT1 minimal promoter region was found to function in all cell types tested 

(40), Transactivation of a 3' -enhancer sequence at roughly 50 kb of the transcription 
start by GATA-1 seems to confer an additional tissue-specific increase in WT1 expressi-
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on (40,41). Due to its action as a repressor of transcription, the WT1 gene can be 
negatively auto regulated through multiple WT1 binding sites in the WT1 promoter 
region (42,43). The WT1 5' flanking promoter region appears to act as a bidirectional 
promoter, being involved in transcription of the Wit-1 gene in the opposite direction as 
well (42). The function of this Wit-1 gene product is not clear yet, as there seems to be 
no large open reading frame. It has been suggested to playa role in regulation of WT1 
transcription (44). 

The WT1 gene can express four different mRNAs through alternative splicing at 
two distinct sites (45,46). whereas RNA editing at position 839 further extends the 
number of distinct messengers (47). At the one site alternative splicing leads to 
insertion of 17 amino acids N-terminal of the zinc-finger region, whereas at the other 
site three amino acids (lysine, serine, threonine; KTS), are inserted between the 3rd and 
4th zinc-finger. There is little variation in the relative distribution of these 4 splice 
variants among WT1-expressing Wilms tumours and fetal kidney tissue (45,46). The 
variant containing the extra 17 and three amino acid~ inserts seems to be slightly 
predominant. The presence of these four transcripts in all tissues studied thus far, 
suggests that each WT1 isoform may have an important function. This is supported by 
the observation that a WT1 mutation in a DDS patient affected the splice site between 
the 3rd and 4th zinc-finger. This resulted in a disturbed ratio of WT1 (+ KTS) and WT1 
(-KTS) proteins, as from one allele no WT1 (+ KTS) protein could be produced (22). 

Transcription regulating activity of WT1 
The WT1 product shows DNA binding and transcription regulating capacity, which 

is in agreement with its nuclear localization in immunofluorescence analysis (48,49). 
The C-terminal part of the WT1 (-KTS) protein contains four zinc-fingers, which bind to 
DNA sequences with the core consensus element 5'-GCGGGGGCG-3' (50). This core 
sequence is also recognized by the transcription factor Egr-1, that shares extensive 
amino acid homology to WT1(51). WT1 exerts its transcriptional activity through the 
N-terminal glutamine- and proline-rich region (52). 

Using a whole genome PCR-based approach it was shown that the WT 1 (+ KTS) 
isoform did not bind to the Egr-1 consensus binding site, but to other (consensus) DNA 
sequences in perhaps distinct target genes (53). It has been suggested, although there 
is no formal proof, that the recently described TCC motif in the promoters of several 
genes (PDGF A-chain, c-mye, TGF-1>3 and Ki-ras) could be recognized by this WT1 
(+ KTS) isoform (54). The TCC motif functioned in a way similar to the previously 
mentioned 5'-GCG GGG GCG-3' Egr-1 binding site. Using purified protein, Drummond et 
al. (55) recently demonstrated the DNA binding specificities of the WT1 (+ KTS) 
variant; a 12 bp-recognition element seems to be bound by all four WT1 zinc-fingers 
together, thus conferring more sequence specificity and possibly extending binding 
capacity. Others suggested that the 17 amino acids insert could act as a repressor 
element itself as well (56). In a recent paper Larsson et al. (57) showed that alternative 
splicing within the WT1 zinc-finger region resulted in different subnuclear localizations 
of the WT1 protein. The WT1 (+ KTS) isoforms mainly localized with splicing factors 
suggesting a role in post-transcriptional regulation of mRNA levels, whereas the (-KTS) 
isoform was found with DNA and transcription factors. Together these findings suggest 
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distinct functions for the WTl isoforms. 
In transient transfection studies the IGF2, PDGF A-chain, IGFIR, CSF1, TGF-B, 

RAR-c< 1, and Pax-2 genes have been identified as potential target genes for repression 
of transcription by the WT1 (-KTS) isoform (58-65). These results have led to the 
hypothesis that WTl functions as a tumour suppressor gene product and that reduction 

or absence of WTl expression which is seen in some cases of Wilms tumour, results in 
a higher expression of important growth factor and growth factor receptor genes. The 
observation that in Wilms tumours IGF2 was found to be overexpressed compared to 
normal kidneys confirmed this suggestion (66,67). However, the transcription repres

sing ability of WT 1 was based on transfection studies in which promoters of target 
genes upstream of a reporter gene were found to be influenced by WT1. So far no data 
have been published on the regulation by WT1 of endogenous levels of any of these 

target genes in WT1-expressing cells. 
Recently, transcriptional regulation by WTl was found to be more complicated, as 

transactivation by WTl was also observed. Maheswaran and coworkers (68) demon
strated transactivation of an Egr-l promoter construct in the absence of functional p53, 
whereas repression was seen in the presence of wild-type p53. An intriguing observati
on is the presence of a point mutation in the transactivating domain of the remaining 
WTl allele in a Wilms tumour arising in a child with WAGR syndrome. This mutation 
caused the conversion of the WTl protein from a transcriptional repressor into a 
transcriptional activator (69). It has been suggested that this may be caused by 
disruption of binding between WT1 and p53 (69). Furthermore, WT1 was shown to 
require binding sites 5' and 3' of the transcription start site of the PDGF A-chain 

promoter in order to repress transcription, whereas the presence of only one of these 
binding sites resulted in transactivation by WT1 (70). A totally distinct mechanism of 

regulation by WTl was observed in a Wilms tumour eel! line expressing an abnormal 
WTl transcript. This transcript, that was also observed in varying amounts in several 
Wilms tumour samples, was devoid of exon 2-encoded sequence, which caused WTl to 
switch from a transrepressof to a transactivator in Egr-l-driven reporter studies (71). 

In Chapter 5.2 the transregulatory activities of WTl afe evaluated using mesothe
lial cell lines as a model system. 
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Expression of the Wilms' Tumor Gene WTI in Human 
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Platelet-Derived Growth Factor A and Insulin-LiI<e Growth 
Factor 2 Expression 
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Mutations In the WTI tumor suppressor gene are known to contribute to the development of Wilms' tumor (WT) and 
associated gonadal abnormalities. WTI is expressed principally in the (et:!! kidney, developing gonads, and spleen and also in the 
mesothelium, which lines the coelomic cavities. These tissues develop (rom mesenchymal components that have subsequently 
become epithelialized, and it has therefore been proposed that WTI may playa role in this transition of cell types. To test the 
possible involvement of this gene in malignant mesothelioma, we have first studied its expression in a panel of human normal 
and malignant mesothelial cell lines. WTI mRNA expression levels varied greatly between the cell lines and no specific 
chromosomal aberration on IIp, which could be related to the variation in WT/ expression in these cell lines, was observed. 
Furthermore, no gross deletions, rearrangements, or functionally inactivating point mutations in the WTI coding region were 
identified, All four WTI splice variants were observed at similar levels in these cell Hnes. The WTI gene encodes a zinc-finger 
transcription (actor and the (our protein Isoforms are each believed to act as transcriptional repressors of certain growth factor 
genes. Lack of WTI expression is thus predicted to result in growth stimUlation of tumor cells. Binding of one particular WTI 
Iso(orm construct to the Insulin-like growth factor 2 (/GF2) and platelet-derived growth factor A (PDGFA) gene promoters has 
been demonstrated to result In repression of these genes In transient transfection studies. Analysis of IGF2 and PDGFA mRNA 
expression levels compared with WTi mRNA expression levels failed to demonstrate an inverse correlation in the mesothelial 
ceU lines, wh1ch endogenously express these genes. Finally, the putative role of WTf in the transition of cell types was 
investigated. No obvious correlation between WTI expression levels and ceft morphology of the malignant mesothelial celt lines 
was evident from this study. Moreover, no change in WTI expression was observed in normal mesothelial cells which were, 
by alteration of culture conditions, manipulated to switch from the mesenchymal to epithelial morphology. Genes Chromosom 
Concer 12:87-96 (/995). &l 1995 W,ley.Uss, Inc. 

INTRODUCTION 

Human malignant mesothelioma is a mesoder
mally derived tumor, which is most often found in 
the pleura. hs incidence is strongly associated with 
exposure to asbestos fibers (Wagner et aI., 1960). 
Malignant mesothelioma is thollght to develop 
from mesothelial cells, which form a specialized 
epithelium lining the coelomic cavities. Malignant 
mesothelioma was mentioned as one of the so
called second risk tumors in a few patients who had 
recovered from the pediatric kidney malignancy 
Wilms' tumor (WT) (Austin et aI., 1986). This sug
gests the possible involvement of a common un
derlying genetic evcnt in both malignancies. 

The II'Tllocus on UplJ has been identified as 
one of the chromosomal loci contributing to WT 
de\'elopment (Call et aI., 1990; Gessler ct aI., 
1990). WTJ encodes a protein with DNA-binding 
capacity, elicited by four zinc-fingers at the C-ter
minal part, which bind to DNA sequences with the 
core consenSllS element 5' -GCGGGGGCG-3' 

:0 1995 Wlley.Llss, Inc. 

(Rauscher et aI., 1990). The WTl protein addi
tionally possesses transcriptional regulatory activity 
exerted through the N-tcrminal glutamine- and 
proline-rich regions of the protein ("fadden et aI., 
1991). Alternative spIking of the 11'1'1 gene at two 
independelH splice sites has been shown to result 
in the formation of four II'TJ splice variants. In 
tumor tissue and fetal kidney there appears to be 
little variation in the ratios of these four isoforms 
(Haber et aI., 1991; Brenner et aI., 1992). 

In transient tmnsfection studies insulin-like 
growth factor 2 (IGF2), platelet-derived growth 
faclOr A (PDGFA), and JGFf R have recently been 
identified as potential target genes for transcrip
tional repression by WTI (Drummond et aI., 1992; 
Gashler et al., 1992; Wang et al., 1992; Werner et 
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ai., 1993), These and other results have led to the 
hypothesis that the WTt protein functions as a 
tumor suppressor gene product and that reduction 
or absence of IVT! expression that is seen in a pro
portion of WTs results in all increased expression 
of certain growth factor genes. However, transac
(ivarion by WTI was also seen, depending on the 
presence of wild-type TP53 protein, the number of 
WTl binding sites in the promoter of the t:nger 
gene, or the presence of specific missense muta
tions within (he tr<1!1sreguiator), dom<lin (;\Ia
hes"',Han et aI., 1993; Park et aI., 1993<1; W:log et 
aI., 1993). 

Despite these results on repression O[ activation 
of certain target genes by \V1'l in tr:msiem ;lssays, 
not much is known about the physiological role of 
WTt. It has been suggested th,tt WTl may pia)' a 
role in mediating the shift from a mesenchymal to 
an epithelial phenotype, as it is expressed in the 
nephrogenic epithelia, in epithelial cells of the go
nads, and in the mesothelium (pritchard-Jones et 
aI., 1990; Pelletier e[ aI., 1991; Armstrong ct al., 
1992). These are all cells of mesodermal origin that 
have undergone the tmnsition to the epithelial 
morphology. Howe\'er, other cell types undergoing 
this transition do not express the I1'T! gene, 
whereas in embryonic mice distinct regions in tbe 
spinal cord and brain that arc of ectodermal origin 
display WT! expression, arguing that there should 
be other tissue-specific roles for WTl in develop
ment (Armstrong et aI., 1992). Recently, a crucial 
role for BT! in early urogenital development \\,;15 

established in a model system by gene targeting in 
murine embryonic stem cells (Kreidberg et aI., 
1993). In these liT! knockout mice a failure in 
kidney development was observed. This was sug
gested to be caused by inhibition of inductive 
events leading to the formation of the metanephric 
kidney. In addition, abnormal de\'elopment of the 
gonads, the heaH, and the mesothelium was seen 
as well. Abnorllldities in the phenotypes of these 
tissues support the idea of a role for WTl in the 
mesenchymal to epithelial cell transition. 

As U'T! expression \\';lS ohsen'ed in thc human 
and mouse deYeioping and maturc mesothelium 
(Pritchard-Jones et aI., 1990; Armstrong et al., 
1992; Park et aI., 1993b), we were interested to 

dctermine whether WT! was also expressed in its 
m.tlignant counterpart as this might indicatc a pos
sible irlYolYemenr of liT! in the pathogenesis of 
m3lign,lIH mesothelionu. In this respect, it is 
worth noting th,lt cytogenetic analysis of 40 con
firmed mesothelioma p~Hients re\'e;lled karyotypic 
,tbnormalities in sever;!1 chromosomes, but only in 

a few cascs were rearrangements in 11 p seen 
(Hagemeijer et aI., 1990). We have studied expres
sion of the II'T! gene in a panel of human norm;!1 
,lOll malignant mcsothelial cell lines: Expression 
levels were related to the morphology (epithelial or 
mesenchymal) of the mesothelioma cells in vitro in 
order to clarify put;ni,'c WTl invol\'ement in cell 
type transition, We also investigated whether gross 
alter;ltions or point mutiltions could be detected ;It 
the WT! locus, whether the four different alterna
ti\'ely spliced mRNAs were present in thc various 
normal and malignant mesothelial cell lines, and 
whethcr the 1FT! mRNA expression Icyel in these 
cell lines could be correbted to their PDGFA and 
!GF2 mRNA levels. 

MATERIALS AND METHODS 

Cell lines, Growth Conditions, Characterization, 
and Cytogenetics 

Experiments were performed using the human 
pleur;li malignant mesothelioma cell lines i-.fero-
14, -15, -41, -4Sb, -48e, -72, -81, -83, -84, -95, -96, 
and -123 (Versnel et aI., 1988, 1989) and the nor
mal mcsothelial cdllines Ni-.I-l, -4, -5, -9, ;llld -12 
(Versnel et aI., 1991, 1993; Langerak et aI., in 
prepar,Hion). All mesothelioma cell lines were de
rived from mesothelioma patients whose diagnosis 
was based on routine cytology, which W,IS histolog
ically or ultmstructurally confirmed. Cell lines were 
routinely cultured as described earlier (Versncl et 
aI., 1988, 1989). Cytogenetic analysis was per
formcd as dcscribed culier (Versnel et ilL,· 1988). 

Northern and Southern Blot Analyses and Probes 

Northern blotting <lnd Southern blotting were 
performed as described in Langerak et ,11. (t 992). 
For hybridization of Northern and Southern blots 
a 1.8 kb K(oRI WT! fmglllent dcrived from the 
WT33 cUNA was used (Call et aI., 1990). North
ern blots werc rehybridized with the 1.3 kb E.oRI 
PDGFA fr;lgll1ent (Betsholtz et ,11., 1986), the 104 
kb XbaI-EmRI /GF2 fragment from pIGF-II (jan
sen et aI., 1985), and the 0.7 kb EmRI-pJlI glyc
emldehyde-3-phosphate dehydrogenase (GAPDH) 
fragment (Benham et al., 1984). Rehybridiz,ttion of 
Southern blots was performed with a 1.3 kb Ps/I 
fGF2 fwgment from pKT218 (jansen et .11., 1985). 

Reverse Transcription (RT) Polymerase Chain 
Reaction (PCR) Analysis 

RT of RNA, isolated from the normal ,lnd ma
lignant mesothelial cell lines, and subsequent peR 
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.malysis werc performed as described previously 
(Langerak et aI., 1992). For amplification of the 
altern.Hive splice variams the sense primers B297 
(S'·TIG GTC GAC ATG ACC TGG AAT 
CAGle ATG-J'; located in II'Tl exon 4) or 8439 
(S'-CTT GTA CGG TCG GCA TCT-3'; located 
in IITI exon 7) wcre used in combination with 
ancisense primer B298 (5'-TGC AAG CTT CAG 
CTG AAG GGTIC TTC/TTC-J'; located in 11'7'1 
exon 10) (Little et aI., 1992). Thirty-fi\'e cycles of 
1 min at 94°C, 1 min at 50°C, and 2 min at 72°C 
were performed. PCR products were analyzed on 
10% polyacrylamide gels using Ps/I digested 
lambda DNA as a marker. 

Point Mutation Analysis 

Chemical cleav<lge mism<ltch amlysis using hy
droxylamine and osmium tetroxide (I rOT .1I1<llysis) 
was performed as described (COHan et aI., 1988; 
Prosser et a\., 1990). Templ;ttes were generated by 
RT-nested PCR (Hanson et aI., 1993), ,1 strategy 
required due to low yields of available RNA. The 
H'T! region encoding the tmnsreguhltory domain 
was amplified with outer primers 0609 sense (5'
CM ACA GGA GCC GAG CTG G·Y) and D610 
antisense (S'-GCA CAT CCT GAA TGC CTC 
TG-3') followed by inner primers 1 and 3 (Brown 
et aI., 1992). The DNA-binding domain was sim
ilarly amplified with primers C582 sense (5'-AAA 
TGG ACA GAA GGG CAG AGe-J') and CS83 
antisense (5'-lTG GAA GTT GGA TOA AGA 
AGA TC-3') folluwed by primers 2 ,md 4 (Brown et 
ai., 1992). PCR conditions for LJ609/D61O arc step 
1, 1 min;H 94°C; step 2, 30 cycles of 30 sec at 9-fOC, 
1 min at 54°C, and 1-2 min at 72°C; step 3, 10 min 
at 72°C. Touchdown PCR conditions for CS821 
CS83 are step I, 1 min at 9-f°C; step 2, 30 cycles of 
30 sec at 92°e, 1 min at 62-57°C and 2 min at 
72°C; step 3, 10 min at 72°C. S;lmples genemting 
cleaved fmgments after HOT ;lOtllysis were sub
jected to ,I second rollnd of RT-nested PCR. Then 
the products were purified by J3-Agafilse I (New 
England Biolabs, Beverly, ~IA) and subsequently 
sequenced directly as described (Winship. 1989). 

RESULTS 

WTI mRNA Expression In Mesothelial Cell Lines 

Expression of the H'TI gene was studied on 
Northern blots, containing total RNA from normal 
,II)(I malignant mesothelbl cdllines of hunun ori
gin. U'7'/ mRNA was found !O be consistently ex
pressed in the normal mesothelial cell lines, al
though some vari,uion in the le\'els was observed 

(Fig. I). The U'7'1 expression level was highly \'ui
able in the investigated panel of malignant me
sothelioma cell lines, ranging from \'ery high 
(~[ero-2S) to nearly or !Otally undetectable (~1ero-
41, -72, -82, -R3, -95)(Fig. I). UTI mRNA expres
sion le\'els were normalized over GAPDH mRNA 
le\'els after quantification by densitometric analysis 
(see Table I). 

Based on their histology, malignant mesothelio
mas C,ln be classified <lS epithelial, mesenchymal, 
or biph'lsie. The morphology of the cultured me
sothelioma cells in monolayer can differ from the 
primary tumor-tissue morphology (see T,lble I). In 
an attempt to clarify the possible role of the WTI 
gene product in the transition of certain cell types 
from a mesenchymal toward an epithelial morphol
ogy, WTf mRNA expression levels in the cultured 
mesothelioma cells were therefore related to the 
epithelial or fibrous/mesenchymal morphology of 
these cell lines. Although the highest UTI mRNA 
level was observed in ~fero-2S, which has the 
c1e<lrest epithelial phenotype, WT! expression was 
not completely confined to cell lines showing an 
epithelial or biphasic morphology. II'TI mRNA was 
undetect<lhle in several cell lines with a fibrous 
morphology like ~lero-41 and -72, but other fi
brous cell lines did express IITI (i\lero-83, -96, and 
-l2,1). In cell lines that were predominandy either 
fibrous or epithelhll, expression was observed oe
c'Jsion'ally (~fero-48b, -48e, and -84), and in others 
not at <III (~fcro-82 and -95). 

The puwti\'e invoh'ement of 11'1'1 in the mesen
chymal to epithelial shift was further studied llsing 
a sccond approach. It has been described that cul
tured normal mesotheli,11 cells can adopt a mesen
chym;li (fibrous) or epithelial cell shape depending 
on the presence or ahsence of epiderm;ll growth 
f,lctor (EGF) in the culture medium, respecti\'ely 
(Connell and Hhein"';lld, 198,1). Therefore, the 
11'1'1 mRNA level was determined in t\\'o normal 
mesothelial cell lines under these conditions. The 
two ce1llines showed a more epithelial morphology 
upun removal of EGF (and hydrocortisone (HC)] 
for J days from the st;lIldard culture medium. I-Io\\'
ever, analysis of RNA isolated from the mesothelial 
cells cultured for 72 hr in the absence of EGF and 
HC did not result in a significantly altered level of 
n'7'l mHNA (data not shown). 

Alternative Spiking Pattern of WTI 

The 11'1'1 gene is Cilpable of producing four dif
ferent mRNAs by aitern,l{i\'e splicing, which can 
lead to the insertion of an extra 51 bp (exon 5) 
upstream of the zinc-fingers and/or 9 bp (gh'ing rise 
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Figure I. Northern blot Jmlysis with 25 j.lg total RNA from normal (NM) and mal'goaTlt (Mero) 
mesothelial celllln~s_ RNA was hybrid.led to WTI and GAPDH probes 

TABLE I. Summary of Cytogenetics. Tumor Cell line Morphology, and WTI Expression in Normal (NM) and f-lalignant (Mero) 
Mesothelial CeliUnes 

ModJI No. of copies of chromosome (arm) WTI gene WTI 
Tumor chromo- WT/ structure WTI mRNA 
cell line some Normal Rearranged Total mRNA (Southern gene (alternative 

Cell line morphology No. No, II No. lip No. I tp level' blot) (mutations) splicing) 

NM·I 46 2 2 0,81 NO' NO 4 isoforms 
NM·4 46 2 2 0.28 NO NO NO 
NM·S 46 2 2 0.12 NO NO NO 
NM·9 46 2 2 0.26 Normal NO NO 
NM-12 46 2 2 0.08 NO NO ND 
Mero·14 Fibrous 7S 3 (4) 3 (4) 0,04 Normal Not found 4 isoforms 
Mero·25 Epithelial 67 3 (4) IXinv(ll)(pllqI4) 4 (5) 9.59 Normal Not found 4 isoforms 
Mero·41 Fibrous 72 4 4 0 Normal NO NA' 
Mero·48a Epithelial 71-75 3 I x mar (t(9p:! Ip)) 4 NO Normal Not found NO 

(flbrous)d 
Mero·48b Fibrous 71-75 I x mar (t(9p:llp» 4 0.43 Normal Neutral NO 

(epithelial) transition 
Mero·48c Fibrous 71-75 I Xmlr (t(9p:llp» 4 0.12 NormJI Neutral 4 isoforms 

(epithelial) transition 
Mero·72 Fibrous 42 2 2 0 Normal NO NA 
Mero·82 Fibrous 49 2 2 0 Normal NO NA 

(epithelial) 
Mero·83 Fibrous 75-85 2 2Xadd IIpl5 4 0.04 Normal Not found 4 isoforms 
Mero·S4 Fibrous J8 0 t(6p + :llp-). 2 0.14 Normal Not found 4 isoforms 

(epithelial) +der(1 l)t(1 1;22) 
Mero·95 Biphasic 54-58 3 3 0 Normal NO NA 
Mero·96 Fibrous 72-78 2 (3) 2X6q-(6p::llp) 4 (5) 0.26 Normal Not found 4 isoforms 
Mero-l23 Fibrous 55 3 3 0.91 NO Neutral 4 isoforms 

transition 

'Shown o~er GAF'DH e~pression levels as determined by densitometry. 
'NO, not determined. 
'NA. not appliob!e 
din plrentheses' minority of the <ells 
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figure 2. R.T peR. arI31~li$ with RNA from m;lligmnt mesothelioml 
eeillines I'lero-14 and ·25 and normal mesothdial eel1line NM-I. WT3l 
eDNA was used as a pOliti~e control ( + ). In the left fane PI!I digested 
lambdl DNA was IOlded a.\ a size marker. 

to the KTS amino acid sequence) between zinc
fingers J and 4 (Haber et aI., 1991: Brenncr ct al., 
1992). In this scudy the occurrence of Ellcsc distinct 
BTl mR~A forms \\"<IS eX~lInincd in clonal cell 
lincs. For this purpose d)i\'A deriYcd from (Otal 
RI'\A of sereral of the irTI expres"ing nl<l1ignant 
mesothelioma cd! lines (sec Tahle I) \\',IS used in tl 
PCR re.lccion \\"i(h primers B297 and H298. Four 
distinct DNA fragments of 499 up (-51 bp, 
-KTS), 50H hp (-51 hp, + KTS)' 550 bp (+51 
bp, -KTS), and 559 bp (+51 bp, + KTS), result
ing frolll tWO independent ;dternati\'c ~plil'ing 
e"ents, were obsern:d (see T;\hlc I). All four splice 
yarialH~ were detected in norillal mesothelial rell 
line i'\~I-1 as \Yell. In Figure 2 these results are 
shown for tbe cell lines 1'\'1\1-1 ;1Ilt! J\lcro-I-t and 
-25. llsing primers B-tYJ and B29B in alt cell lines 
studied. twO distilll't fmgmell[s of 320 and 329 bp 
were seen, which result from the 9 bp alternati\'e 
splicing e\'cll[ (dat,] not shown), In our IITI 
mRi\'A expressing mesntheli.tI cell lines, little \',Hi
tltion W;lS obsen'ed in the r,\tios of the four iso
forlll~. 

Cytogenetic and Genomic Data Concerning WTI 

The \";lfiation in I!"J'! rnRNA expre~~ion that we 
obsen'ed in the malignant mesothelioma cell lines 

could be due to differences in the whole or partial 
copy number of chromosome tlrm lip. Further
more, rearmngements of the BTl gene or gene 
amplificiuion may also be inyolyed, To see if any of 
these possibilities may explain the nuiation in UTI 
mRNA leyel in the mesotheliomtl cell lines, cyto
genetic analysis and SOllthern blotting were em
ployed. 

Cytogenetic data from the mesothelioma cell 
lines were obtained by swdying metaphtlse cells. 
An;llysis of chromosome arm 11 p in the mesothe
lioma cell lines did not point towtlrd any specific 
chromosomal aberration that could be correlated to 

their WTI mRNA expression level (see Table 1), 

The aneuploidy of chromosome ann IIp and the 
WTI rnRNA level in the YMious cell lines did not 
correlate either (Table I). 

To sec if genc rearrangements htld occurred in 
those cell lines showing very low or undetectable 
amoull[s of IITI mRNA, the UTI gene was stud
ied by Southern blot analysis. 1'\0 differences were 
found in the EmRI and /{i"dIll digestion pattern 
of DNA from .1Il)' of the malignant mesothelioma 
cell lines studied comptlred to the pattcrn of nor
mal mesothelial cell line NJ\1-9 (Fig. 3; also data 
not shown). This indicated that gross rearrange
mell[s in thc WT! gene had not occurred in the 
malignall[ mesothclial cell lines and thus were not 
Iikcly to be the cause of undetectable 11'1'1 mR:\A 
cxpression in J\lero-4t, -72, -H2, and -95. 

By SOllthern blot analysis we did detect small 
differences in the intensity of the bands for the 
variolls t'ell tines, which could in principle be 
c.lUsed by varitltion in the number of 1l'T! gene 
copies. Howe"er, rchybridization of the filter con
taining /lilJdIII digcsted DNA with a probe for the 
IGF2 gene, which is also loc,lted on the short tlrm 
of chromosome II at It piS, showed similtlr differ
ences in intensity (data not shown). This meant 
that the nTI gene Wtls not differentially amplified 
in ,my of the cell lines. Vari~Hion in the number of 
copies of lip may exist but in general tile number 
of chromosome arm lip hugely balanced the {Owl 
chromosome number, which suggests thtlt the 
sm,11I differcnccs in intensity arc most prolxlbly 
due to small variations in lo.lding of the gels, 

WTf Point Mutation Analysis 

The IIOT technique of dlcmic'll c1e,H';lge mis
match analysis was llsed to scan virtually the entire 
coding sequence of H'TJ for point mutations, Only 
the first 2,10 bp in exon I were omitted from this 
analysis, as the high GC content of this region ren
ders it rcfractory to PCR amplification, The nulig-
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Figure 3. Southern blot arB-lysis of the 'NT I gene. EcoRl.d'gelted genomi<: DNA (rom a normal (NM.9) 
and se,'eral mlilgnant (Mero) mesothelial celilint5 WJJ htbridized to a llP·labeled \VTI probe 

nane Il)csutheJion1;\ cell lines ~fcro-14, ·-il-lb. --I8e, 
-83, -84, and -123 were scanned for point mut<ltions 
in exons 1-6, encoding the wUlsregukltory do
main, and :-"fcro-l-l, -25, ·-ISh, --Hk, -R3, -SoL -w" 
<lOci -12.~ were scanned forpuinr mutations in cxons 
6-10, encoding the D:"A-binding aom'lin. The 
only base change detected was a lloyd C (0 T 
transition at nudcotiue 76H (numbered ;\ccording 
to Gessler et aL, 1990). This exol1 I transitiun is a 
third base chunge ~md does not cause amino acid 
substitution (AACIT encodes;m Asn rusidue). It is 
present in (he hOOlo/hemizygous state in ~lcro-

48b, -48c, and -123 (data not shown). No function
,lliy irl<leti\'ating nonsense or missense llHH;ltions 
were detected (sec '!',lhle 1). 

WTI mRNA Expression in Relation to PDGFA and 
IGFl mRNA Expression 

In tf,lnsienr tr,Hlsfecrion assays \\"1'1 "'.\S re
ported to repress (he expression of PDGFA ~lIld 

IGF2 promoter C()nstnlct~. In order to see if tbe 
described nuiation in 11'1'1 mR:-\,A expression in 
our mesotheli;ll cell lines could Ilr.: reLued (0 dif
ferent le\T1s of PDGF.t and IGF! mR:'\.\, blots 
werr.: rehybridized with probes for these tWO ~enr.:s 
and analyzed hy densitometry. The results from <l 
represent<ltin: experiment ,lfr.: presr.:nted as iHbi
trary units over G.-IPl)/I signals in Tahle 2. 

TABLE 2. mRNA Expression Levels of WTI, PDGFA, 
afld IGF2 (6.0 and 4.8 kb) in Normal (NM) afld 

Maligfl3flt (Mero) Mesothelial Cell lines, Expressed as 
Relative Densitometric Uflits Over GAPDH 

Expressiofl Levels 

IGF2 

Cell lifle' WTI PDGFA b 6.0 kb 4.8 kb 

NM·I 0.8\ 0.65 0 0.53 
NM·4 0.28 0.78 0.19 0.66 
NM·9 0.26 ND' 0 0.23 
NM·5 0.12 0.62 0.12 0,48 
NM·12 0.08 ND 0.23 0,48 

f'lero·25 9.59 1.42 0 0.73 
Mero· 1 23 0.91 2.22 0 0.68 
Mero-48b 0,43 1,4! 0.28 1.02 
Mero·96 0.26 3.74 1.72 6.55 
Mero-84 0.14 1.55 om 0.23 
Mero·48c 0.12 0.50 0.29 0,43 
Mero·14 0.04 0.04 0 0.16 
Mero·83 0.04 1.18 0.01 0.18 
Mero-82 0 1.02 0 0.21 
Mero·72 0 2.59 2.37 2.62 
Mero·9$ 0 2.62 0,0] 0,44 
Mero·4 t 0 7.54 0.24 1.27 

'Cc!llif1e~ are arranged ifl descending order of WTI expression 
le¥els 
~Totaled le.'eis 0128. 2.3. 3Jld 1.9 kb PDGFA transtripu. 
'ND, not determined 
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Figure 4. Reluive deMitometri~ units of the mRNA expression lev· 
els of WTI, PDGFA (2.S, 2.3, and 1.9 kb totaled) and IGFl (6.0 kb) in 
normal (NM) and mllignant (Mero) mesothelill cell lines. The data are 

Thc dcnsitometric data of the three PO(,'F A 
transcripts (2,8, 2.3, and 1.9 kb) were totaled, as 
expression of these three mcsscngers is under con~ 
trol of a single promoter region that contains con~ 
senslis WTI binding sequences. Our mcsothe~ 
[ioma cell lines demonstrated \'ariation in PDGFA 
mRNA expression, but in general the expression 
Icvel WllS higher than in normal mesothelial cell 
lines, In a few cell lines lacking H'tI mRNA, a 
relatively high PDGFA expression was seen (1\fero~ 
41, ~72, and ~9S), but other cell lines which did 
show IITI mRNA expression, i,e" 1\fero~96 and 
~123, displayed a similar PDGFA mRNA level. Cell 
line 1\Icro~25, in whieh a very high 11'1'1 I1lRNA 
lcvel was seen, showed an intermediate level of 
PfJCF A cxpression. This intermedi,He POCFA 
le\'ei, howe\'cr, was also seen in ccll lines with a 
lower II'tI mRNA content than 1\fero-25. So, as is 
also illustrated in figure 4, no clear correlation was 
obscrved between BTl and PDGFA expres~ion in 
our mesQ(helial cell lines. 

The 6.0 kb IGF2 tmnscript is thc product of the 
fewl P3 promotcr, whit'h contains \\'TI consenSllS 
binding sequences, where,ls the 4.8 kh tmnscript is 
expressed from a different fetal promoter (P4), also 
containing consensus WTI binding sequences. 
Relatively high 11'1'1 mRNA levels were found in 
cell lines which do not express the 6.0 kb IGF2 
transcript (N1\f-t and ~fero-25 and ~123), but other 
cell lines which demonstf<lted \'Cry luw or no 6.0 kb 
IGF2 mRNA expression, like N1\f-9 :tnd ~jero-14, 
-82, -83, -84, llnd -95, showed a low or intermedi-

presented on 310g scale. See Tab!e 2 (or the exact demitometd< units. 
Cell I'nes are arranged in des~end'ng order of WT I expression le¥els 
Expression le¥els thlt were not determined are Indicated by an asterisk 

ate Il'TI mRNA le\'el. In the P,lIlc\ of normal and 
mesothelial cell lines no clear rc\:Hionship, recip
rocal or otherwise, was observed between the 6.0 
kh IGF2 :tnd WJ'J mRNA level (see also Fig. 4). 
The same holds true for the expression level of thc 
4.8 kb IGF2 tmnscripc. 

DISCUSSION 

The \\"1' gene WTI on Ilp13 acquired its name, 
as it was uriginally m:tpped by deletion analysis of 
individuals with thc WAGR (WT, aniridia, geni
tourinary ,tbnurmalities, and mental retard,Hion) 
syndrome (Rice,lrdi et aI., 1978; V;lIl Heyningcn ct 
:11., 1(85). The demunstration of constittttional and 
somatic intmgenic deletions in the H'TI gene in a 
proportion of \\'T patients has confirmed that it is 
a \\'T predisposition gene (Haber ct ai., 1990; 
Cowell et ,11., 1991; Huffet aI., 1991; Brown et aI., 
1992; Tadokoro et aI., 19(2). In expression studies 
in human and mouse embryos the 11'1'1 gene was 
reported to be involvcd in normal genitourin:lTY 
development (Pritchard-Jones et aI., 11)90; Arm
strong et aI., 1992). Because of this limited sp;ui,lI 
expression, IITI was suggested to be important in 
tissues which are of mesodermal origin ,Ind which 
undergo a mesenchymal to epithelial transition, al
though expression \\";IS also observed in the spinal 
cord and de\·e1oping bmin. In situ hybridization 
studies showed high 11'1'1 expression in the dc\'eI
oping Sertoli cells of the testis and granulosa cells 
of the OY:1ry (Pelletier et aI., 1991; Armstrong ct 
aI., 1992). 
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As the studies by Pritchard-Jones et al. (1990) 
and Armstrong et al. (1992) had revealed the ex
pression of HTI in the mesothelium, a specialized 
epithelium lining the coelomic c<lvicies, an obvious 
question was if expression of the H'TI gene could 
be detected in mesothelioma as well. This 
prompted us to study B'TI expression in a panel of 
norm,ll and malignant human mesothelial cell 
lines. Nonhern blot annlysis revealed the consis
tent presence of WT! mRNA in cultured normal 
mesothelial cells, wherc<lS in cultured malignant 
mesothelioma cells a v.uiation in the expression 
level, ranging from very high to undetectable, was 
seen. We also found that the apparent lack of BTl 
mHNA expression in several of these cell lines 
probably W,IS not due to deletions or rearrange
ments in the 11'1'1 gene. Furthermore, differences 
in the 11'1'1 mRNA expression level between dif
ferent cell lines could not be accounted for by gene 
amplification or <l spedfic chromosomal aberration 
on lip. Differences in transcription initiation or 
RNA degradation thus most probably account for 
the variation in IITI mRN'A expression between 
the malignant mesothelioma cell lioes. 

When the WTf-expressing malignant mesothe
liom,l cell lines were analyzed for more subtle al
terations within the coding sequence, no nonsense 
or missense mutations were found. Three lines 
concained an identical C to T tmnsition in the se
quence encoding the transregu!.1tory domain. 
However, this mutation is predicted to be silent at 
the protein !e,'el and therefore most likely patho
logically insignificant. Recently a homozygous 
WTJ missense mutation that alters a Ser residue in 
the transregulHory domain has been reponed for a 
single case of human peritone,ll mesothelioma 
(Park et aI., 1993b), This case is unusual in that the 
mesothelioma was not asbestos-related and was not 
acttl<llly a malignant tumor but rather .1 develop
mental abnorm:llity. In :lddition, Park et al. 
(l993b) found no WTf mutations in 32 specimens 
of asbestos-related mesothelioma. For our samples 
it is possible that there arc undetected 1\'1'1 mut;l
tions in the 5 ' -most coding region of c:wn 1 or in 
the untransLtted or intronic sequences of the gene. 
The cell lines that fail to show WTJ mRN'A expres
sion nuy additionally have mutations in the pro
moter/control regions of the gene, Differences in 
the occurrence of the four alternative splicing prod
ucts, which may result in altered specificity for 
DNA binding sites (Bickmorc et aI., 1992), were 
nO( observed in our panel of U'TI expressing me
sothelial cell lines. All four variants were identified 
earlier in \\'T tissue and in fewl kidney (I-hlber et 

aI., 1991; Brenner et ,11., 1992). In these tissues the 
transcripts with the 9 bp alternative splice were 
suggested to be slightly predomin,lIlt, whereas in 
our mesothelial cell lines we did not observe this, 
but a more quantitath'e assay has to be performed 
to unravel this putative discrepancy. 

Taken together, the results obtained in our 
panel of malignant mesothelioma cell lines thus 
suggest that the WT! gene may play :l role as a 
tumor suppressor gene in a minority of human me
sotheliomas. To test this in "h'o, we started to 
study primary tumor materi,ll from mesothelioma 
p:ltients. U'TI mRNA expression could be ob
served in cells from pleural effusions of four ma
lignant mesothelioma patients (data not shown). 
These pleural fluids, however, contain tumor cells 
in comhimttion with several other cell types, which 
means th.lt this expression cannot be simply attrib
med to tumo'r cells, even though pleural fluids 
with a high percentage of mesotheliom.l cells were 
analyzed, Immunofluorescenec staining with \\'TI 
antibodies and/or RNA in situ hybridization would 
be more informative in this respect. 

As the o";Hian surface epithelium is considered 
to be a specialized mesothelium (Papadaki and 
Beilby, 1971) and seyeral ovarian carcinoma cell 
lines demonstrated :l comparable PDGF A and 
PDCFB mRN'A expression to malignant mesothe
lioma cell lines (Versocl et aI., 1994), we also an
alyzed seveml o\'ilfian C<lreinoma cell Jines for H'Tf 
mRNA expression, Compamble {Q the expression 
in malignant mesothelionl<l cell lines, in three of 
six serous O\'arian carcinom:l cell lines studied, 
IITI expression was observed on Northern blots, 
while in the other three no WTf transcripts were 
detected (dlltll not shown). Furthermore, we re
cently observed a very high IITI mRNA le\'c\ in 
cell line COV-434, which is deri\'ed from tl granu
losa tumor of the ovary and thus is not of mesothe
lial origin (data not shown). This expression is in 
agreement with the obse[1:ed lITI expression in 
ovari:lIl granulosa cells (Armstrong et aI., 1992), 

I\1alignant mesotheliomas are classified as epi
thelial, fibrous/mesenchymal, or hi phasic. We 
therefore tried to correlate the morphology of the 
various malignant mesothelioma cell lines with 
their H'TI mRNA expression le\·el. Although the 
highest expression was found in cell line I\lero-2S, 
which has the most obviolls epithelial morphology, 
no dear corrcl<ttion could be ohserved between 
H'TI mRNA expression and morphology, i\lore
over, normal mesothelial cells which can switch in 
morphology depending on the addition or removal 
of EGF from the culture medium, showed similar 
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WTI expression levels independcnt of the pheno
type of the cells. So in these mesothelial cell lines 
no evidence could be found for a \\'T! role in the 
mesenchymal to epithelial transition of cclls. How
e\'cr, this may be different in vivo. Thcrefore, me
sothelioma tissue from patients with a biphasic 
(i.e., with mesenchymal and epithelial elements) 
malignant mesothelioma should be studied with 
WT! antibodies or by RNA in situ hybridization to 
investigate the putati\'e correlation betwcen 11'1'1 
expression and morphology in vivo. 

It has heen shown in tfilnsient transfcC(ion assays 
that WTI represses PDGFA (Gashler et aI., 1992; 
Wang et aI., 1992) and IGF2 mRNA expression 
(Drummond et al., 1992), Our panel of normal and 
malignant mesothelial ccll lines showing variation 
in lITI mRNA expression was analyzed for PDGFA 
and l0'Ji2 mRNA levels as well. No clear relation
ship, reciprocal or otherwise, between UTI <lnd 
PDGFA or lGF2 expression was found in our cell 
lines. The fact that no clear correlation could be 
found in cells endogenollsly exprcssing these 
genes is in contrast with the repression seen in the 
forementioned studies. However, these dat;! were 
obtained in cells upon transfection of IITI eXpres
sion constructs together with PDG'FA olnd IGF2 rc
porter constructs, whereas we looked olt endoge
nous expression levels in a panel of cell lines. It 
may also be that in our mesothelial cell lines other 
f'actors arc also inyoh'ed in regulHing PDGFA and 
iGF2 mRNA expression, thereby m"sking regula
tion byWTI. Alternatively, mutations in the WTl 
binding sequences in the promoters of these genes 
may prohibit WTl regulation, Ie remains to be de
termined, whether WTl can regulate expression of 
these genes in a physiological context. Evidence 
for this may come from st:lble transfection of the 
1I'TI gene in (>.fcro cell lines lacking IITI or knock~ 
ing out the endogenous II'TI gene expression in 
WTI expressing cell lines. 

In summar)" we have shown that IITI mRNA is 
consistently expressed in normal mesothelial cell 
lines and tb,l[ there is no expression in a minority of 
malignant mesothelioma cell lines, No indications 
were found for chromosomal aberrations, dele
tions, rearrangements, functionally in,lctiv,lting 
missense or nonsense mutations, or an abemlOt al
ternative splicing pattern in these cell lines. The 
WTJ expression !e\'el does not seem to correlate 
with the mesenchymal or epithelial morphology of 
the \',Hious cell lines in \'icro. No inverse correla
tion between nTI and PDGJiA ur IGF2 mRNA 
expression was seen in our panel of mesothelial cell 
lines, which endogenously express these genes. 
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CHAPTER 6 

GENERAL DISCUSSION 

Human malignant mesothelioma is a tumour of mesodermal origin. The incidence of 
malignant mesothelioma is strongly associated with exposure to asbestos fibers. 
Continued growth, the hallmark of transformed cells, is known to result from 
uncontrolled expression and action of growth-regulating molecules. One of the, for this 
reason, most extensively studied growth factors in mesothelioma, is platelet-derived 
growth factor (PDGF) (1-6). PDGF has been shown to be mitogenic for mesenchymal 
cells, i.e. for those mesenchymal cells that express the appropriate receptors for PDGF. 
The studies described in this thesis concern the expression of PDGF chains and 
receptors and their regulation in malignant mesothelioma cells. 

Expression pattern of POGF chains and receptors in mesothelial cells in vitro and in vivo 
Human malignant mesothelioma cell lines were found to express PDGF A- and 8-

chain as well as PDGF /1-receptor mRNA, whereas cultured normal mesothelial cells 
demonstrated low expression levels of PDGF A-chain mRNA, PDGF a-receptor mRNA 
and only occasionally B-receptor mRNA, but no PDGF B-chain transcripts (1-3; Chapters 
3.1 and 3.2). Using other assays, more sensitive than Northern blotting, to detect RNA, 
PDGF a-receptors could also be identified in malignant mesothelioma cells (5; Chapter 
4.3). The PDGF chain and receptor mRNA expression patterns of normal and malignant 
mesothelial cells were found to be largely comparable to their respective protein 
patterns (Chapter 3.2). Moreover, expression in normal and malignant mesothelial cells 
in vivo (i.e. in primary tissues -and in effusions) turned out to be quite similar to that 
observed in vitro. In murine mesothelioma cell lines a pattern comparable to that in 
human cell lines was seen (6), whereas no PDGF A- and/or B-chain mRNA was observed 
in rat mesothelioma cells (7). 

Based on PDGF chain and receptor expression data and on the receptor subunit 
model as suggested by Seifert et al. (8), several possible interactions between PDGF 
chains and receptors could in theory playa role in mesothelial cell lines. The observation 
that mesothelioma cells in vitro and in vivo express both PDGF and PDGF /1-receptors, 
supports the hypothesis that PDGF (probably PDGF B-chain dimers) may be involved in 
an autocrine loop in mesothelioma cells. Other interactions between PDGF isoforms and 
receptors (e.g. between PDGF A-chain dimers and PDGF a-receptors) may playa role in 
uncontrolled growth stimulation as well. It has been shown that PDGF a- and B
receptors can activate common signalling pathways (9), but it is also known that these 
receptor types possess different substrate specificities (9,10). The actual contribution of 
all PDGF chain/receptor interactions to growth stimulation will therefore have to be 
tested in further experiments. Special attention should be paid to analyzing the 
functional importance of a potential interaction between PDGF-BB and the PDGF /1-
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receptor dimer. To this end, the autophosphorylation status of PDGF B-receptors should 
be analyzed in the mesothelioma cells. Furthermore, interference in the potential 
autocrine loop by introduction of truncated PDGF B-receptors or receptor antagonists 
should reveal its importance for the pathogenesis of malignant mesothelioma. 
Comparable strategies have been applied successfully in malignancies derived from 
other cell types. Introduction of dominant-negative PDGF mutants and truncated PDGF 
B-receptors in astrocytoma and glioma cells, respectively, resulted in (partial) reversal of 

the transformed phenotype by disruption of PDGF-induced growth'stimulating loops 

(11,12). In other cell types neutralizing antibodies directed against the PDGF a-receptor 
(13) or against PDGF (14) have also been used to inhibit PDGF autocrine growth 

stimulation. However, the antibody approach does not seem suitable for mesothelioma 
cells, because the PDGF receptor is probably activated intracellularly, as no clear PDGF~ 
like activity could be identified in the supernatant (unpublished results). Small 
compounds called tyrphostins have recently been described as selective tyrosine kinase 

blockers of PDGF and stem cell factor receptors (15). Antisense PDGF B-chain 
oligonucleotides may be another tool to inhibit PDGF~induced growth stimulation (16), 

but success strongly depends on the stability of the oligonucleotides. In this respect the 
use of other small RNA molecules, ribozymes, that cleave their target RNA, is more 

promising. It has been shown recently that addition of a ribozyme directed against the 
PDGF B-chain modulated growth of a mesothelioma cell line (17). It would also be 

interesting to check whether a recently identified candidate tumour suppressor gene 
that is homologous to the extracellular domain of the PDGF p~receptor gene, is 
inactivated in mesothelioma celis, as it is hypothesized that functional loss of this 

protein, that might act as an antagonist of growth factor/receptor interactions, may 
contribute to the carcinogenesis of certain cell types (18). 

In view of the potential role PDGF plays in malignant mesothelioma, regulation of 

PDGF chain and receptor gene expression in mesothelial cells is an important topic to 
study. Our normal and malignant mesothelial cell lines provide a good model system to 

obtain detailed knowledge on these processes and on the potential mechanisms that 
may explain these differential expression patterns. Data resulting from these studies 
may also be relevant for other cell types in which increased PDGF chain and receptor 

expression is seen, although they should be tested in that particular cell type as well. 

Regulation of PDGF A~chain expression in mesothelial cells 

As normal and malignant mesothelial cells are cultured under slightly different 
conditions (Le. extra addition of EGF and HC to the culture medium of normal 

mesothelial cells), we first tested whether these conditions could explain the differential 
expression pattern. Collectively, the results suggested that this is not the case, In 
summary, EGF and HC did not significantly affect PDGF A- and B-chain mRNA levels, 

whereas the PDGF fl- and ~-receptor messenger levels Were slighlty affected (Chapter 
4.1, 4.3 and data not shown). In addition to this, both normal and malignant 

mesothelial cells did not demonstrate detectable expression of the otherwise 

undetectable receptor subtype under these conditions, using Northern blot analysis. 
Together, these data support the existence of intrinsic differences in PDGF chain and 

receptor expression between normal and malignant mesothelial cells. 
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Despite the many structural and numerical chromosomal abnormalities of malignant 
mesothelioma cells, no consistent aberration was found that could account for the 
observed difference in PDGF A-chain or PDGF B-chain mRNA expression (Chapter 4.1 
and 4.2). Amplifications, rearrangements or deletions of the genes encoding these 
growth factor chains could not be detected either. Nuclear run off and CHX-stimulation 
experiments suggested increased transcription to be the cause of the elevated PDGF A
chain (Chapter 4.1) as well as PDGF B-chain (Chapter 4.2) mRNA levels in malignant 
mesothelioma cell lines as compared to their normal counterparts. PDGF A-chain mRNA 
half-lives were similar in normal and malignant mesothelial cells (data not shown). 

Activation of PDGF A-chain transcription was studied in many reports. The 
promoter region was found to contain the start site for the three PDGF A-chain 
transcripts (19,20). The PDGF A-chain promoter was found to consist of a TATA box 
and a GC-rich stretch of DNA (-1501-33) which contains roughly 80% of promoter 
activity (21). The region was further found to contain consensus DNA binding 
sequences for Sp1-like factors (22). In a region downstream of the transcription start 
site (+ 501 + 67) a (novel) binding site for transcription factor Egr-1 was observed (23). 
Transcriptional activity of the PDGF A-chain gene also appeared to be inhibited by site
specific methylation of CpG sites in the highly GC-rich promoter (24). Future 
experiments should clarify whether demethylation of the promoter region or increased 
binding of Sp1- or Egr-1-like factors causes increased PDGF A-chain transcription in 
malignant mesothelioma cells, as well. Alternatively, negative regulating regions as 
identified in the first exon or first intron (25,26), or other cell type-specific regulating 
regions may playa role in these cells. Next to transcription regulation, the PDGF A-chain 
possesses an additional way to regulate its mRNA expression, that is through alternative 
splicing. Our studies revealed that both normal and malignant mesothelial cell lines were 
mainly found to produce transcripts without the exon 6-derived sequence that has been 
implicated in ECM binding and cell retention (Chapter 4.1). 

Regulation of PDGF B-chain expression in mesothelial cells 
Activation of PDGF B-chain transcription in malignant mesothelioma cell lines was 

studied in detail (Chapter 4.2). Binding of one or more factors to the region around 
nucleotide -61 and to the region around the transcription start site was observed by in 
vivo footprint assays. The concomitant decrease in reporter gene activity upon deletion 
of this region strongly suggested that it contains (part of) an activator (Chapter 4.2). 
Although the non-expressing normal mesothelial cells also demonstrated a small 
decrease in reporter activity, no binding was seen, suggesting that actual binding to the 
endogenous B-chain promoter is hindered by other mechanisms. In other cell types a 
minimal PDGF B-chain promoter region was found to extend to residue -72 (27), with a 
small region (-64/-45) being especially important in this respect (28). By a combination 
of reporter gene analysis and gel mobility shift assays or in vivo footprinting analysis 
other investigators identified regulatory sequences in this region as well. A CCACCCAC 
element (-61/-54) was identified as the binding site for a strong transcriptional activator, 
possibly Sp1, in TPA-treated K562 cells and osteosarcoma cells (29-31), whereas a 
TCTC sequence (-64/-61), was identified as (part of) a weak transcriptional activator in 
untreated K562 cells and prostate carcinoma (PC3) cells (31). The factor that may bind 
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to this TCTC sequence has not been identified yet. Dirks et al. (32) showed that there 
was no transcription regulating effect when the promoter was confined to 112 bp 
upstream of the transcription start, which is similar to what we have seen, but different 
from the clear decreasing effect that was seen from the region -372/-343 by Pech et al. 
(27). 

Analysis of many cell types has revealed that activation of PDGF B-chain 
transcription is a very complex process involving both positive and negative regulating 
elements located upstream, downstream and within the transcription unit. Moreover, 
many of these sequences were found to act in a cell type-specific manner (32,33), Data 
from reporter assays in malignant mesothelioma cells are suggestive of the involvement 
of a DNase I hypersensitive (DHI region at -9.9 kb of the PDGF B-chain transcription 
start in enhancing PDGF B·chain mRNA expression in these cells (Chapter 4.21. A DH 
site at -9.9 kb, and also one at -8.6 kb, showed strong enhancer activity in TPA-treated 
K562 cells as well. In Hela and PC3 cells the individual sites also showed enhancer 
activity I but when combined in a larger fragment this activity was almost completely 
lost (34). The latter is also partly the case in mesothelioma cells, so it remains to be 
determined to what extent the -9.9 kb region contributes to elevated PDGF B-chain 
expression in the context of the genome. Future experiments should clarify the identity 
of the factor(sl that bind to this -9.9 kb region, and also to the sequence around 
nucleotide -61, in malignant mesothelioma cell lines. 

Regulation of PDGF cx- and B-receptor expression in mesothelial cells 
As for the PDGF chains, no consistent chromosomal or gene aberrations were 

observed that could account for the modified expression of PDGF receptors. However, 
unlike the situation for the PDGF chains, the differences in PDGF a- and B-receptor 
steady-state mRNA levels between normal and malignant mesothelial cells could not 
simply be explained by differences in transcription only (Chapter 4.31. The lack of clear 
PDGF l1-receptor expression in normal mesothelial cells seemed to be determined at the 
transcriptional level. However, PDGF a-receptor mRNA expression was mainly regulated 
at the post-transcriptional level, since mesothelioma cells were found capable of 
producing a-receptor transcripts as well, using more sensitive assays like nuclear run off 
and RT-PCR analysis. The inability to detect a-receptor mRNA by Northern blot analysis 
is apparently due to different degradation mechanisms between normal and malignant 
mesothelial cells. The a-receptor was found to be rather stable in the former and may 
be rapidly degraded in the latter (Chapter 4.31. Although several studies have been 
published identifying factors involved in regulation of PDGF receptor mRNA levels, only 
a limited amount of data is available on involvement of such factors in PDGF a-receptor 
transcription. Molecular cloning of the murine PDGF a-receptor promoter revealed a 93 
bp region that conferred tissue-specific PDGF a-receptor expression (35). The human 
PDGF a-receptor promoter was found to be slightly larger (361. It remains to be 
determined whether this region is able to drive PDGF a-receptor transcription in 
mesothelial cells as well. In human teratocarcinoma cells alternative promoter use was 
observed, which, in combination with alternative splicing, resulted in novel 
developmentally regUlated PDGF a-receptor transcripts (371. PDGF a-receptor 
transcripts of a similar size were not seen in the mesothelial cells. Thus far nothing has 
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been published on activation of human PDGF B-receptor transcription or on the 
molecular cloning of its promoter. A 1.9 kb promoter fragment of the murine PDGF p
receptor gene has only recently been cloned and analyzed by functional promoter assays 
(381. Future studies will possibly reveal (additional) general and cell type-specific 
enhancing and repressive elements of both PDGF a and B-receptor genes. The 
mesothelial cell lines may be used for such studies. 

As already mentioned, many factors are capable of modulating PDGF receptor 
expression. Stimulation of malignant mesothelioma cells with TGF-(11, which is one of 
the most extensively studied regulators, resulted in increased PDGF B-receptor mRNA 
levels in 2 out of 6 cell lines, whereas no clear effect was seen in the remainder 
(Chapter 4.31. As mesothelial cells produce TGF·B themselves, the cells themselves may 
thus in some cases be capable of modulating the PDGF autocrine loop in a positive way 
via TGF-B 1. In fibroblasts, vascular smooth muscle cells and mesangial cells 
upregulation of PDGF B-receptor mRNA and protein expression by TGF-B was shown to 
be accompanied by increased POGF B-chain mRNA expression (40-42). However, in our 
cell lines no effect on PDGF B·chain mRNA levels was seen (data not shownl. TGF-Bl 
stimulation of normal mesothelial cells resulted in decreased PDGF a-receptor levels, 
which was also seen by others in cultured human fibroblasts (43) and smooth muscle 
cells (441. 

WT1 as a transcriptional regulator in mesothelial cells? 
The WT1 gene product has been shown to have DNA binding and transcription

regulating capacity. In transient transfection studies a.o. the POGF A-chain, IGF2, and 
IGFIR genes have been identified as potential target genes for regulation by WTl (45-
48). The fact that in these studies WT1 was found to repress reporter constructs 
containing the promoter regions of these genes, has led to the hypothesis that reduction 
or absence of WT1 expression results in a higher expression of important growth factor 
(receptorl genes such as PDGF A-chain and IGF2, thereby contributing to tumorigenesis. 
We therefore studied WT1 for its putative role as regulator of PDGF A-chain gene 
expression in mesothelial cell lines as well. However, when analyzing the WTl and 
PDGF A-chain mRNA levels in our entire panel of malignant mesothelioma cell lines, we 
could not find any clear correlation that was suggestive of repression (nor of activation) 
by WTl (Chapter 5.21. The same holds true for the WTl and IGF2 levels. This is 
different from the earlier mentioned transfection studies. However, these transient 
studies only provide information about the ability of WTl to bind and activate part of 
the target promoter in a reporter construct, but not about actual regulation of 
expression of the endogenous target gene in question. The discrepancy may thus be 
explained by the nature of the analysis, since in our studies we did analyze endogenous 
expression levels of target genes. Alternatively, it may be that other (unknown) factors, 
also regulating PDGF A-chain andlor IGF2 mRNA expression, mask the otherwise clear 
relationship between WTl and PDGF A-chain/lGF2. The observation that WTl acts as a 
repressor in the presence of functional p53 and as an activator in the absence of p53, is 
important in this respect (49), although a physiological interaction between WT1 and 
p53 in vivo remains to be shown. Rodeck et al. (501 hypothesized that WTl action is 
indeed influenced by the presence of mutant p53 in a few of their melanoma cell lines. 
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Preliminary results indicate that one of our malignant mesothelioma cell lines does not 
seem to express p53 mRNA. Most interestingly, this is cell line Mero-25, which has the 
highest WT1 mRNA expression level. If the beforementioned idea turns· out to be 
correct, WT 1 may thus playa role as a strong activator rather than an repressor in this 
particular cell line. 

To solve the question of WT 1 transcription regulating capacity, further experiments 
should be performed using the mesothelioma cell lines as a model system. In these 
experiments the relationship between WT 1 and PDGF A-chain or other target genes, will 
have to be studied after modulation of WT1 protein expression levels by means of 
introducing WT1 gene constructs or by functional inactivation of the WT1 gene in WT1-
expressing malignant mesothelioma cell lines. 

The possible role of WT1 and other tumour suppressor genes in mesothelial 
carcinogenesis 

Expression of the WT1 tumour suppressor gene can be observed in a limited set of 
tissues that experience in common a mesenchyme to epithelial transition during their 
development (51-53). WT1 expression was also observed in the mesothelium, which is 
another tissue known to have undergone such a transition (53-55; Chapter 5.2), Since 
in Wilms tumours WT1 is one of the loci involved in carcinogenesis, being mutated or 
inactivated in roughly 20% of cases, its putative contribution to mesothelial 
carcinogenesis was also studied. We found lack of WT1 mRNA expression in 4 out of 
13 mesothelioma cell lines (Chapter 5.2), whereas others showed consistent, though 
highly variable, expression in their cell lines (55). In all cases no differences in the WT1 
splicing pattern were observed (55; Chapter 5.2). Furthermore, WT1 point mutations 
that are frequently observed in Wilms tumours occurring in Denys-Drash syndrome 
patients (56-58). could not be found in the analyzed WT1 exons in several (pleural) 
malignant mesotheliomas and mesothelioma cell lines (54,59; Chapter 5.2). It may still 
be that mutations in the 5' most coding region of exon 1 have remained undetected. 
Recently, somatic and germline mutations have been observed in a few Wilms tumour 
patients in this part of the WT1 gene, that contains many potential hotspot motifs for 
deletions and insertions (60). In a single case of multicystic peritoneal mesothelioma a 
pOint mutation was found in the WT1 transregulation domain (54). However, this type 
of mesothelioma is non-asbestos related and is considered a non-neoplastic mesothelial 
proliferation rather than a malignancy (61). Together these data suggest that the role of 
WT1 is limited to only a subset of pleural mesotheliomas. This aspect should be further 
addressed by immunohistochemical and RNA in situ hybridization analysis of primary 
mesothelioma samples. In a recent report WT1 protein expression could indeed be 
detected immunohistochemically in the majority of malignant mesothelioma tumour 
samples studied (62). Cases of non-asbestos related (childhood) mesothelioma may be 
worth analyzing as well, given the fact that malignant mesothelioma was mentioned as 
a second-risk tumour in a small number of patients that had recovered from Wilms 
tumour (63). 

The RB and p53 tumour suppressor genes were studied in malignant mesothelioma 
as well. Lack of RB mRNA and/or protein were not observed in several human 
mesothelioma cell lines (64,65), but not all samples were screened for small (point) 
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mutations. p53 was detected immunohistochemically in a considerable proportion (25-
70%) of mesotheliomas (66-69). This detectable expression was interpreted as 
overexpression of a mutant form of p53. However, the correlation between 
immunocytochemical detection and mutation of p53 is still a point of discussion 
(70,71). Actual aberrant (point mutated) p53 expression or lack of p53 expression was 
seen in only a minority of malignant mesotheliomas (72,73; our unpublished results). 
Inactivation of either RB or p53 therefore does not seem to be a common event in 
malignant mesothelioma cells. The occurrence of mutations and (micro)deletions in the 
neurofibromatosis type 2 (NF2) gene, implicates this gene in the oncogenesis of at least 
a subset of mesotheliomas (74). 

Cytogenetic analysis of human malignant mesothelioma tumour samples and/or cell 
line material has revealed a complex heterogeneous pattern of chromosomal 
abnormalities, involving non-random loss of chromosomes 1p (1p21-22), 3p (3p21), 4, 
6q (6q15-21), 9p (9p21-22), 22 and gain of chromosomes 5 and 7 at high frequencies 
(75-83). Chromosome regions that are lost in the majority of mesotheliomas are 
putative sites of (unknown) tumour suppressor genes, involved in mesothelial 
carcinogenesis. Recently, two potential tumour suppressor genes were mapped to the 
9p21 region, which is frequently deleted in malignant mesothelioma as well. One of 
these genes, called MTS 1, encodes a 16 kDa protein (p 16) that acts as an inhibitor of 
cyclin-dependent kinase 4 (CDK4) and is frequently deleted in many tumour types 
(84,85). MTS2 (the p15 gene) is rather homologous to MTS1 and appears to encode a 
15 kDa CDK4/CDK6 inhibitor that seems to be involved in TGF-B-mediated cell cycle 
arrest (86). Analysis of the p16 gene revealed that this gene is homozygously deleted in 
a high proportion of malignant mesothelioma cell lines as well, and that homozygous 
deletions can also be identified in primary tumour samples, albeit at a lower frequency 
(87; JB Prins, pers. comm.). 

The role of POGF and other growth factors in mesothelial carcinogenesis 
Cancer is considered a mUlti-step process in which both {proto)-oncogenes and 

tumour suppressor genes are involved. The importance of the co-expression of PDGF B
chains and B-receptors for autocrine growth stimulation of mesothelioma cells has 
already been highlighted and discussed in the previous parts of this chapter. 
Furthermore, the PDGF produced by mesothelioma cells may also exert a paracrine 
effect. A situation may thus be envisaged that is comparable to other tumour types 
where secreted PDGF supports tumour growth by stimulating PDGF receptor-containing 
stromal cells (endothelial cells, fibroblasts). It can be hypothesized that activation of 
PDGF IX-receptors on non-transformed mesothelial cells and fibroblasts by 
mesothelioma-secreted PDGF-AA may support stromal growth in mesotheliomas. 
However, despite the possible importance of PDGF-induced autocrine and paracrine 
growth-stimulating signals, PDGF will certainly not be the only factor involved in growth 
stimulation and possibly transformation of mesothelioma cells. In a recent publication 
Kim et al. (88) showed that transformation by PDGF-AA or -BB isoforms requires a 
permissive (or inductive) genotype in a multi-step transformation process, underscoring 
the idea that autocrine growth stimulation by PDGF may be required but will not be 
sufficient for transformation. PDGF is an example of a growth factor that belongs to the 
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category of so-called competence factors, that are involved in rendering cells competent 
to progress through the G, phase of the cell cycle. For this progression, other factors 
are needed. Examples of such progression factors are IGF1 and EGF. There are a few 
reports providing indirect evidence that IGF1 may playa role in the pathogenesis of 
mesothelioma as well. Firstly, simultaneous expression of IGF1 and IGF1 receptor was 
reported in mesothelioma cells (89), Secondly, high levels of IGF1 protein were 
observed in pleural fluids of mesothelioma patients (90). Evidence for an autocrine role 
for TGF-a (acting via the EGF receptor) in mesothelioma cells and in asbestos
transformed mesothelial cells has been presented as well (91,92). 

Growth factors like PDGF-BB (93,94) and also CSFl (95) have been found to 
increase cyclin 01 mRNA levels in fibroblasts. It remains to be shown that the 
competence factor PDGF increases cyclin 01 levels in malignant mesothelioma cells as 
well. Based on this assumption, however, it is tempting to speculate that in the 
mesothelioma cells a POGF-induced increase in cyclin 01 product may act in concert 
with a decreased sequestration of CDK4 by its inhibitor p16 (see before). This 
combination may lead the cell through its restriction point in G, of the cycle. Although 
this deregulation of the cell cycle provides a nice mechanism for uncontrolled growth of 
mesothelioma cells, it may prove too simple, as the cell may possess other inhibiting 
factors that can replace the ones that are inactivated. Moreover, as transition trough G1 
depends on the activity of other cyclin/CDK complexes as well, the mere continuous 
cyclin D1/CDK4 activity may not be sufficient for sustained growth, as deregulated 
growth-stimulating signals acting via other cyclin/CDK complexes may contribute as 
well. Experiments will thus have to be performed to evaluate the contribution of these 
complexes to the transformation of malignant mesothelioma cells. 

Possible diagnostic and therapeutic implications 
Simultaneous expression of POGF B-chain and PDGF B-receptor gene products is 

not specific for mesothelial tumours, but seems to contribute to the transformed 
character of e.g. lung epithelial tumours as well (96). Therefore, expression of these 
molecules is not useful as a marker to discriminate between mesothelioma and lung 
adenocarcinoma, which constitutes one of the main difficulties in the diagnosis of 
malignant mesothelioma. Furthermore, although in effusions normal and malignant 
mesothelial cells show a differential POGF expression pattern, these expressions are too 
faint to be used as markers for reactive or transformed mesothelial cells. Moreover, this 
is further hampered by the lack of antibodies that can discriminate between PDGF-AA 
and -BB. Recently appropriate antibodies have become available for WTl 
immunocytochemical or -histochemical detection. In view of its tissue-specific 
expression, positive identification of WT1 proteins may prove useful, especially as a 
diagnostic tool to discriminate between malignant pleural mesotheliomas and non-WT1-
expressing adenocarcinomas of the lung, as has recently been suggested by Amin et al. 
(62) as well. However, a negative result will still be inconclusive, as this may also result 
from loss of WT 1 protein expression in malignant mesothelioma cells. Analysis of WT 1 
protein expression does not allow for discrimination between neoplastic mesothelial cells 
and untransformed mesothelial cells (Chapter 5.21, which forms another difficulty in the 
diagnosis of malignant mesothelioma. 
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Mesothelioma is a malignancy that seems rather refractory to all kinds of 
conventional therapy. One kind of therapy that is being considered for future 
applications in several cancer types, is somatic gene therapy. The use of viral vectors is 
one method for insertion of genetic material into cells of interest, but other (more 
reliable) methods are under study as well. Recently, a study has been published in 
which genetic material was successfully transferred in human malignant mesothelioma 
cells in vitro and in vivo, using adenoviral vectors (97). Successful gene-based therapy 
also requires an appropriate target. In this respect one could think of wild-type forms of 
inactive tumour suppressor genes or of antisense forms of relevant oncogenes. The 
results described in this thesis together with studies of others have further stressed 
PDGF and/or PDGF receptors as potential targets for gene therapy in (a subset of) 
malignant mesotheliomas. However, much is to be learned before this kind of therapy 
can be successfully applied in the clinic. Meanwhile, studies using malignant 
mesothelioma cell lines will be extremely helpful in evaluating the potential value of 
such strategies. 
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SUMMARY 

Human malignant mesothelioma is a mesodermally derived tumor of the coelomic 
cavities, that is most frequently found in the pleura. The incidence of malignant meso
thelioma is strongly associated with asbestos exposure and, despite diminished asbes
tos use in the Netherlands, is still increasing. This is due to the long latency period (15-
45 years) between asbestos exposure and the manifestation of the tumour. Although 
not much is known about the processes taking place during this period, it seems 
obvious that many growth-regulating molecules, that are known to contribute to 
uncontrolled growth of transformed cells, are involved. One of the growth factors 
implicated in the pathogenesis of malignant mesothelioma is platelet-derived growth 
factor (PDGF). 

In this thesis, the expression of POGF chains and receptors as well as their 
regulation were studied in normal and malignant mesothelial cells. The purpose of these 
studies Was to further characterize the PDGF chain and receptor expression in normal 
and malignant mesothelial cells in vitro and in vivo and to get insight into the 
mechanisms resulting in the characteristic POGF chain and receptor expression patterns 
in these cells. 

A short summary on the differential expression patterns of PDGF chains and 
receptors in normal and malignant mesothelial cell lines is presented in Chapter 3.1. 
Mesothelioma cell lines demonstrated elevated POGF A- and B-chain mRNA expression 
compared to normal mesothelial cell lines. Furthermore, cultured normal mesothelial cells 
were found to express PDGF a-receptor mRNA and only occasionally PDGF ~-receptor 
mRNA, whereas malignant mesothelioma cell lines produced PDGF ~-receptor mRNA 
and no PDGF a-receptor mRNA, as determined by Northern blot analysis. The 
corresponding proteins of these receptor mRNA molecules were also determined, using 
various assays. Immunocytochemical staining, immunoprecipitation, and radioreceptor 
analysis confirmed the presence of POGF a-receptor proteins in normal mesothelial cells 
and PDGF B-receptor proteins in mesothelioma cell lines (Chapters 3.1 and 3.2). In this 
way PDGF a-receptors could be detected in malignant mesothelioma cell lines as well 
using specific antibodies directed against this receptor subtype. Due to the fact that no 
antibodies specific for PDGF-AA or PDGF-BB are available for immunocytochemical 
staining, we could only conclude that normal as well as malignant mesothelial cell lines 
are capable of producing PDGF, the isoform being unidentified. 

In Chapter 3.2 the in vivo pattern of PDGF and PDGF receptor protein expression 
was studied in malignant mesothelial cells derived from effusions and tumour tissues of 
malignant mesothelioma patients by immunostaining techniques. Both PDGF and PDGF 
B-receptors were observed in malignant mesothelial cells derived from effusions, 
whereas PDGF a-receptor proteins could be identified in mesothelioma tissues as well. 
In non-malignant effusions, the mesothelial cells showed PDGF and PDGF (f.-receptor 
expression. The in vivo immunocytochemical pattern largely resembles the one obtained 
in in vitro growing normal and malignant mesothelial cells, indicating the relevance of 
the differential expression of PDGF chains and receptors in these cell lines. Furthermore, 
these data supports the hypothesis that mesothelimna cells are able to stimulate their 
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own growth in an autocrine way by producing both PDGF B-chain and its appropriate 
high-affinity PDGF ~-receptor. 

In view of this putative autocrine loop in malignant mesothelial cells, regulation of 
PDGF chain and receptor production in normal and malignant mesothelial cell lines is an 
important topic to study. Regulation of PDGF A- and B-chain and PDGF fI.- and ~

receptor expression were thus analyzed in these cell lines. In Chapter 4.1 we show by 
nuclear run off analysis that the increased PDGF A-chain expression in malignant 
mesothelial cells is most probably caused by an increased transcription rate, rather than 
an increased stability of the PDGF A-chain messenger. Consistent aberrations of 
chromosome region 7p22 (PDGF A-chain locus), or amplification or structural 
rearrangements of the PDGF A-chain locus do not seem to be responsible for this 
increased transcription rate. Both normal and malignant mesothelial cell lines were also 
analyzed for the presence of alternatively spliced PDGF A-chain transcripts containing 
exon 6 (giving rise to an extra 69 bases). This exon 6 sequence, encoding a cell 
retention signal, could hardly or not be demonstrated in the A-chain transcripts in either 
of the cell types. 

The fact that in nuclear run off assays and on Northern blots of RNA from 
cycloheximide (CHX)-treated normal mesothelial cells no PDGF B-chain messengers 
could be identified, indicates that the undetectable PDGF B-chain mRNA expression in 
these cell lines is due to lack of transcription or, alternatively, to a low transcription 
initiation followed by rapid degradation (Chapter 4.2). As for the A-chain, chromosomal 
aberrations (22q) or gene rearrangements were not likely to be responsible for this 
effect. Activation of PDGF B-chain gene transcription was further studied using various 
assays. Basal B-chain promoter-induced CAT activity was observed in normal as well as 
malignant mesothelial cell lines, indicating that in principle normal mesothelial cells 
possess all necessary equipments for PDGF B-chain transcription initiation. Other 
(epigenetic) mechanisms may be involved in silencing of this transcription in thf;! normal 
cells; CpG methylation and nucleosome positioning of the promoter region do not seem 
to be important in this respect. An in vivo footprint around bp -61, as observed in the 
promoter region of mesotheli~ma cells but not of normal mesothelial cells, demonstrates 
binding of a thus far unknown protein to promoter sequences in mesothelioma cells 
exclusively. Furthermore, mutation of the potential target binding sequence resulted in 
decreased reporter activity in the mesothelioma cells, indicating that the -64/-61 TCTe 
sequence presumably represents a region involved in transcription activation of PDGF B
chain expression. A DNasel hypersensitive site around 9.9 kb upstream of the PDGF B
chain transcription start site, demonstrating enhancer activity in the mesothelioma cells, 
probably further enhances PDGF B-chain expression in these cells. 

Analysis of regulation of PDGF a.- and l1-receptor expression revealed that their 
messenger production is controlled at distinct levels (Chapter 4.3). The higher PDGF 13-
receptor mRNA expression in mesothelioma cells, compared to their normal 
counterparts, is caused by a higher transcription initiation, as determined by nuclear run 
off analysis. PDGF a.-receptor mRNA expression is controlled at the post-transcriptional 
level in these malignant cells, as they were found capable of synthesizing a-receptor 
transcripts, which could not be detected as steady-state messengers by Northern blot 
analysis. The fact that in RNA of CHX-treated mesothelioma cells no PDGF fl.-receptors 
were identified either, suggests that CHX-insensitive factors probably influence the 
stability of this messenger. Stimulation of normal and malignant mesothelial cells with 
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TGF-[l, which is one of the most extensively studied regulators of PDGF receptor 
expression, resulted in decreased PDGF a-receptor mRNA levels in normal mesothelial 
cell lines whereas increased PDGF B-receptor levels were seen in 2 out of 6 
mesothelioma cell lines. In these particular cell lines TGF-B 1 may thus enhance the 
autocrine PDGF loop via upregulation of PDGF [I-receptor mRNA levels. 

In Chapter 5.1 the Wilms tumour (WT1) susceptibility gene product, which is 
suggested to be involved as a transcription factor in regulation of expression of PDGF A
chain mRNA, is introduced. Functional inactivation of the WT1 tumour suppressor gene 
is thought to contribute to formation of (part of) Wilms tumours. During development, 
this gene shows a limited expression, transcripts being found in kidney I spleen and the 
mesothelial linings of coelomic cavities. We observed WT1 mRNA expression in our 
normal mesothelial cell lines derived from adults (Chapter 5.2). Expression in the 
mesothelioma cell lines was highly variable and not related to the epithelial or fibrous 
morphology of the mesothelioma cell lines. Furthermore, an in vitro induced switch in 
morphology of the normal mesothelial cell lines did not lead to a change in WT1 level. In 
4 out of 13 mesothelioma cell lines no WT1 transcripts were observed on Northern 
blots, suggesting that in these cases the tumour suppressor gene WT1 may contribute 
to the transformed character of the cell line. In the tested WT1 coding regions of WT1-
expressing mesothelioma cell lines no point mutations (missense or nonsense) were 
found, whereas in all cases analyzed all four described WT1 splice variants could be 
identified. 

In Chapter 5.2 the possible relationship between WTl and PDGF A-chain mRNA 
levels in mesothelial cells is evaluated. The variation in WT1 mRNA levels in the 
mesothelioma cell lines did not correlate in any manner with the endogenous PDGF A
chain mRNA levels in these cell lines. In transfection studies, IGF2 has also been 
suggested to be regulated by WT1 proteins, but we could not find any correlation 
between WTl levels and endogenous IGF2 mRNA levels in our cell lines. It may be that 
other factors influence expression of PDGF A-chain and IGF2 genes as well, thereby 
(partly) masking the transcription regulating properties of WTl. 

In the studies described in this thesis we show that co-expression of PDGF 8-
chains and PDGF ~-receptors seems to be an important feature of malignant 
mesothelioma cells and that our mesothelial cell lines provide a good model system for 
studies on regulation of PDGF chain and receptor expression. From these studies We 
conclude that elevated expression levels of PDGF A-chain, B-chain and B-receptor genes 
in the mesothelioma cell lines are primarily determined at the transcriptional level. 
Decreased PDGF a-receptor expression is probably due to messenger instability. No 
indications for regulation of PDGF A-chain transcription by WT 1 have been found in 
mesothelial cell lines. The increased PDGF B-chain transcription in malignant 
mesothelioma cell lines is accompanied by binding of a factor to a TCTC sequence in 
the B-chain promoter region of these cell lines. A 5' located enhancer sequence may be 
involved in this increase as well. Future experiments should be directed towards 
identification and characterization of the factors involved in PDGF B-chain transcription 
via the beforementioned elements. Eventually this may result in new targets to interfere 
in the postulated autocrine PDGF loop, either experimentally or, possibly in future, 
therapeutically. 
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Het humane maligne mesothelioom is sen van het mesoderm afkomstige tumor van 
de lichaamsholten, die het meest frequent voorkomt in de pleura. De incidentie van het 
maligne mesothelioom is sterk geassocieerd met blootstelling aan asbest en neemt in 
cns land nog steeds toe, ondanks een verminderd gebruik van asbest. Oit wordt 

veroorzaakt door de lange latentietijd (15-45 jaren) tussen blootstelling aan asbest en 
het tot uiting kamen van de tumor. Hoewel niet veel bekend is over de processen die 
tijdens deze periode plaatsvinden, lijken veel groeiregulerende moleculen, waarvan 
bekend is dat ze bijdragen aan ongeremde 9roei van getransformeerde cellen, hierbij 
betrokken zijn. Een van de groeifactoren waarvan wordt verondersteld dat deze een rol 
speelt in de pathogenese van het maligne mesothelioom, is platelet-derived growth 
factor (PDGF). 

In dit proefschrift werden de expressie van PDGF ketens en receptoren in normale 
en maligne mesotheelcellen, alsmede hun regulatie bestudeerd. Het doel van de studies 
was om de PDGF keten en receptor expressie in normale en maligne mesotheelcellen in 
vitro en in vivo verder te karakteriseren en om inzicht te krijgen in de mechanismen die 
resulteren in de karakteristieke PDGF keten en receptor expressiepatronen in die cellen. 

In Hoofdstuk 3.1 zijn in een kort overzicht de onderling verschillende expressie 
patronen van PDGF ketens en receptoren in normale en maligne mesotheelcellen 
weergegeven. Mesothelioomcellijnen lieten verhoogde PDGF A- en B-keten expressie 
zien vergeleken met normaal-mesotheelcellijnen. Verder bleken gekweekte normale 
mesotheelcellen PDGF a-receptor mRNA en sporadisch PDGF B-receptor mRNA tot 
expressie te brengen, terwijl maligne mesothelioomcellijnen PDGF B-receptor mRNA en 
geen PDGF a-receptor mRNA produceerden, voor zover detecteerbaar met Northern blot 
assays. De eiwitten horende bij deze receptor mRNA moleculen werden eveneens 
bepaald. Immuuncytochemische kleuringen, immuunprecipitaties en radioreceptor assays 
bevestigdsn de aanwezigheid van PDGF a-receptor eiwitten in normals mesotheelcellen 
en van PDGF B-receptor eiwitten in maligne mesothelioomcellijnen (Hoofdstukken 3.1 en 
3.2). Gebruikmakend van specifieke antistoffen gericht tegen PDGF a-receptoren 
konden in maligne mesothelioomcellijnen eveneens PDGF a-receptoren gedetecteerd 
worden. Als gevolg van het feit dat er geen antistoffen, specifiek voor PDGF·AA of 
PDGF-BB, beschikbaar zijn, konden we aileen concluderen dat zowel normale als maligne 
mesotheelcellijnen in staat zijn PDGF te produceren. 

In Hoofdstuk 3.2 werd het in vivo PDGF keten en expressiepatroon in maligne 
mesotheelcellen afkomstig van pleuravocht en tumorweefsel van mesothelioompatienten 
bestudeerd met immuunkleuringen. Zowel PDGF als PDGF f.S-receptoren werden 
gevonden in maligne mesotheelcellen atkomstig van pleuravocht, terwijl in 
mesothelioom tumorweefsel ook PDGF a-receptor eiwitten konden worden 
ge'identificeerd. In niet-maligne vochten brachten de mesotheelcellen PDGF en PDGF a
receptor tot expressie. Het in vivo immuuncytochemische patroon komt grotendeels 
overeen met dat verkregen in in vitro groeiende normale en maligne mesotheelcellen, 
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hetgeen de relevantie aangeeft van de onderling verschillende expressie van PDGF 
ketens en receptoren in deze cellijnen. Daarnaast ondersteunen deze ge.gevens de 
hypothese, dat mesothelioomcellen in staat zijn op een autocriene maniar hun eigen 
graei te stimuleren door de produktie van PDGF B-keten en de bijpassende hoag affiane 
POGF ~-receptor. 

Met het oog op deze mogelijke autocriene groeistimulatie van maligne 
mesotheelcellen, is de regulatie van PDGF keten en receptor produktie in normale en 
maligne mesotheelcellen een belangrijk onderwerp van studie. De regulatie van PDGF A
en B-keten en PDGF (1.- en B-receptor expressie werden daarom in deze cellijnen 
geanalyseerd. In Hoofdstuk 4.1 laten we met "nuclear run off" analyse zien, dat de 
verhoogde PDGF A-keten expressie in maligne mesotheelcellen hoogstwaarschijnlijk 
eerder door een verhoogde transcriptiesnelheid dan door verhoogde stabiliteit van het 
PDGF A-keten mRNA wordt veroorzaakt. Eenduidige afwijkingen van chromosoomregio 
7p22 (POGF A-keten locus) 01 amplilicatie 01 structurele herschikkingen van het POGF 
A-keten locus lijken niet verantwoordelijk te zijn voor deze verhoogde 
transcriptiesnelheid. De aanwezigheid van 'alternatively spliced' exon 6 (die zorgt voor 
69 bp extra) bevattende PDGF A-keten transcripten werd eveneens geanalyseerd in 
zowel normale als maligne mesotheelcellen. Deze exon 6 sequentie, die codeert voor 
een 'cell retention' signaal, kon nauwelijks aangetoond worden in A-keten transcripten 
van €len van deze beide celtypen. 

Het feit dat in nuclear run off assays en op Northern blots met RNA van 
cycloheximide (CHX)-behandelde normale mesotheelcellen geen POGF B-keten mRNA 
ge'ldentificeerd kon worden, geeft aan dat de niet-detecteerbare expressie van PDGF B
keten mRNA in deze cellijnen te wijten is aan afwezigheid van transcriptie of anders aan 
een geringe transcriptie-initiatie gevolgd door snelle afbraak (Hoofdstuk 4.2). Net als bij 
de A-keten, was het niet erg waarschijnlijk dat chromosomale alwijkingen (22q) 01 
genherschikkingen voor dit effect verantwoordelijk waren. Activatie van PDGF B-keten 
transcriptie werd verder bestudeerd met diverse assays. Basale door de B-keten 
promoter ge'(nduceerde CAT aqtiviteit werd zowel in normaal-mesotheelcellijnen als in 
maligne mesothelioomcellijnen gezien, wat aangeeft dat normale mesotheelcellen in 
principe de noodzakelijke uitrusting voor initiatie van PDGF B-keten transcriptie 
bevatten. Andere (epigenetische) mechanismen zouden betrokken kunnen zijn bij het 
stilleggen van deze transcriptie in de normale cellen; CpG-methylering and positionering 
van nucleosomen van het promotergebied lijken in dit verband niet belangrijk. Een in 
vivo footprint rand bp -61, zoals gevonden in de promoterregio van mesothelioomcellen, 
maar niet van normale mesotheelcellen, laat binding zien van een tot nu toe onbekend 
eiwit aan promotersequenties exclusief in mesothelioomcellen. Daarnaast resulteerde 
mutatie van de mogelijke target bindingssequentie in een verlaagde reporteractiviteit in 
de mesothelioomcellen, wat aangeeft dat de -64/-61 TCTC-sequentie wellicht een regio 
representeert die betrokken is bij transcriptie-activatie van PDGF B-katen expressie. Een 
ONasel hypergevoelig gebied rond 9.9 kb upstream van de POGF B-keten transcriptie
startplaats dat enhanceractiviteit vertoonde in mesothelioomcellen, verhoogt 
waarschijnlijk verder PDGF B-keten expressie in deze cellen. 

Analyse van de regulatie van PDGF a- en ~-receptor expressie maakte duidelijk dat 
hun messengerproduktie op verschillende niveaus wordt gecontroleerd (Hoofdstuk 4.3). 
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De hogere PDGF B-receptor mRNA expressie in maligne mesothelioomcellen, vergeleken 
met hun normale tegenhangers, wordt veroorzaakt door een hogere transcriptie initiatie, 
zoals bepaald met "nuclear run off" analyse. PDGF a-receptor mRNA expressie wordt 
gecontroleerd op een post-transcriptioneei niveau in deze maligne cellen, aangezien ze in 
staat werden gevonden tot synthese van a-receptor transcripten die niet als steady
state mRNA via Northern blot analyse kon worden gedetecteerd. Het feit dat in RNA van 
CHX-behandelde maligne mesothelioomcellen eveneens geen PDGF a-receptors werden 
ge'identificeerd, suggereert dat CHX-ongevoelige factoren waarschijnlijk de stabiliteit van 
dit mRNA be'invloeden. Stimulering van normale en maligne mesotheelcellen met TGF
B 1, dat een van de meest uitgebreid bestudeerde regulatoren van PDGF 
receptorexpressie is, resulteerde in verlaagde PDGF a-receptor mRNA niveaus in de 
normale mesotheelcellijnen, terwijl verhoogde PDGF B-receptorniveaus werden gezien in 
2 van de 6 mesothelioomcellijnen. In die betreffende cellijnen zou TGF-B 1 dus de 
autocriene PDGF groeistimulatie via verhoging van PDGF B-receptor mRNA niveaus 
kunnen versterken. 

In Hoofdstuk 5.1 wordt het Wilms tumor IWT1) "susceptibility" gen produkt, 
waarvan gesuggereerd wordt dat het als transcriptiefactor betrokken is bij regulatie van 
PDGF A-keten mRNA expressie, geYntroduceerd. Functionele inactivatie van het WT1 
tumor suppressorgen wordt verondersteld bi; te dragen aan de vorming van (een 
gedeelte van) Wilms tumoren. Gedurende de ontwikkeling vertoont dit gen een beperkte 
expressie waarbij transcripten worden gevonden in de nier, milt en mesotheliale 
bekleding van de coeloomholten. Wij vonden WTl mRNA expressie in onze van 
volwassenen afkomstige normaal-mesotheelcellijnen (Hoofdstuk 5.2). Expressie in de 
mesothelioomcellijnen was sterk variabel en niet gerelateerd aan de epitheliale of 
fibreuze morfologie van deze cel/ijnen. Daarnaast leidde een in vitro ge'induceerde 
verandering in de morfologie van de normaal-mesotheelcellijnen niet tot een verandering 
in WTl niveau. In 4 van de 13 mesothelioomcellijnen werd geen WTl mRNA gevonden 
op Northern blots, hetgeen suggereert dat het tumor suppressorgen WTl bij zou kunnen 
dragen aan het getransformeerde karakter van de cellijn in die gevallen. In de 
onderzochte WTl coderende gebieden van WTl tot expressie brengende 
mesothelioomcellijnen werden geen puntmutaties ("missense" of "nonsense") 
gevonden, terwijl aile vier beschreven WTl splice varianten in aile gevallen 
ge'identificeerd konden worden. 

In Hoofdstuk 5.2 wordt de mogelijke relatie tussen WT1 en PDGF A-keten mRNA 
niveaus in mesotheelcellen geevalueerd. De variatie in WTl mRNA niveaus in de 
mesothelioomcellijnen correleerde op geen enkele manier met de endogene PDGF A
keten mRNA niveaus in deze cellijnen. In transfectiestudies is gesuggereerd dat IGF2 
eveneens door WTl eiwitten wordt gereguleerd, maar wij konden geen correlatie vinden 
tussen WTl niveaus en endogene IGF2 niveaus in onze cellijnen. Het zou zo kunnen zijn 
dat andere factoren de expressie van PDGF A-keten en IGF2 genen eveneens 
be'lnvloeden, daarmee (gedeeltelljk) de transcriptieregulerende eigenschappen van WT1 
verhullend. 

De in dit proefschrift beschreven studies tonen aan dat co-expressie van PDGF 8-
ketens en PDGF B-receptoren een belangrijk kenmerk van maligne mesothelioomcellen is 
en dat onze mesotheelceilijnen een goed modelsysteem vormen voor studies naar 
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regulatie van PDGF keten en receptor expressie. Op basis van deze studies concluderen 
we dat de verhoogde expressieniveaus van PDGF A-keten, B-katen en B-receptor genen 
in de mesothelioomcellijnen primair bepaald worden op transcriptieniveau. Verlaagde 
PDGF a-receptor expressie is waarschijnlijk t6 wijten aan instabiliteit van het betreffende 
mRNA Er zijn geen aanwijzingen gevonden veor regulatie van PDGF A-keten transcriptie 
door WT1 in mesotheel cellijnen. De verhoogde 8-keten transcriptie in maligne 
mesothelioomcellijnen gaat gepaard met binding van Ben factor aan aen TCTC-sequentie 
in de B-keten promoterregio van die callijnen. Een 5' gelegen enhancersequentie zou 
eveneens bij deze toename betrokken kunnen zijn. Toekomstige experimenten zullen 
gerieht moeten zijn op het identifieeren en karakteriseren van de factoren die via de 
genoemde elementen bij de PDGF B-keten transcriptie betrokken zijn. Uiteindelijk zou dit 
kunnen leiden tot nieuwe aangrijpingspunten om experimenteel of, wellicht in de 
toekomst, therapeutisch in te grljpen in de gepostuleerde autocriene PDGF 
groeistimulatie. 



SAMENVATTING VOOR DE GE'INTERESSEERDE LEEK 

Een introductie in het maligne mesotholioom. groeifactoren en transcriptie 
Kanker is een ziektebeeld dat gekenmerkt wordt door een ongeremde groei van 

cellen op een specifieke plaats in het lichaam. Kanker kan ontstaan in Jiverse organen 
(bijv. dikke darm, borst, huid en longen) of in het bloed of beenmerg. Het maligne 
mesothelioom is een kwaadaardige (maligne) vorm van kanker van de vliezen die de 
twee grote lichaamsholten (de borst· en buikholte) bekleden. Uit diverse studies is 
bekend, dat het voorkomen van een maligne mesothelioom sterk geassocieerd is met 
blootstelling aan asbestvezels. Asbest is een natuurlijk voorkomend materiaal, dat 
vanwege zijn bijzondere eigenschappen (o.a. brandwerend en isolerend) in het verleden 
zeer veel toegepast is in scheepsbouw, isolatie van gebouwen en remleidingen van 
auto's. Ondanks het feit dat het gebruik van asbest sinds 1993 is verboden, is er nog 
steeds een toename te zien in het aantal mensen dat een maligne mesothelioom krijgt. 
Oit heeft te maken met de lange tijd tussen blootstelling aan asbest en de uiteindelijke 
eerste ziekteverschijnselen en diagnose. Deze latentietijd kan varieren van 15 tot 
45 jaar. De toename in het aantal mesothelioompatienten zal naar verwachting doorgaan 
tot 2005-2010. 

Hoewel over de precieze processen die een rol spelen bij het ontstaan en de 
verdere ontwikkeling van een maligne mesothelioom nog niet veel bekend is, wordt uit 
diverse onderzoeken duidelijk dat zgn. groe/factoren een belangrijke rol spelen. 
Groeifactoren zijn kleine eiwitten die door diverse celtypen geproduceerd en (meesta!) 
uitgescheiden kunnen worden. Cellen die in het bezit zijn van zgn. receptoren zullen 
vervolgens die grosifactoren kvnnen binden. Uiteindelijk leidt zo'n binding voor de 
betreffende eel tot een signaal om zich te gaan delen. 

De produktie van een eiwit in het algemeen, en daarmee dus ook van 
groeiregulerende eiwitten of hun receptoren, vindt plaats in een aantal stappen. In het 
DNA ligt de blauwdruk voor de vorm en structuur van het eiwit opgesiagen. Via een 
complex proces dat transcriptie wordt genoemd, wordt deze gecodeerde informatie 
overgeschreven naar een tussenvorm, het mRNA. Oit proees is een noodzakelijke stap 
die voorafgaat aan de uiteindelijke vertaling van de (gekopieerde) mRNA-code naar eiwit. 
Oat laatste proces van vertaling heet translatie. Hoewel in diverse processen de eiwitten 
de viteindelijke werkzame stoffen zijn, is met name het wei of niet oversehrijven van de 
code van DNA naar mRNA in eerste instantie bepalend voor de produktie van eiwitten. 
Bestudering van de manier waarop het proces van transcriptie van een bepaald stuk 
DNA wordt geregeld is dan ook onderwerp van veel studies. 

PDGF en het maligne mesothelioom 
De studies, zoals die staan beschreven in dit proefsehrift, gaan over de regulatie 

van transeriptie van een bepaalde groeifactor, PDGF ("platelet-derived growth factor"; 
of wei de groeifactor zoals die het eerst vit de bloedplaatjes werd gezuiverd), in maligne 
mesothelioomcellen. Voor deze studies zijn maligne mesothelioomcellijnen gebrvikt; dat 
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zijn van mesothelioompatienten afkomstige kankercellen die in kweekflesjes groeien. 
Daarnaast is va or een goede vergelijking gebruik gemaakt van gekweekte normaal 

mesotheelcellen als gezonde tegenhangers van mesothelioomcellen. Uit het 
bovenstaande is duidelijk wat een groeifactor is en wat een maligne mesothelioom is. 
De gedachte (hypothese) achter ons onderzoek was dat de door maligne 

mesothelioomcellen geproduceerde groeifactor (PDGF) door diezelfde cellen wordt 

herkend en gebonden via hun receptoren en dat dit leidt tot een signaal om te gaan 
delen. Samengevat: mesothelioomcellen worden dus in staat geacht hun eigan celdeling 
te stimuleren. In jargon heet dat: autocriene stimulatie van groei. 

Uit diverse studies komen aanwijzingen die een dergelijk model ondersteuneni ook 
ons onderzoek ondersteunt dit model. Van de groeifactor PDGF bestaan twee soorten 
ketens, de zgn. A- en 8-ketens, terwijl er ook twee PDGF receptorsoorten bekend zjjn, 
de «- en IS-receptoren. Uit onderzoek is bekend dat met name de combinatie PDGF B
keten/PDGF ~-receptor leidt tot heel sterke binding en dus tot delingssignalen voor de 
eel. Inventarisatie van de mesothelioomcellijnen laat zien, dat deze zowel PDGF A- als 8-
keten mRNA maken, evenals PDGF ~-receptor mRNA. Hun gezonde tegenhangers, de 

normale mesotheelcellen, produceren aileen PDGF A-keten en PDGF «-receptor mRNA 
(Hoofdstuk 3.1). De voor maligne mesothelioomcellen karakteristieke produktie van 
PDGF B-keten en PDGF ~-receptor mRNA wordt daarnaast ook teruggevonden in de 
produktie van de betreffende eiwitten. Zowel gekweekte mesothelioomcellijnen als niet
gekweekte cellen van mesothelioompatienten blijken PDGF en PDGF IS-receptoren te 
produceren (Hoofdstuk 3.2). 

PDGF en het maligne mesothelioom: transcriptie 
Uitgaande Van de hiervoor beschreven karakteristieke produktie van PDGF ketens 

en receptoren door maligne mesothelioomcellen en gezonde mesotheelcell.en zijn 
vervolgens studies naar de regulatie van deze karakteristieke produktie gestart. De 
verhoogde produktie van PDGF A-keten mRNA in maligne mesothelioomcellen blijkt het 
gevolg te zijn van een hogere ,snelheid van transcriptie (Hoofdstuk 4.1). De hoge PDGF 
8-keten mRNA produktie wordt veroorzaakt doordat mesothelioomcellen voor dit 
gedeelte DNA eveneens een hoge transcriptiesnelheid vertonen. Oat het onmogelijk 
bleek in normale mesotheelcellen PDGF 8-keten mRNA aan te tonen, Iijkt het gevo!g te 
zijn van het ontbreken van PDGF B-keten transcriptie in deze cellen (Hoofdstuk 4.2). 
Bepaalde (nog niet nader ge'{dentificeerde) eiwitten, die bind en aan gebieden in het DNA 
met een regulerende functie, lijken betrokken te zijn bij dit verschil in PDGF B-keten 
transcriptie tussen normale mesotheelcellen en maligne mesothelioomcellen. Duidelijk is 
geworden dat een van deze regulerende DNA gebieden zich dicht in de buurt van het 
PDGF B-keten DNA (d.w.z. in het zgn. promotergebied) bevindt en de ander in een wat 
verder gelegen gebied (Hoofdstllk 4.2). Bij de PDGF receptoren bleek iets anders aan de 

hand. Ondanks het feit dat in mesothelioomcellen geen PDGF «-receptor mRNA werd 
gevonden (zie eerder), blijkt dat deze cellen, net zoals mesotheelcellen, wei degelijk 
PDGF a-receptor mRNA kunnen maken. Het uiteindelijke verschH tussen de normale en 
de kankercellen wordt veroorzaakt doordat dit PDGF a-receptor mRNA in 
mesothelioomcellen snel afgebroken wordt, maar in normale mesotheelcellen niet, 
Normale mesotheelcellen blijken verder niet in staat tot PDGF IS-receptor transcriptie, 
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terwijl mesatheliaamcellen wei transcriptie van dit DNA gedeelte vertonen (Haofdstuk 
4.3). 

Tenslotte is van een bepaald eiwit, het WT1 (genoemd naar Wilms tumoren, 
tumoren van de nieren, waar dit eiwit het eerst is beschreven) tumarsuppressar eiwit, 
gesuggereerd dat het een ral zou spelen als remmend eiwit bij PDGF A-keten 
transcriptie. Het kenmerk van een tumor suppressoreiwit is, dat het in normale, gezonde 
cellen voor onderdrukking (suppressie) van de tumorvorming (kankervorming) zorgt en 
dat het wegvallen van die remmende functie in bepaalde situaties de betreffende eel tot 
een kankercel kan maken. Hoewel deze bevindingen erg goed zouden kunnen passen in 
het proces van tumorvorming in maligne mesothelioomcellen, blijkt experimenteel dat 
WT1 mRNA slechts in een kleine minderheid van mesathelioomcellen afwezig is, terwijl 
de rol van WT1 als regulator van PDGF A-keten transcriptie ook niet heel duidelijk is in 
mesothelioomcellen. 

Concluderende opmerkingen 
In dit proefschrift wordt een aantal studies beschreven, die verdere aanwijzingen 

hebben opgeleverd voor de belangrijke rol die de groeifactor PDGF speelt bij het maligne 
mesothelioom. Uit die studies komt de suggestie dat met name de gecombineerde 
produktie van PDGF B-ketens en PDGF B-receptoren door mesothelioomcellen belangrijk 
is. Daarnaast wordt beschreven hoe de karakteristieke PDGF keten produktie en PDGF 
receptor produktie van mesotheelcellen en maligne mesothelioomcellen worden 
geregeld. In geval van de PDGF B-keten produktie bij mesothelioomcellen is een aantal 
gebieden rond het PDGF B-keten DNA gedeelte ge'identificeerd, waar eiwitten blnden, 
die een essentii:He rol lijken te spelen in PDGF B-keten transcriptie. 

Verdere studies zullen nu moeten uitwijzen in hoeverre ingrijpen in de produktie 
en/of werking van de groeifactor PDGF (m.n. PDGF B-keten of PDGF B-receptor)leidt tot 
een remming van groei van de kankercellen. Wellicht vormen de beschreven regulerende 
gebieden een goed aangrijpingspunt voor een dergelijke strategie. 
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ABBREVIATIONS 

bovine serum albumin 
Beckwith-Wiedemann syndrome 
complementary DNA 
chloramphenicol acetyl transferase 
cycloheximide 
cellular oncogene 
colony stimulating factor 
Denys-Drash syndrome 
DNase I hypersensitive 
deoXyribonucleic add 
epidermal growth factor 
extracellular matrix 
epithelial membrane antigen 
focal adhesion kinase 
fetal calf serum 
fluorescein isothiocyanate 
GTPase activating protein 
glyceraldehyde-3-phosphate dehydrogenase 
growth factor receptor bound 
guanosine triphosphate 
hydrocortisone 
immunofluorescence 
insulin-like growth factor 
kilobase 
kilo Dalton 
loss of heterozygosity 
mesothelial celts 
malignant mesothelioma cells 
malignant mesothelioma cell tine 
messenger RNA 
not applicable 
not determined 
normal mesothelial celt line 
short arm of chromosome 
phosphatidyl inositol 3 kinase 
phosphate-bufferred saline 
polymerase chain reaction 
platelet-derived growth factor 
phospholipase cy 
proteIn tyrosine phosphatase 
long arm of chromosome 
ribonucleic acid 
reverse transcription or room temperature 
Src homology 2 
standard saline citrate 
transforming growth factor 
12-0-tetradecanoylphorbol 13-acetate 
tetra methyl rhodamine isothlocyanate 
untranslated sequence 
vIral oncogene 
Wilms tumour, aniridia, genitourinary abnormalities, mental retardation-syndrome 
Wilms tumour 
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