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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 positiva 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 /n 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 autocrine 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 that govern these processes, consequently enable cells to escape
normal growth controf. 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 the 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-onc genes} turned out to be
highly homologous to cellular genes in vertebrates. The first example was provided by
the normal cellutar gene that was identified on the basis of its similarity to the
transforming sr¢ oncogene of Rous sarcoma virus {4}). Based on their homology to viral
oncogenes, such normal cellular genes were thersfore collectively termed cellufar
{protc)-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-oncegenes in human tumours came from gene
transfer experiments, in which the transforming genes isofated from these 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 {5).

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 8,7). 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 her-abf fusion gene product in chronic myelogenous leukemia
{10,11). Additionally, activation may also result from gene amplification {e.g. ¢-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-erbB
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 (13). 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 carcincgenesis. The in vivo relevance of
the idea that multiple factors are needed for full transformation, is supported by
statistical findings. Based on the naotion that the frequency of cancer increases with
age, it has been suggested that many distinct steps are needed for (at least part of the}
tumours to develop to full malignancy (15). The distinct clinical manifestations of colon
carcinoma offered the possibility 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
avents teading to tumour development in transgenic models of fibrosarcomas of the skin
and of the B-cells in the islets of Langerhans {17).

Relationship between oncogenes and growth-stimulating molecules

The list of proto-oncogenes that are involved in tumorigenesis after activation has
become exiensive 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
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Figure 1. A schematlc model of the
contribution of factors to uncontrolled
growth in tumour cells, Mitogenic
signafs in the nucleus may result from
the extracellular (fa) or Intracellular
{1b} interaction of a growth factor and
its appropriate receptor (autocrine
growth stimulation); from expression
of a structurally altered growth factor
raceptor, which signals independently
of exogenous stimuli (2); or from the
aberrant expression of intracellular
signa! tranducing componants {3},
Adapted from Heldin {688},

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¢-sfs 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 gens products {18-20}. The Parodi-irgens feline
sarcoma virus was also found to contain a gene that shares homology with PDGF B-
chain {21). The observation of sequence similarity was an indication for the involvement
of PDGF in S3V transformation. As inhibition by PDGF antibodies or by suramin, that
prohibits growth factor/receptor interactions, reverted S8V 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 cells, the cellutar
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 raf oncogenes as the best-known members. Activation of the p21Ras
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TABLE 1. Categories of cellular oncogenes with examples of GTPase has been shown to
representative members. cause translocation of the
growth factors, receptor and non-receptor tyrosine kinases Raf gene product to the
oncogense  function references c,
membrane. Raf, in turp,
sis B-chain of PDGF 18,19 phosphorylates serine and
erbB8 truncated EGF receptor 12 threonine residues in another
fms mutant CSF-1 receptor 57 : .
sre non-recaptor tyrosine kinase 658,569 signal transduction enzyme

MAPK kinase, which
eventually leads to phos-

signal transduction pathway components phorylation of transcription
oncogene function references tact in th | (24)
aclors in 8 nucleus .
ras membrane-assaciated GTPase 80 The nuciear oncogenes
raf proteln serine/threonine kinase 61,62 form a special group of
mos protein serine/threonine kinase 63,64 ]
oncogenes as their gene
products act as transcripti-
nuclear factors . onal regulators of several
oncogene function references
target genes, The gene
jun transcription factor; part of AP-1 26,65 products of the e¢-fun and c-
fos tfanscription faCtOF: part of AP-1 26,66 fos Oncogenes have thus
myc saquence-specific DNA binding 67,68 b identified
rel transcription factor 27 een ldentie as compo-
nents of the transcription

Abbreviations used are: E(?F: apidermal growth factor; C8F-1: colony-stimulating factor AP-1 (2 B , 26 ] ,
factor-1; GTP guranosine triphosphata,

whereas the protein encoded

by c-re/ has been found ho-
mologous to the transcription factor NF-xB {27). Deregulated or constitutive expression
of a transcription factor-encoding oncogene can thus extend the effect of a single
oncogenic event by Iinducing 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 sarlier described oncogenes, where
the presence of only one mutated allele is sufficient, mutational events must occur in
both alleles for a tumour suppresscr gene to contribute to abnormal growth. Deletions in
tumour suppressor genes occur frequently in several tumour types. In general a smail
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 betwsen
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tumorigenic and non-tumorigenic cells, did not cause induction of tumour formation
after injection, uniess the hybrid cells lacked specific chromosomes derivad from the
normal cell {reviewed in 31). This suggested the presencé of genes on these
chromosomes that suppressed tumour-promoting activity of their genetically altered
counterparts. Sacondly, 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 play a
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 retincblastoma,
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 BB and pb3 genes have been detected in many fypes of tumours, thus
suggesting their involvement in a wide range of malignanciss. The fact that the protsins
encoded by these genes are ubiquitously expressed is indeed consistent with their
involvement in several different tumour types.

In case of pb3, 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 pb3 proteins, that
exhibit an altered conformation, that interferes with the ability of pb3 to bind specific
DNA sequences (35,36} and to activate transcription {37,38). Some groups have shown
that overexpression of wild-type pb3 caused cell cycle arrest in the Gy phase (32,40,
whereas others demonstrated restriction of cell prolifsration 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, genas that are
regutated 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. ldentified tumour suppressor genes and thelr possible Involvement in tumorlgenests.

gene locus (putative} function tumour type references
RB 13q14 sequestration of sevaral types 70-75
transcription factor {a.o. retinoblastoma,

osteosarcoma, breast,
bladder, cervix
prostate carcinoma,
leukemia}

p53 17p13 transcription factor several types 76-78
{a.0, breast, lung, colon,
bladder, livar carcinama)

WT1 T1pt3 transceiption factor Wilms tumour 79-B1
malignant mesothelioma 82,83
NF1 12911 GAP-like activity neuroflbrosarcoma 84,85
APC bg21 cell-adhesion colorectal carcinoma 86,87
DCce 18a21 cell-adhesion colorectal carcinoma 88
p16 9p21 CDK4 inhibitor several types 46,47

{a.0, melanoma, glioma,
breast, bladder carclnoma}

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 pb3
target gene fits in with this model as the product encoded by this target gene was
found to bind the complex of cyclins and cyclin-dependent kinases {CDKs), thersby
prohibiting the cell cycle to continue (44,45}, The product of the recantly identified p16
gene was shown to be involved in inhibition of one particular CDK, CDK4, which
functions in the G, phase of the cell cycle. As it was found to be homozygously deleted
in many different tumour types, p16 was thus considered a tumour suppressor gene
(46,47},

The protein encoded by the RB tumour suppressor gene is differentially
phosphorylated during the cell cycfe (4B). The suppressive capacity that RB
demonstrates during G, and Gy, when it is underphosphorylated, can be overcome by
saveral 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 unphosphaorylated RB protein (52} both affect RB in its growth-restraining function,
possibly by facilitating release of the RB-bound E2F protein {63-55). 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 neurcofibromatosis,
characterized by abnormal proliferation of neural crest cells and, in more sevare forms,
by neurofibrosarcomas. The APC and DCC genes that are frequently lost in colon



Introduction 15

carcinomas, both encode proteins that are likely to be involved in cell-adhesion. Finally,
the WT1 tumour supprassor 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' {66}. In Chapter 6.1 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-darived 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 piatelets (89,90), but soon
observed to be produced by many other cell types as well (see [ater). Initial
characterization of PDGF from platelets revealed that it is a 30 kDa dimeric molecufe
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 celf lines {94-96}. The A- and B-chains are
encoded by different genes which have been mapped to chromosomes 7p22 (87-99)
and 22gq13.1 (100,101}, respectively. The high structural similarity in exonfintron
boundaries between the PDGF A- and B-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 polyadenyiation 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 2.8 kb have been detected. These seem to be activated from a distinct promoter,
possibly at the end of the first exon {104} or in the first intron {RPH Dirks, pers.
comm.}. If this is indeed the case, the 5'-untransiated sequence (UTS} that causes
translation inhibition would be missing in the smaller transcript, which would resuit in
bettsr translation (105},

In Chapter 1.4 the factors and regutatory 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 reviewad.

PDGF dimeric structure, processing and secretion

The dimeric structure of PDGF is important for its biological function, as activity is
fost 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 1st and 6th, 3rd and 7th and 6th and 8th residues whereas the 2nd and
4th cysteine residues form the interchain bond in the dimers (106-109), therseby
contributing to the stability of the protein {110). Analysis of the crystal structure of
homodimeric PDGF-BB confirmed these intra- and interchain bonds hetween 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-82) {112).

Biosynthesis and processing of PDGF was studied in transfection studies using
cDNA 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
PODGF-BB homodimer 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 PDGF A-chain
long splice variant, raising the interssting 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 feast 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 biclogical 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 a-receptor,
was found to bind PDGF-AA, -AB and -BB with high affinity, whereas the RB-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 {evel of control PDGF activity.

The o- and B-receptors have been mapped to chromosome 4q {126} and 5q {127},
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respectively. The PDGF R-receptor was cloned first and was found to give rise to a
glycosylated protein of 170-185 kDa ({128-131}. Cloning of the o-receptor was
performed soon afterwards {126,132}, The PDGF o-receptor was also observed to be
post-translationatly glycosylated resulting in a molecular weight of about 170 kDa. Both
raeceptors were found to be similar in structure containing an extraceliular 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-called 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, howevar, 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 R-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 /n trans autophosphorylation of the two
receptor subunits {138}, This is further strengthened by the observation that R-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 fed to
the PDGF receptor subunit model {138; see also Table 3). In this model dimeric PDGF
au-receptors are predicted to be formed by binding of PDGF-AA, -AB and -BB, aR-
receptors by PDGF-AB and -BB and Rf3-receptors by PDGF-BB. The ability of PDGF-AB to
bind PDGF R-receptors in cells only expressing this receptor subtype has been a point of
discussion in several studies. Downregulation of PDGF o-receptors by PDGF AA-
treatment in fibroblasts [139) or the absence of detectable amounts of PDGF u-receptor
in fibroblasts and smooth muscle cells {140,141} did not seem to affect PDGF-AB
binding, suggesting an interaction between PDGF-AB and the PDGF RR-receptor dimer.
However, Van Zoelen ot al. {142) clearly demonstrated that pretreatment with PDGF-AA
not only resuited in decreased binding of PDGF-AB, but alse in decreased PDGF-AB-
induced proliferation of NRK cells. Furthermore, others showed that in R-receptor trans-

fected cells (143,144) and in cells

TABLE 3. Binding of dimeric PDGF isoforms by showing ~a deleted u-receptor {145}
dimeric PDGF receptors. PDGF-A8 bound with much lower

affinity than BB, possibly only through a

PDGF isoform monovalent interaction between the B-

PDGE chain and the R-receptor.
receptor  AA AB BB By epitope mapping and site
directed mutagenesis it has become
oo + * * clear that certain residues within the
alt N + T region 25-37 of the mature PDGF-BB

molecule {= 106-118 of the PDGF B-
6 : - + chain propeptide and 136-148 of the
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v-sis sequence} are probably invoived in PDGF R-receptor binding (146-149).
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 A/B chimeras
fargely confirmed the importance of these residues but stressed the importance of the
externally located residues 54-83 for B-chain activity as well {150,151}, A conserved
basic region in the PDGF A-chain (residues 159-161) was demonstrated to be involved
in PDGF a-receptor binding {152). Studies with mutant PDGF u-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 {1563-156b), The ligand
binding region of the B-receptor was mapped to the first three lg-like domains as well

{166,154).

Intracellular or extracellular PDGF receptor activation?

The transforming potential of PDGF B-chain/c-sis is comparable to that of v-sis
{167,168), wheraas the A-chain transforms less efficiently {113,159). Furthermore, the
v-sfs and PDGF B-chain translation products are assembled and processed in a similar
way. There is still discussion, whether the PDGF- or v-sfs-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 B-
chain sequence did not abrogate its transforming capacity {160). Other data conflict
with the idea of intracelular 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 {183},
intracellular formation of a ligandfreceptor 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 stifl 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 R-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
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TABLE 4. Substrate binding to substrates, the so-called Src homology 2 (SH2)

autophosphorylated tyrosine resldues domains. Y781 and Y857 were identified as the
in the human PDGF B-receptor. . . . . .
two major sites of ligand-induced phosphorylation
y{p;? substrate references of the human PDGF B-receptor {168). Mutation of
these residues resulted In impaired mitogenic
579 She 173 stimulation {167). In these mutant receptors
579 Sre-family 247 ; : o
581 Src-family 247 impaired substrate binding may be due to a
713 SE’:;"E ;zg generally iowsered {aspecific) binding, rather than
7 - e L
761 PI3-K 248,249 to decreased specific substrate blndlng at Yl8k">7.
751 Nok 280 Substrates interacting with identified
740 She :;g phosphorylated tyrosine residues in the human
;gl 222 173 PDGF B-receptor are listed in Tabh:a- 4. .
771 GAP 248,251 Analysis of signal transduction pathways in
778 unknown cells transfected with PDGF a- or R-receptors has
8o/ unknown led that in both lls respond
1009 PLCY 170,262 reveaie a n ¢} cases cCe resp
263 mitogenically to stimulation with the proper PDGF
102t PLCy 522'252' isoform (168). Mitogenic responses are probably
1009 PTP-1D/Syp 255,266 mediated in parallel through several substrates
SH-PTP2/PTP-2C that bind PDGF B-receptor tyrosine residues. PI3-K
) ) (phosphatidylinositol-3-kinase} and PLCy
Abbreviations used {as far as mantioned in the . R )
literature) are: GAP: GTPase activating protein; {phospholipase Cy) have been implicated to play a
Grb:  growth factor receptor bound; PI3-K: . I .
phospholnasitol 3-kinase; PLGY: phosphofipase role in this process (168}, though others failed to
Cy; PTP: phosphotyrosine phosphatase. show a necessary role for PLCy in Y1009- or
. H i id
a. Y{P): tauto)phospharylated tyrosine residues ¥1021-mutated PDGE fS~rBCept0rS (1 70)

inn the human PBGF RB-receptor
However, residual PLCy binding to the non-

mutated tyrosine could not be excluded in the lat-
ter report. Furthermors, Src-like kinases were suggested to be required for proper PDGF-
induced mitogenicity as well {171}, Substrates like She and Grb-2, that have been found
associated with PDGF RB-receptors, act as adaptor molecuies 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
Shec or PTP-1D/Syp {172-174) or via direct binding to phosphotyrosine residues in the
PDGF R-receptor {178). Activation of p70 56 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 o-receptor or FGF-1 receptor
molecules containing the B-receptor kinase insert revealed that migration towards PDGF
and circufar actin reorganization require the binding of PI3-K to B-receptor kinase insert
tyrosine residues, and possibly the activation of the smalt GTP-binding protein Rac {177-
179). The observed association of PI3-K and focal adhesion kinase (FAK) after PDGF
stimulation raises the intriguing possibility of cross-talk between thess pathways leading
to changes in cell morphology (180). Kundra st al. (181) found migration-promoting
{PLCy and PI3-K) as well as migration-suppressing (GAP, GTPase-activating protein}
substrates in PDGF RB-receptor-mediated chemotaxis.

PDGF «- and R-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 u-receptor (182),
Formation of the second messenger phosphatidic acid was shown to be increased by
stimulation of R-receptor compared to o-receptor-induced pathways (183). Furthermore,
in heterodimeric form the w-receptor was found to be phosphorylated on Y754, whereas
no phosphorylation of this residue was seen in vo- or BR-homodimers, suggesting
binding of a spscific 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 185,1886)}. The ¢-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 controf 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 D1 expression, thereby providing a direct link between
external growth factor-mediated stimulation and regulation of transition through the G,
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 Y679 was shown to be essential for endocytosis of the PDGF R-receptor (192),
whereas others showed that rasidues Y740 and Y751 were indispensable (193).
Analysis of purified stimulated PDGF receptors revealed covalent binding of ubiquitin
{127}, Ubiquitin is thought to play a 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 f3-receptors after polyubiguitination,

PDGF in normal cell types and in non-matignant disorders

PDGF has been implicated to be involved in human placental development
{195,198}, whereas a role in mouse embryonic development was suggested as well
(197-199}. 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 [3-receptor-
deficient mice, although it was suggested that the role of the B-recaptor may be partly
masked because of compensation by the «-receptor (201). Expression of the PDGF
o-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 o-receptor subunit during mammalian

development (204).
Furthermore, a role for PDGF {especially PDGF-AA/PDGF w-receptor} was proposed
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in development of neurcnal tissue. The developmental expression pattern of PDGF A-
chain and PDGF a-receptor detected in the rat and mouse central nervous system (CNS)
suggests that PDGF has an important function in development of the oligodendrocytic
lineage {198,205,208), Neurotrophic activity of PDGF-BB acting via the PDGF R-
receptor was shown 1o result in neuronite outgrowth {207). Similarly, 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
weli {208},

After the first description in piatelets, production of PDGF was observed in a whole
range of other cell types as well. Cytotrophoblasts in human placenta {1956}, endothalial
cells {209-212), arterial smooth muscle cells {213,214}, keratinocytes {215), alveolar
epithelial cefls {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 aiso
respond to PDGF {220},

PDGF is a potent growth factor and chemoattractant for connective tissue cells,
like fibroblasts, and is also chamotactic for inflammatory cells (221,222). The role PDGF
piays 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 R-receptors on
capillary endothelial and vascular smooth muscle cells {223-225) together with a {weak)
angiogenic activity of PDGF {228}, further underscored this involvement in wound
healing. An actual wound healing effect of recombinant PDGF-BB 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 normat
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 profiferative disorder in
which PDGF is involved, is atherosclerosis. PDGF-induced profiferation 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 play a role in the
inflammatory process in rheumnatoid synovitis, possibly by stimulation of profiferation in
the vascufature {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/er proteln) expression In various human tumour cell fines.

cell type expression of PDGF chain {A/B) references
andlor receptor (a/B)?
glioma PDGF A, B, o, R 267,268
PDGF A, B, «, B 233
large cell lung carcinoma PDGF A, B 259
PDGF 3 260
malignant mesothelioma PDGF A, B 261
PDGF A, B, B 262,263
mammary carcinoma PDGF A, B 264
melanoma PDGF A, B a5
PDGF A, (B} 265
prostale cercinoma PDGF A, B 268
sarcoma (several types} PDGF A, B, o, B 267
PDGF A, B, o, B 233
thyroid carcinoma PRGF o, B 268

a, In case saveral cell tines of a certain typs wers analyzed, not every cell line expressed all indicated chains and receptors.

has not been proven. Co-expression of PDGF A- andfor 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 PDGF receptors. Finally, in those tumour cell
lines that only express one or both PDGF chains and no PDGF receptors, PDGF may
contribute fo tumorigenesis by exerting a paracrine effect on stromal cells /n vivo.
Stomal cells are known to play a sustaining role in tumorigenesis,

As studies using tumour-derived cell lines are not always representative for the
situation /n vivo, the expression of PDGF andfor its receptors was also studied in
primary tumour samples (Table 6). In several tumours putative autocrine growth
stimulation loops {PDGF Afa-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 chaln and receptor (mRNA and/or protein) expression in primary tumour material snd
surrgunding stroma.

tumour type axpression of PDGF chain {A/B) references
and/or receptor {c/R)?

basal cell carcinoma PDGF A, B, o, 3 269
choriocareinoma PDGF {A), B, 3 270
colorectal carcinoma PDGF? and PDGF R 271
fibrosarcoma PDGF {A), B, {al, B 272
glioma PDGF A, B, o, B 234

PDGF «, B 273

POGF & 235
jung carcinoma PDGF B, R 274
ovarian carcinoma PDGF? and PDGF o, 3 275

PDGF? 276
sarcoma {several types) PDGF B 277

a. No discrimination batween PDGF-AA and -BB coule be made, as the antibadies could net discriminate betwesn the varicus PDGF
isoferms.

Interference in the PDGF-mediated response; antagonists

Studies were Initiated to find antagonists to interfere in the PDGF-mediated
responses. Several compounds were found to inhibit PDGF 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 a-receptor interactions; binding and
activation of the o-receptor by PDGF-AA or the R-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
R-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 o- or B-receptors (137,240,241}, In conditioned medium of a
human ostecsarcoma 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 a-receptor {244} were
found to prevent binding of PDGF to their receptors, thereby blocking the autocrine
loop. In view of the observations that PDGF probably activates its receptors
intracellularly as well, antibedies may however not be useful to block this process in all
situiations. The construction of a non-receptor binding PDGF A-chain mutant, PDGF-0,
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which still forms heterodimers, was thus of great importance. Indeed, introduction of
this PDGF-0 in c¢-sis/PDGF-B transformed fibroblasts resulted in a reversal of the
transformed phenotype by the formation of PDGF-OB heterodimers {2465}, 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 celis. 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 constifutes 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, selongation 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 | RNA polymerases are invelved in transcription of the genes encoding the large
rRNA precursor, class Il in snRNA and tRNA genes, whereas RNA polymerase Il is
reponsible for synthesis of mRNA precursors.

Based on several studies a model for assembly of the RNA polymerase Il
transcription initiation complex has emerged {278-280). According to this model {Figure
2}, an Initial binding complex is formed between transcription factor IID {TFHD) and the
TATA box in the gene promoter. TFHD itself is a complex consisting of the TATA-
binding protein (TBP) and several TBP-associated factors {TAFs). It appears that for
hasal transcription, an interaction hetween TBP and the TATA box is sufficient 10 recruit
other necessary factors. In contrast, the entire TFHD complex fincluding the TAFs) is
needed for interaction with upstream acting factors in activated transcription, Therefore,
a role for at feast 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 H| and TFiF. Together these
factors form the minimal initiation complex, that acts in separating the DNA strands at
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the transcription Initiation site. Factor
TFIA 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 TFHE and TFHH to the
minimal complex results in the formation
of the complete initiation complex.

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

The basal transcription as mediated
by RNA polymerase Il and several
transcription initiation factors can be
regulated by specific transcription
factors that bind eis-acting regulatory
glements in the promoter {also called
upsiream promoter elements) and
enhancer regions (bidirectional elemants

TATA

ATP

@
(5

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 Il
RNA polymerase |l. Position +1 Indicates the
transcription start site and TATA 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 and/or 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 Oct-1 303
basle DNA binding Fos, Jun 304,305
E47 308
Cys-His zine-finger DNA binding Sp1 307
WT1 56
Cys-Cys zinc-finger DNA binding v-ErbA 308
high mobility group DMA binding HMG-1 309
LEF-1 310
leucine zipper difoligemerization Fos, Jun 311,312
helix-loop-helix difoligomerization E12, E47 306,313
acldic transactivation gluecocorticoid receptor 314
Pro-rich transactivation WTi 315
Glu-rich transactivation Sp1 3186
WT1 318

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. [t appears that in many cases transcription factors are
ubiguitously 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 giucocorticoid receptor acting as a transcription factor {reviewed in 286}, Disruption
of an associated inhibitory protein as in the case of IxB bound to transcription factor NF-
kB (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-B enhancer complex
the transcription factor HMG I{Y) functions as an architectural (bridging) component
mediating protein-protein interactions betwseen other transcription factors that bind to

this enhancer (291},

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

bescome 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 nuctear localization, with activator/DNA binding, with
the general transcription machingry 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. Compstition for DNA binding sites or steric 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 batween
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-fos 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 sukaryotes (reviewed in
296}. DNA is associated with octameric structures of several distinct histone proteins
(H2A, H2B, M3, 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 reliaving this repressive effect,
Modification of the histone proteins influences the interaction between DNA and
nucleosomes as well. Histone acetylation has been suggested to facilltate 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. [n 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 of 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.qg. 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 oxpression 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 healingl and pathological (e.g. idiopathic pulmonary
fibrosis, atherosclerosis, neoplasial processes. The biological action of PDGF and the
responsivensss to PDGF are determined by regulation of the expression levels of PDGF
chains and PDGF receptors in the cell types invoived. In this whole process, activation
of PDGF chain and receptor gene transcription constitutes the first, and for this reason
important, level of regulation. In addition, there are several other levels of reguiation
that further determine PDGF availability. Examples include alternative PDGF B-chain
promoter use leading to transcripts lacking 5° translation inhibition segquences,
afternative splicing of PDGF A-chain and PDGF o-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
involvernent in this process {Table 8). However, it should be stressed that in most
studies the effects on the steady-state mRNA levels, representing effscts 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-u-
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 {l-induced
hypertrophy of vascular smooth muscle cells was assoclated 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 cbservations that PDGF is
a strong vasoconstrictor and that oxygen is a potent regulator of PDGF B-chain
transcription in endothelial cells (319). PDGF B-chaln gene expression in endothelial cells
was suggested to be regulated by fluid shear stress via a eis-acting element in its
promoter as well (320,321}, Furthermore, PDGF receptor mRNA expression in smooth
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factor cell type® effect on mRNA expression level  references
of PDGF chalns and receptors
PDGF-AA fibroblasts o-recoptor -; B-receptor - 365
melanoma cells A-chain T 366
PDGF-BS fibroblasts a-receptor T; B-receptor + 366
mesangial cells A-chain T; B-chain T 367
TGF-B endothelial cells A-chain T; B-chain T 368,369
fibroblasts A-chain T; B-chain - 327,370
fibroblasts w-receptor L, B-receptor - 370
{mousa) fibroblasts B-chain T 324
{rat) mesangial cells B-chain T; R-receptor T 326
myofibroblasts {Ito cells} A-chain T 329
osteoblastic cells w-receptor N 371
smooth muscle cofls 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; 8-chain + 368
monocytes A-chain T; B-chain T 376
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-ghain - 372
bFGF endothelial cells B-chain 4 377
{bovine} smooth muscle calls a-receptor T; R-receptor - 378
cAMP endothelial cells A-chain {; B-chain 368,369
glioma/osteasarcoma cells B-chain ¥ 379
IL-1 smooth muscle cells A-chain T 380
fibroblasts A-chaln T 380
endothelia! cells A-chain T; B-chain T 381
IL-2 peritoneal macrophages A-chain T; B-chain T 382
TNF-« endothelial cells A-chain T; 8-chain T 381,383
smooth muscle cells A-chain T; B-chain 1 372
IFN-y andothelial cells A-chain +; B-chain { 381
alveolar macrophages 8-chain T 384
dexamethasone {rat) hapatoma cells A-chain | 386
slveolar macrophages B-chain T 384

Abbreviations used are: a/b FGF: acidicibasic fibroblast growth factor; cAMP: cyclic adenosine menophosphate; IFN-y: interferon-y;
iL: fnterleuking TGF-5: transforming growth factor<fi; TNF-e: tumour necrosls factor-a; TPA: 12-O-tetradecancyl phorbel 13-acetate.
a, Unless clearly indicated, cells were of human origin,
b, T upreguiation; ¥ downregulation; - no effect,

muscle cefls 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-& {transforming growth factor-B)
TGF-R 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-f, 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-R-stimulated proliferation of fibroblasts, vascular smooth muscle cells or {rat}
mesangial cells was accompanied by upregulation of PDGF &-receptor and/or PDGF B-
chain mMRNA and protein expression (324-326). Others suggested that TGF-R-stimulated
profiferation was mediated by an increase in PDGF A-chain mRNA and protein in coll
types like foreskin fibroblasts, vascular smooth muscle cells, and myofibroblasts
{327-329).

In general, addition of TGF-R results in inhibition of growth of epithelial cells. The
density-dependent inhibiting effect of TGF-8 in cultured human fibroblasts, involving
downregulation of PDGF c-receptors, is another example (330). A model has been
presented for TGF-R-induced bimodal proliferation in smooth muscle cells. At low con-
centrations TGF-B 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 w-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 celis
by TGF-ff 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 338}, These (partly cell type-specific)] PDGF A-chain and B-chain
regulatory elements are schematically depicted in Figure 3.

All three identified PDGF A-chain transcripts were found to arise from a single
transcription start site, roughly 26 bp downstream of a TATA 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 Hel.a cells {338). In several studies
this GC-tich 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 |
protected sequence {-102/-82) in this region as well {341}, Indeed, basal transcription
seems to be enhanced through binding of nuclear proteins to Sp1l-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 PDGF A-chain activity in Hel.a cells as
well (343,344}, Furthermore, other S1 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 A172
glioblastoma cells {345,346). A serum response element {SRE; -477/-468) was also
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Figure 3. A. ldentified regulatory regions in the PDGF A-chain promoter and B’ untranslated sequence
(UTS}. Boxes represent regulatory sequences at the indicated positions from the transcription start site. A
[-513/-482; 346), B {-477/-468; 338), C {-150/-33; 338}, D (-82/-70; 340}, E (-72/-55; 339}, F
{+50/+67; 345). TATA (-31/-27). B. |dentified regulatory regions in the PDGF B-chain promoter and 5’
UTS. Boxes represent regulatory sequences at the indicated positions from the transcription start site. A
{-372/-343; 363}, B {-312/-298; 3569), C (-265/-119; 369), D {-1456/-139; 363}, E (-103/-73; 353,364}, F
{-92/-86; 355}, G {-80/-70; 354,3565), H {-72 and further; 353}, | (-64/-45; 364}, J {-64/-61; 3568}, K (-
61/-b4; 365,357,358}, TATA (-30/-24},

identified {338).

The GC-rich PDGF A-chain promoter contains many potential CpG maethylation
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 regufation 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 glicblastoma 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 {351,106). However the fact that a retrovirus expressing high levels of the
entire PDGF B-chain messenger is tumocrigenic in mice (352}, suggests that the
translation inhibition can be overcome by strong ftranscription, This underscores the
impottance of activation of transcription for PDGF B-chain biological action.
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Sequence analysis of the &' 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 Sp1 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 KB62 cells {3563}, However, others showed
that mutation of this site did not influence the TPA-induced expression {354}, ETS-like {-
80/-70) and AP-1-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},
delstion of this AP-1-like sequence did not affect activation of transcription in TPA-
treated Kb62 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.
{366} showed that there was no effect on transcription regutation 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 K682 cells
extended 42 bp upstream of the TATA box {i.e. to bp -72) {353}. By linker scanning
analysis a small region {-84/-45) was identified as being especially important in this
respect in TPA-treated KB62 cells {354). By combining reporter gene analysis with gel
mobility shift assays and in vive footprinting analysis the CCACCCAC efement (-61/-54)
was identified as a binding site for a strong transcriptional activator, possibly Sp1, in
osteosarcoma, endothefial, and TPA-treated K662 cells {3565,357,358). Furthermore, in
their study Dirks et al. {358} identified anothet PODGF B-chain-promoter element, a TCTC
sequence {-84/-61), as (part of} a weak transcriptional activator in untreated K562 cells
and prostate carcinoma {PC3) cells. In choriocarcinoma {JEG-3) celis this same region
was shown to mediate transcriptional activity as welt, 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 (A172) 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-I
and 1l 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 besn implicated in activation of PDGF B-chain gens transcription as well.
DNasel hypersensitive (DH} sites in the first intron were shown to silence basal PDGF B-
chain expression in osteosarcoma {U2-08) cells, but to increase expression in
choriocarcinoma (JEG-3} cells {360). in contrast, Dirks et al. {(3566) 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 -8.8 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 B-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 reguiation of PDGF -
receptor transcription, whereas up till now nothing has been published on activation of
PDGF R-receptor gene transcription. Concerning the PDGF o-receptor recently two
reports have been published describing the molecular cloning of the murine {362) and
human (363} o-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 novef PDGF u-receptor transcripts (364). Molecular cloning
of the human PDGF R-receptor promoter and upstream regufatory sequences will
probably follow soon. Future studies will possibly reveal cell type-specific snhancing and
repressive elements of both PDGF - and R-receptor genes.

Collectively the beforementioned data thus suggest that regulation of PDGF A- and
B-chain expression and probably also of PDGF o- and B-receptor expression should be
studied in the cell type of interest as in many studies cell type-specific regulating
elaments have been identified.
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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 B-
chain and PDGF G-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 mesothslioma 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 /n 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
mesothelfoma.

Transcriptional and post-transcriptional regufation 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 fevels in
normal and malignant mesothelial cells and the alternative splicing of PDGF A-chain
transcripts in these cell fines. in Chapter 4.2 the PDGF B-chain promoter region is
studied in detail by /n vivo footprint and reporter gene analysis. Furthermore, several
DNasel 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 exproession betwean
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 gengs. 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 embryona! development, e.g. the kidneys, the gonads, and the
mesothelium. In Chapter 5.2 WT1 mRNA expression is analyzed in a panel of normal
mesothslial 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 WT1 are also studied in malignant mesothelioma
cell lines {Chapter 5.2). Furthermore, as IGF2 and alse 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

play a role in this malignancy.
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CHAPTER 3.1

Expression of PDGF chains and PDGF receptors in human
malighant and normal mesothelial cell lines

M.A. Versnel*, AW. Langerak®, Th.H. van der Kwast**,

H.C. Hoogsteden***, A. Hagemeijert

Expression of PDGF chains and PDGF receptors in homan malignant and normal
mesothelial cell lines, MA. Versnel, AW. Langerak, Th.H. van der Kwast, H.C.
Hoogsteden, A. Hagemeijer, ®ERS Jowrnals Ltd 1993,

ABSTRACT: A panel of human malignant mesothetioma cell Jines and normal
mesollelial cells was investigated for the expression of the genes coding for the
platelet-derived growih factor (PDGF) A-chain, PDGF B-chain, PDGF
¢-receptor and PDGF B-receptor. The human malignant mesothelioma cell lines
were found to express the PDGF A-chain, PDGF B-chain and PDGF [.receptor,
Normal mesothelial cell lines were found to express the PDGF A-chain at a Tow
level and the PDGF cureceptor, The PDGF B-recepter exgresston In normal
mesothelial cells is generally weak to undeteciable and somelimes stronger. The
coexpression of PDGF B-chains and PDGF P-receptors on human malignant
mesothelloma cell lines and the absence of PDGF B-chaln expression In narmat
mesothelial celis suggests that the homo dimeric PDGF-BB protein can func-
tion as an autocrine growth factor and play a role in the stimufation of the
growth of the temour cells, In cuftured normal mesothetial cells, on the other
hand, PDGF-AA acting via the PDGF ¢-receptor may he Involved in autocrine
growlth stimulation.

Eur Respir Rev., 1993, 3: I1, 1861588,

Human malignant mesotheliomas are mesodermally
derived tumours, most frequently encountered in the
pleura and thought to develop from mesothelial cells.
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result in three different PDGF receptor dimers (oo, off
and Bf receptors) [10-12].
We investigated our pane] of human normal and

A panel of human malignant mescthelioma cell lines
was established from pleural effusions and tumour tis-
sue of malignanl mesothelioma patients {1). Normal
mesothelial cells were culiured from pleural effusions
of nencancerous patients or sheets of mesatheliat
tissue {rom thoracic surgery [1]. These normal and
malignant mesothelial cell lines were used as a model
for the study of the malignani transformation of mes-
othelial cells with emphasis on the expression of plate-
let-derived growth factor (PDGF) and PDGF receptors.

PDGF is a growth factor for mesenchymal cells and
expression of PDGF has been found in a variety of
nonnal and malignant cells {2, 31. Two PDGF chain
genes have been identified: the PDGF A-chain gene
[4] and the PDGF B-chain gene [5, 6]. The PDGF
B-chain is almost identical to the c-sis oncogene and
is 60% similar to the PDGF A-chain gene [4]. All
possible dimeric combinations of A- and B-chains have
been identified [2, 3], Binding experiments with
differemt isoforms of PDGF revealed the existence of
two distinct receptor types, denoted PDGF ¢ and f-
receptor {7, 8]. The PDGF creceptor binds ail
dimeric combinations {AA, AB and BB), whilst
the PDGF [-receptor binds PDGF B-chains and no
A-chains [9, 10]. Dimerization of PDGF receptors can

malignant mesothelial cell lines for the expression of
PBGF chains and PDGF receptor genes.

Materials and methods

Cell lines

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

Northern blol analysis and probes

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

Immunaprecipitation and radioreceptor analysis

Immuneprecipitation and radioreceptor analysis. with
'BI.PDGF were performed as described previously [14).
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Results

Expression of PDGF receptors and PDGF chains in
maltighant mesothelioma cell lines

RNA was isolated from & panel of human malignant
mesothelioma cell lines. A Northemn blot with toetal
RNA from five of our malignant mesothelioma cell
lines (Mero-14, Mere-25, Mero-41, Mera-72 and Mero-
82), the normal mescthelial cell line NM-[ and pla-
cental RNA was hybridized to probes for PDGF
o-receptor, PDGF fB-receptor, PDGF B-chain and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(fig. 1}, The PDGF g-receptor probe hybridized to a
band of 7 kb in NM-I and after long exposure to pla-
centat RNA. The malignant mesothelioma cell lines did
not have a detectable level of PDGF recepior ex-
pression. Hybridization with probes for the PDGF B-
receplor and PDGF B-chain at the same time revealed
a variable level of expression of the PDGF B-receptor
and PDGF B-chain in all malignant mesothelioma cell
fines and human placenta. NM-1 did not shew a de-
tectable PDGF P-receptor or PRGF B-chain expression.
The PDGF A-chain gene was expressed in all malig-
nant mesothelioma cell kines (data not shown).
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Fig. 1. — Notthern blot analysis of 25 pg tolal RNA from pla-
certta, a normal mesothelial cell line (NM-t) and five malignant
mesothetioma cell lines subsequently hybridized to a “P-labelled
PDGF a-recepior probe, PDGF P-receptor probe and at the same
time a PDGF B-chain probe and a GAPDH prebe. RNA: ribo-
nucleic acid; PDGF: platelet-derived growth factor; GADPH! glye-
craldehyde-3-phosphate dehydrogenase,

Expression of PDGF receptors and PDGF chains in
normal mesothelial cell lines

Figure 2 shows RNA isolated from five different
normal mesothelial cell lines NM-9, NM-10, NM-i1,
NM-12, NM-13 and the malignant mesothelioma cell
line mero-82 hybridized with probes for the genes en-
coding the PDGF B-chain, PDGF cereceptor, PDGF
[B-receptor and GAPDH. In contrast to mevo-82, none
of the normal mesothelial cell lines showed a specific
band after hybridization with the PDGF B-chain probe.
The PDGF c-receplor messenger RNA (mRNA) was
clearly detectable in all five normal mescthelial cell

lines, whilst this band was absent in mero-82. The
PDGF B-receptor was expressed in the malignant me-
sothelioma cell line and in one of the five (NM-11)
normal mesothelial cell lines. The other four normal
mesothelial cell lines (NM-9, ~£0, -12 and -13) did not
show a significant signal. The PDGF A-chain gene
was expressed in afl five normal mesothelial cell Hnes
at a weaker level than generally observed in malignant
mesothelioma cell Fnes (data not shown).
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Fig. 2. ~ WNorthern blot analysis of 25 pg total RNA from a
malignant mesothelioma cell line (Mero-82) and five normal
mesothetial cell lines subsequently hybridized (0 a YP-labelled
PDGF B-chain probe, PDGF w-receptor probe, PDGF B-receplor
probe and a GAPDH probe. For abbreviations see fegend to
figure L.

Expression of PDGF receplor proteins

The presence of PDGF ¢ and PDGF B-receptors in
normal and matignant mesotheliat cell lines was atso
demonstrated by immunoprecipitation and radioreceptor
analysis with 'B[-labelled PDGF, Immunoprecipitation
of metabolically labelled cells revealed expression of
PDGF PB-receptors in the malignant mescthelioma cell
lines and predominantly PDGF ccreceptors in the nor-
mal mesothelial cel lines {data not shown). Radio-
receplor anatysis showed the presence of the expressed
receptors on the membrane of the cells (data not shewn),

Discussion

Expression of the PDGF A-chain, PDGF B-chain
and PDGF B-receptor genes was demonstrated in a
panel of human malignant mesothelioma celt lines. The
PDGF treceptor was undetectable in these cell lines.
In contrast, normal mesothelial cell lines expressed
predominantly the PDGF cireceptor, the PDGF A-
chain gene and no PDGF B-chain gene.

All twelve human malignant mesothelioma celt lines
established and investigated in our department for
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PDGF receptor and PDGF chain expression were
found to express the geacs for the PDGF B-chain,
PDGF A-chain and the PDGF B-receptor [13, 14]. So
far we have studied ten different normal mesothelial
cell lings and found no expression of the PDGF B-
chain gene, a weak PDGF A-chain expression and a
strong PDGF cereceptor expeession ([13, 14] and this
paper). Two of these ten normal mesotkelial cell lines
were found to clearly express the PDGF B-receptor
gene, whilst the others had a weak to undeteciable
level of this messenger RNA (nRNA), Gerwn ¢f al.
[£5], also found expression of the PDGF B-chain gene
in six malignant mesotkelioma cell lines, However,
no data on the PDGF receptor expression in these cell
lings are yet available, A panel of five human ma-
lignant mesothelioma cell Haes isolated in Western
Australia was found to have a similar expressicn pat-
tern of PDGF chains and PDGF receptors as our cell
lines (Garlepp, unpublished results), Only one of these
cell lines did not have PDGF B-chain mRNA, Thus,
it seems that coexpression of the genes for PDGF A-
chain, PDGF B-chain and the PDGF B-receptor is a
general property of human malignant mesothelioma
celt lines, with few exceptions. However, as a malig-
nant mesothelioma is strongly related 1o asbestos ex-
posure and these celf 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 experieace that the di-
agnosis of malignant mesothelioma is still difficult and
should be confirmed by different pathologists in order
1o avoid the use of erronecusly named malignant me-
sothelioma cell lines.

The coexpression of PDGF B-chains and PDGF
B-receptors on human malignant mesothclioma cell
lines and the absence of PDGF B-chain expression in
normal mesothelial cell lines suggests that PDGF-BB
can function as an autocrine growth factor and play a
role in the stimulation of the growth of the tumour
cells, However, in cultured normal mesothelial cells
it is possible that PDGF-AA acting via the PDGF
crreceptor 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 PDGF chains and PDGF
receptors in fresh tumour material.
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EXPRESSION OF PDGF AND PDGF RECEPTORS
IN HUMAN MALIGNANT MESOTHELIOMA
IN VITRO AND IN VIVO'
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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 /n vive. Staining with
anti-cytokeratin and ME1 antibodies and ultrastructural analysis confirmed the mesothelial
nature of the cell lines used to study PDGF and PDGF receptor expression /n vitre, Using
antibodies, mesothelioma celf lines were found to express PDGF and both the PDGF «- and
R-receptor, whereas cultured normal mesothelial cells expressed PDGF and PDGF -
raceptor. 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 «-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 /i vivo. Expression of PDGF was
observed in malighant mesothelioma cells on frozen tissue sections. in pleural effusions a
double immunofluorescence staining procedure for POGF and epithelial membrang antigen
{EMA), revealed PDGF expression by EMA-positive malignant mesothelioma cells, PDGF §-
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-malighant 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 roie 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 play a role in the pathogenesis of malignant mesothelioma.

* J. Pathol., in prass,
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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
{1}, 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 (PDGF} is mitogenic for cells of mesenchymal origin
{2,3). 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 BB) were found to be produced by various normat
cell types {4-8), Two distinct receptors for PDGF were identified; the PDGF u-receptor
which binds all isoforms and the PDGF B-receptor which binds just PDGF-BB (7,8}, In vivo
PDGF seems to play a role in wound healing and several non-malignant and malignant
pathological disorders {reviewed by Heldin, 9). Expression of PDGF and its receptors in
tumour cells has been considered suggestive for an autocrine growth stimulation. Recently,
evidence was presented for autocrine 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, an autocrine loop in a glioblastoma cell line was shown to be
blocked by PDGF neutralizing antibodies (11).

In previous studies, we suggested that an autocrine 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 genés, whereas In contrast no PDGF B-chain mRNA and a low
level of PDGF A-chain mRNA expression were found in cultured normal mesothelial celis
{12,13). Furthermore, expression of the PDGF f-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 patienis as well as patients without a malignaney, and frozen tissue sections
of malignant mesotheliora patients, with antibodies directed against PBGF 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 {13,15,16).
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Culture conditions of the cell lines were described as well. Fibrablasts, derived from skin connective tissue,
were used for comparison with cultured normal masothelial cells. Cytogenetic analysis on the normal
mesothelial cell lines revealed no clonal chromosomal aberrations, whereas analysis of tha malignant cell lines
demonstrated many abnormalities (13},

Patient material and diagnosis

Pleural effusion cells were collected and harvested as described (15}, Autopsy was parformed 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 ultrastructuralty andfor

histologically.

Immunofluorescence staining

For immuncf{luorescence (IF) staining pleural effusion cells were used either immediately or aiter
storage in RPMI medium with 40% FCS and 10% dimethyl suifoxide at -196°C. At a fater stage after
thawing, these cells were washed twice in phosphate buffered saline [PBS) with 0.5% bovine serum albumin
{BSA). Cytospin preparations were made from 1-2 x 105 cultured or uncultured cells/ml phosphate-buffered
saline (PBS} with 0.6 % bovine serum albumin (BSA} and 5 % human serum albumin (HSA). The slides were
fixed In acetone for 10 min at room temperature {RT) and airdried. For a single IF staining the slides ware
incubated with the first step antibody for 30 min in a molst chamber at RT and subsequently washed in PBS
for 15 min at RY. After incubation with second step fluorescein isothiccyanate (FITCl-conjugated goat-anti-
mouse {GaM-FITC) or goat-anti-rabbit {GoR-FITC) antiserum with 10% poocled 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/mi
phenylenediamine {BDH Chemicals, Peole, UK} and sealed under coverslips with paraffinwax. Incubations
with just second step GaM-FITC and GoR-FITC antibodies or with non-specific first step antibodies were
Ineluded for control. Atleast 180 cells were analyzed by fluorescence microscopy and the percentage of cells
staining above background levels was determined. For the double IF staining (PDGF and EMA) slides were
incubated {30 min, AT} with the antibody PGFCO07 (Mochida Pharmac. Co. Lid., Tokyo, Japan} and washed
in PBS, Then the slides were incubated for 30 min at AT with a FITC-conjugated goat-anti-mouse lgG1
antibody {SBA, Birmingham, AL). Subsequently the slides were washed and incubated {30 min, RT) with an
anti-EMA antibody {Dako, Glostrup, Denmark). After washing tha slides were finally incubated for 30 min
at RT with an tetramethyl rhodamine isothiocyanate (TRITC}-conjugated goat-anti-mouse IgG2a antibody
{SBA). Incubations with non-specific first step antibodies were Included for control.

Immunohistechemistry ‘
Immunchistochemical staining was largely performed as described by Varsnel et al, {17}, The only

excaption Is that subssquent to incubation with diamonobenzidine for visualization of snzyme activity, an
enhancement was performed with 0.5% CuS0,.5H,0 in 0.9% NaCl for & min.

Antibodies
In this study mouse monoclonal antibodies RGES3 {18) {undiluted supernatant} directed against

cytokeratin 18, ME1(19} {undiluted supernatant) against & mesothelial membrane antigen, and anti-EMA
{1:80; Dako, Glostrup, Denmark) against epithelial membrane antigen, were used. Mouse meoenoclonal
antibody PGFOO7 (20) {1:400) and rabbit polyclonal antibady Zp216 {1:50; Genzyme, Cambridge, MA) wete
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 PDGF-BB as well as
PDGF-AA (our own observations}, Moraover, PGFO07 has also been described to recognize hoth PDGF-BB
and PDGF-AA In A-chain and B-chain transfected cell lines {21}, Rabbit polyclonal Z2p214 [1:100; Genzymel,
diracted against PDGF-AA, could be blocked only very weakly by preincubation with PDGF-BB, For detection
of PDGF w-receptor and PDGF R-receptor proteins, respectively, mouse monoclonals 1264-00 {clons PR292;
1:60; Genzyme) and 1263-00 {clone PR7212; 1:50; Genzyme) ware used. Thase were described as PDGF-
receptor type-specific antibodies (22),



64 CHAPTER 3.2

RESULTS

Characterization of mesothelia! cell lines

Our panel of normal {NM) and malignant {Mero} mesothetial 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 RGES3 {Figure ta, and Table 1). Antibody ME1, which has been
reported to react with a mesothelial specific membrane antigen, stained aill normal
mesothelial cell lines and the majority of malignant mesothelioma cell lines {Figure 1¢,d and
Table 1). Anti-EMA positive cells were observed in 50 % of the malignant mesothelioma
cell fines, but no positive cells could be found in the normal mesothelial cell lines {Table 1}.
Fibroblasts did not stain with RGE53, ME1 or anti-EMA. TEM examination of several
mesothelial cell lines revealed the presence of several features {microvilli with a more or
less slender phenotypse, glycogen granules, intermediate filaments and occasionally
junctional complexes) that are consistent with a mesothelial origin {data not shown}. When
EGF and HC were left out of the standard cufture 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 a- and B-
receptors was analyzed by immunofiuorescence staining {(Table 1). In all cases clear
staining {85-100% of cells} was seen with the anti-PDGF antibody PGFO07. Reactivity with
the anti-PDGF-AA antibody Zp214 was observed in a high number of cells (80-100%]) of
normal and malignant mesothelial celf lines as well. When using an anti-PDGF o-receptor
monocional antibody (1264-00} strong reactivity was observed in the normal mesothslial
cell lines and in nearly alt malignant mesothelioma cell lines (Figure te,f and Table 1}, With
anti-PDGF B-receptor antibody 1263-00 the normal mesothalial cell lines demonstrated
almost no reactivity (Figure 1g}, whereas in the malignant mesothelioma lines the PDGF B-
receptor staining pattern was variable. In seven out of fourteen cell lines 100% positivity
was observed (Figure 1h), whereas in the remaining seven no clear expression could be
detected. Cultured fibroblasts reacted strongly with the PGFOO7, Zp214, and anti-PDGF
o- 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 vive, 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 percentags of tumour cells, Moreover, expression
could not be attributed exclusively to mesothelioma cells as other cell types like
macrophages are also presentin 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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Figure 1. Immunoflucrescence staining of normal human mesothetial cell line NM-21 (a,c,e,g) and human malignant
mesothelioma cell fine Mero-72 (b,d.f.h}, {a,b) antl-cytckeratin 18 staining; {o,d) MEY staining; (e,f) anti-PDGF w-receptor
staining; {g,hl anti-PDGF R-receptor staining, Magnification 600x.



TABLE 1. Immunofluorescence staining (% of cells staining positivel and morphological data of normal {(NM} and malignant (Mero)
mesothelial cell lines and cultured human fibroblasts.
cell ling source of subtype switch RGES3 ME1 anti-EMA  PGFO07 Zp214 1264-0C 1283-00
material Tumour (CK18)®  (unknown) (EMA) (PDGF} {PDGF) (PDGFeR) PDGFBR}

Mero-14 effusion epithelial NA 100 100 o] 100 a7 100 100
Mero-25 aUToPsyY epithelial NA 100 100 4 100 100 66 0
Mero-41 effusion epith.comp, NA 100 100 63 100 100 21 100
Mero-48a  autopsy hiphasic NA 100 100 ¢ 100 100 54 Q
Mero-48b  autopsy biphasic NA 100 100 100 100 100 100 a3
Mero-48c  autopsy biphasic NA. 10¢ 100 77 100 100 100 100
Mero-72 biopsy biphasic NA 100 100 100 100 100 100 100
Mero-82 effusion fibrous N4, 100 4 95 100 100 93 4
Mero-83 effusion biphasic NA 100 100 3 100 100 68 3
Mero-84 effusion epithelial NA 100 100 92 100 100 [s] 0
Mero-95 effusion epith.comp. NA 100 91 87 10C 100 69 1
Mero-26 biopsy fibrous NA 3] 0 4 100 100 100 100
Mero-123  autopsy fibrous NA 100 o] 0 100 100 100 100
Mero-134  effusion epith.comp. NA 00 0 0 100 87 a1 0
NM-1 effusion NA yes 84 42 ND 85 29 94 Q
NM-2 tissue NA, yes 76 42 ND 80 91 83 0
NM-3 effusion NA +/~ 100 100 ND B6 100 86 1
NM-4 effusion NA +/~ 100 53 ND 86 100 86 1
NM-5 tissue NA no 69 56 ND 78 95 B4 32
NM-8 tissue NA yes 100 43 ND 97 ND 100 1
NM-9 tissue NA yes 100 46 Q 160 100 100 4]
NM-12 tissue NA yes 97 56 0 100 100 98 1
NM-21 ascites NA yes 100 43 ] 100 100 80 o]
human connective NA no 4] o] o} 100 100 100 100

fibroblasts tissue

N[ not determined. NA: not applicable.
a. antigen recoqnized in parenthesis (see also Materials and Metheds).
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TABLE 2. immunoflucrescence staining of pleural effusions containing malignant mescthelioma cells (Me) or non-malignant mesothelial

cells (M).

patient cells? anti-EMAY  PGFOO7®  anti-EMA/PGFQO7C Zp215 Zp2la 1264-00 12§3-00
{(EMA)Y (PDGF) {PDGF) (PDGF) (PDGFaR) (PDGFBR)

Me-7 125 + + + + “+ - +
Me-67 75 - 100 + + + + + - -
Me-68 50 - 75 + + + + + - +
Me-83 1-25 + + + + + - -
Me-84 75 - 100 + + + + + - +
Me-85 50 - 75 + + + + + - -
Me-103 75 - 100 + + + + + - +
Me-135 25 - 50 + + + + + - +
Me-160 50 -~ 75 + + + + + - +
Me-164 75 -100 + + + + + - + /-
Me-168 75 -100 + + + + + ND -
Me-178 50-75 + + + + + - -+
Me-184 50 -75 + + + + + - +
Me-186 1-25 + B3 + + + - -
Me-187¢ 1-25 + + + + + - -
M-12 1-25 - + - +/- + + +
M-17 1-25 + + ND + + -+ -
M-55 1-25 - + - + + + -
M-81 1-25 + + ND + + + -
M-82 1-28 - + - + + + -
M-83 50 - 75 + + + + + + -
+ staining; +/- doubtful staining; - no staining: ND: not determined.
a. cytologically detected percentage mesothelioma celis (Me) or nen-malignant mesothellal cells (M),
b. immunofluorescence staining.
¢. double immunofluarescence staining.
d. antigen recognized in parenthesis (sce aiso Materials and Methods).
@, ascites.
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Figure 2. Double immunefluorescence
staining for EMA and PDGF on pleural
effusion cells of malignant mesothelioma
patient Me-189. (a) phase contrast
morpholagy; (bl EMA-positive cells
{TRITC-labeled); (c) PDGF-positive cells
{FITC-labeled), The threa photographs
represent the same microscopic field.
Magnification 500x.

CHAPTER 3.2

made and used for immunofiuorescence staining. In
Tabtle 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™T. 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
PGFOO7Y, was higher than the cytologically detacted
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 pleurai 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 s
presented. Most mesothelioma cells were found to
be EMA™ and PDGF™ {Figure 2b,c}, whereas cslls
demonstrating a macrophage-like morphology
{Figure 2a) were EMA™ but PDGF*t (Figure 2b,c).
Stainings performed with the polyclonal anti-PDGF
antibody Zp215 vielded staining results similar to
the ones obtained with PGFO07 (Table 2),
Unfortunately, a double {F 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 celis in effusions from
patients without a malignancy reacted strongly with
antibodies PGFO07, Zp215 and Zp214 as waell
{Table 2}. In non-malignant effusions staining of
mesothelial cells for Zp214 was more intense than

the staining for Zp215 and PGF0O7, whereas non-malignant mesothelial cells were only
occasionally EMA-positive, Stainings with antibodies 1264-00 and 1263-00, directed
against PDGF «- and R-receptors, respectively, are also shown in Table 2, No PDGF «-
receptors were observed in mesothelioma cells from pleurat effusions, whereas PDGF -
receptors could be detected in at least eight out of fifteen cases. However, the PDGF -
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 mesothelia} cells demonstrated no detectable
PDGF R-receptors and a faint PDGF a-receptor expression.

Expression of PDGF and PDGF 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
recaptors {Table 3). In Figure 3 stained tfissue sections of patient Me-202 are presented,
Thirteen mesothelioma tissues were EMA™ (Figure 3a,b). PDGF was dstected using
antibodies PGFO07 and Zp215. Using PGFOQ7, PDGF* tumour cells were detected in
twelve out of thirteen malighant mesotheliomas, The immunoreactivity with PGFO07 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
PGFO0O7 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 «- and B-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-PDGF B-receptor antibody 1263-00

{Figure 3f}.

TABLE 3. Immunoperoxidase staining of frozen tissue sections from pleural mallgnant mesothelioma

patients.
patient histology anti-EMA PGFOO7 Zp216 1264-00Q 1263-00
(EMA)® (PDGF) {PDGF} {PDGFaR) {PDGFPR)
Ma-7 epithelial + - +/- + ++
Me-48 hiphasic ++ o+ ++ +/- +
Me-66 biphasic ++ +++ + + ++
Mea-71 apithelial ++ + +++ + &+ + ++
Me-72 biphasic + 4 + ND ++ + +/ 4+
Me-77 biphasic + + ND - - +/-
Me-84 epithelial + +++ +++ - +
Me-97 biphasic - + ND ND +
Me-122 hiphasic +/- ++ + + +
Me-123 fibrous + +++ + 4+ +/- +
Me-128 biphasic + + + 4+ 4+ i+ 4+ ++
Me-137 biphasic +/- ++ +/++ - +
Me-200 biphasic - +++ +/- - ++
Me-201 biphasic + + + - _ ++
Mea-202 epithelial ++ +++ + /- +i+ + 4+

+ + + very strong stafning; + + strang staining; + modarate staining; +/— waak staining; — negative staining;

ND: net datermined.
a. antigen recognizad in parenthesis (see also Matenials and Methodsh,

DISCUSSION

Praviously we reported on the mRNA expression pattern of PDGF chains and receptors
in normal and malignant mesothelial cell lines (13,14}, The mesothelial nature of these cetll
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Figure 3. lmmunohistochemical staining of frozen tissue sections of mesothalioma patient Me-202, (a,b} anti-
PDGF (PGFOO7)-staining; {¢,d) ant-EMA staining; (e) anti-PDGF «-receptor staining; {f) antl-PDGF RB-receptor
staining. Magnification 260x {a,¢,e,f) and 675x (b,d).

lines was confirmed in various ways. Staining with anti-cytokeratin and ME1 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 {(Zp214) and PDGF u-receptors {(1264-00} and
the lack of PDGF R-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 {21 and our own observation), PGFO07 most probably reacts with PDGF-
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AAin normal mesothelial cells, since we could not detect PDGF B-chain transcripts in these
cell tines 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 PDGF A-chain and PDGF B-chain mRNA in these cell lines. Furthermore, in
those cell lines showing high levels of PDGF 3-receptor mRNA PDGF f-receptors could
clearly be detected immunocytochemically, whereas in cell lines in which lower or
undetectable PDGF R-receptor mRNA levels were observed PDGF -receptor proteins were
almost or totally undetectable in the majority of cells. The immunocytochemical detection
of PDGF o.-receptors in nearly all mesothelioma cell lines in the present study is in contrast
with their lack of PDGF o-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 al., 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 fines (14).

In order to test whether the cell lines constitute a relevant model system for the study
of the role of PDGF and PDGF receptors in malignant mesothelioma /n 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-PDGF 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 B-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-receptort 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 «-receptor expression in malignant mesothelioma in vive. In
mesothelioma cells of pleural effusions we could not detect PDGF a-receptors, whereas
expression of PDGF R-receptors was seen in these cells in eight out of fifteen sffusions.
This may indicate that in some cases malignant mesothelioma cells have lost their POGF
B-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 u-receptor expression was seen. The fact that in vitro
normal mesothelial cells clearly express PDGF o-receptors and mesothelioma cells both
PDGF «- 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 B-receptors /n vitro as well as /n
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 colls, co-
expression of PDGF B-chain and PDGF B-receptors was reported as well {29}, Similarly,
Hermanson et al. {30} demonstrated high expression of PDGF a-receptors and PDGF A- and
PDGF B-chains in gliomas. PDGF expressed by the mesothelioma cells may exert a
paracrine function as well. The possible expression of PDGF u-receptors on stromal cells
on frozen tissue sections of mesotheliomas may be in support of this, Based on the strong
PDGF B-receptor expression in tumour-supporting stromal tissues, a paracrine function of
PDGF in tumour growth has been suggested in gliomas (30,31} as well. Convincing
evidence for a paracrine role of tumour-derived PDGF in stromal development came from
a study in which nude mice were inoculated with PDGF B-chain-transfected human
melanoma calis (32). These PDGF B-receptor”, PDGF-BBY melanoma cells produced
tumours with abundant supporting connective tissue without necrosis, whereas PDGF §-
receptor”, PDGF-BB™ melanoma cells gave rise to tumours with necrotic areas and a poorly
developed stroma.

In conclusion, this paper describes the immuncfluorescence staining of PDGF and
PDGF receptors in normal and malignant human mesothelial cell lines. The observed pattern
largely reflects the earlier reported PDGF chain and receptor mRNA expression pattern in
these cells. Furthermore, expression of PDGF and PDGF receptors in human malignant
mesothelioma cells in vive is similar to the expression observed in vitro. These data support
the idea that an autocrine growth stimulatory effect of PDGF via PDGF receptors could play
a role in the pathogenesis of malignant mesothelioma. Matignant mesothelioma cell lines
thus constitute a good model system for future studies on the role of PDGF 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, LANGERAK, Ron P, H, DIRKS? and Marjan A. VERSNEL!

! Department of Immunology, Etasmus University, Rotterdim, The Netheclands
2 Department of Biochemistry, University of Nijmegen, The Netherlands

{Received June 5, 1992) — EIB 92 0789

Platelet-derived-growth-factor (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 1o be tumour specific,
However, in this paper it was shown by reverse-transcription polymerase-chain-reaction (PCR)
analysis that both nermal mesothelial eells and maligaant mesothelioma celi lines predemiranily
express the PDGF A-chain transeript without the exon-6-derived sequence. This sequence encodes a
cell-retention signal, which means that the PDGF A-chain protein is most likely to be seereted by
both ceil types. In cultured normal mesethelial cells, the secreted PDGF A-chain protein might
be involved in autocrine growth stimulation via PDGF « receptors. However, human malignant
mesothelioma eell lines only possess PDGF B receptors. I this also holds true in vive, the PDGF A-
chain protein produced and secreted by malignant mesothelial cells might have a paracrine function.

in a previous paper, we described elevated expression of the PDGF A-chain transcript in human
malignant mesothelioma cell lines, compared to normal mesothelial cells, In this paper, the possible
reason for this ¢levation was studied, First, alterations at the genomic level were considered, but
cytogenetic and Southern-blot analysis revealed neither consistent chromosomal aberrations, amplifi-
cation nor structural rearrangement of the PDGF A-chain gene in the malignant cells. Possible
differences in transcription rate of the PDGF A-chain gene, and stability of the transceipt between
normal and malignant celis, were therelore studied. The presence of a prolein-synthesis inhibitor,
cycloheximide, in the culture medium did not sigaificantly infiuence the PBGF A-chain mRNA level
in normal mesothelial and malignant mesothelioma cell lines. Furthermore, nuclear run-off analysis
showed that nuclear PDGF 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 transeription is the
maost probable mechanism for the elevated mRNA level of the PDGF A-chain gene in human

malignant mesothelioma cell lines,

Platelet-derived growth factor (PDGF) is composed of
homedimers or heterodimers of (wo polypeptide chains, de-
noted A and B. These polypeptides are encoded by two distinct
genes, which show a high degree of similarity (Betsholiz ¢1 al,,
1986), Al three dimeric ¢embinations (AA, AB and BB) have
been identified (Stroobant and Waterfield, 1984; Heldin et al,,
1986; Hammacher ¢f at., 1988), Based on figand-binding and
cross-competition analysis, two different PDGF receptors,
and f1, have been described (Harl ¢t al,, 1988; Heldin ¢t al,,
1688). The structure of these receptors is quite similar, showing
most variation in the extracellular binding domain {Claesson-
Welshet al,, 1988, 1989, Matsui et al., §989). The two receptor

Correspondence to A. W. Langerak, Department of Immunology,
P. 0. Box 1738, NL-3000 DR Retterdam, The Netherlands

Fax: + 31 10 436 7601,

Abbreviations. PDQF, platelet-derived growth facter; PCR, poly-
merase chain reaction.

Enzymes. Hind[[[ (EC 3.1.23.20); Xbal restriction endonuclease
(EC 3.1.23.41); RNAse A (EC 3.1.27.5); RNase-free DNAse [ (EC
31.20.0); avian myoblastoma virus reverse transcriptase {EC
2.7.7.49); Tag polymerase (EC 2.7.7.7); T4 polynucleotide kinase {(EC
2.7.1.78).

sublypes show different affinities for the dimeric PDGF
isoforms. The PDGF « receptor binds all three forms with high
affinity, whereas the B-receptor subtype oniy binds PDGF BB
with high affinity (Clacsson-Welsh et al,, 1988, 1989;
Hammacher et al,, 1989, Scifert et al,, 1989). The reports on
the ability of PBGF AB to bind to PDGF f receptors are
conflicting {Hammacher et al, 1989; Seifert et al, 1989;
Grotendorst ¢t al,, 1991; Heidaran ¢t al., (991; Drozdoff and
Pledger, 1991).

Although originally isolated frem blood platelets, PDGF
scems also to be produced by several other cell types, e.g.
endothelial cells and smooth muscle ¢ells, Furthermore, ex-
pression of one or both of the PDGF chains has been reporied
far a variety of tumour c¢ell types, such as osteosarcoma and
glioblastoma {reviewed in Heldin and Westermark, 1950;
Raines et al., 1990),

Human malignant mesothelioma is a tumour of meseder-
mal origin and is predominantly found in the pleura, The
incidence of malignant mesathelioma is strongly associated
with asbestos exposure (Wagner et al, 1960). Malignant
mesothelioma is thought to develop from cells of mesothelial
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origin, Expression of PDGF B-chain and PDGF f-receptor
transeripts in a panel of human malignant mesothelioma cell
lines was reported earlier, whereas normal mesathetial cell
lines express no PDGF B-chain mRNA and little or no PDGF
Bereceptor mRNA (Genrwin et al., 1987; Versnel et al., 1988,
1991). Normal mesothelial cell lines, in contrast, were found
to express PDGF e-receptor mRNA, which could not be
deteeted in mesothelioma cell lines (Versnel et al, §991).
PDGF A-chain mRNA was detected both jn normal and
malignant mesothelial cell lines, but the latter clearly showed
an elevated expressien of this gene (Gerwin et al., 1987;
Versnel et al., 1988).

In several reports, alternative splicing of exon 6, resulting
in an extra 6%-bp internal region, was shown for the PDGF
A-chain mRNA (Collins et al,, 1987; Rorsman et al., 1988;
Bonthron ¢t al,, 1988; Matoskova et al,, £989). Since in some
publications expression of the transcripl with the exon-6é-de-
rived sequence was suggested to be tumour specific (Collins
et al, 1987; Rorsman et al., 1988), the presence of this extra
exon in the A-chain mRNA was studied in both aormal and
malignant mesothelial celt lires, 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 clevated expression
of the PDGF A-chain gene in malignant mesothelioma celi
lines was also studied, Increased transcription was found to
be the most prabable mechanism for this elevation,

MATERIALS AND METHODS
Cell lines, conditions of growth and cytogenetic anatysis

Experiments were performed using the human malignant
mesothelioma cell lines Mero-14, Mero-25, Mera-41, Mero-
48b, Mero-48c, Mero-72, Mero-82, Mero-83, Mero-84, Mero-
95 and Mero-96 (Verspel et al, 1989) and the normal
mesothelial cell tines NM-1, NM-2, NM-5, NM-6, NM-7,
NM-g, NM-10, NM-$1, NM-i2 and NM-13, Cell lines were
routinely cultured as described by Versnel et al. (1989). When
indicated, ¢ycloheximide (Sigma, St. Lovis, MO) was added
to the mediuvm at a congentration of E0pg/ml for 2 h, and
actinomycin D {Sigma} at 5 pg/ml for 1 —4 h. Cytogenetic
analysis was performed as described by Versnel et al. {1988).

Reverse-transcription PCR analysis
and oligonucleotide hybridization

RINA was isclated as described by Versnel et al, (£988).
Chromosomal DNA was removed by treating 10 pg total
RNA for 1 hat 37°C with 10 ug RNAse-lree DNAse 1 (BRL,
Gaithersburg, MD). After ethanof precipitation, 1 pg DNAse-
I-treated RINA was used in a reverse transcriptase reaction,
modified from Krug and Berger (1987). First 0.08 U (dTh s
(Phaemacia, Uppsala, Sweden) was added to the RNA 10 give
a finat volume of 14 pl, and the mixture was keated for 3 min
at 85°C, The oligo(dT)-primed RNA was then added to a
mixture containing 50 mM TrisfHCI, pH 8.3, 50 mM KCI,
10 mM MgCl,, 1 mM dithiothreitol, 1 mM EDTA, | pg/ml
bovine serum albumin, 1 mM dNTP, 4 mM sodium pyro-
phosphate, 40 U RNAsin (Promega, Madison, WI) and 5U
avian-myoblastoma-virus reverse transcriptase (Boehringer
Mannheim, FRG). This mixture was incubated for 1 h al
39°C. OF this ¢cDNA mixture, 25% was used in a PCR reac-
tion. ¢DNA was mixed with 10 mM Tris/HCI, pH 8.3, 50 mM
KCl, 1.5 mM MgCly, 0.01% (massfvol) gelatin, 0.2 mM
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dNTP, PDGF A-chain sense and antisense primers (4360 =
0.2y and 1 U Tag polymerase (Perkin-Elmer Cetus, Norwalk,
CT}. The primers used were the same as in Matoskova ¢t al.
(1989). 35 cycles (I min at 94°C for denaturation, 2 min at
55°C for anncaling and 3 min at 72 °C for primer extension) of
amplification were performed, using the Perkin-Elmer Cetus
DNA thermai cycler.

The PCR reaction mixture was analysed on a 1.5% (mass/
vol} agarose gel. After [0 min depurination {0.25 M HCI),
two 15-min periods of denzturation {1.5 M NaCl, 0.5 M
NaOH) and two 20.min pedods of neutralization (1.5 M
NaCl, 0.5 M Tds/HCi, pH 7), PCR fragments were Elotied
onto Hybond-N (Amersham, UK} in 1.5 M NaCl, 150 mM
teisodium citrate, pH 7, and were immobilized by ultraviolet
cross-linking. A 53-bp oligonucleotide primer complementary
to a part of the PDGF A-chain exon-6 sequence, [5-
d(GGTGGGTTTTAACCTITTTICITTTCCGTTTIITAC
CTGACTCCCTAGGCCTTC)-3'; Fig. iA) was used for
cligonucleotide hybridization of the filter. The oligomer (12.5
pmot) was end-labeled with 40 pCi [y-*?PJATP in a reaction
mixture containing 30 mM Trs/HCI, pH 7.6, 10 mM MgCl,,
5 mM dithiothreitol, 6.f mM spermidine, 0.1 mM EDTA and
10 U 19 polynucleotide kinase (Pharmacia) for 30 min at
37°C. QOligonucleotide hybridization was performed at 65°C
for 2 h and the filter was washed {wice for 30 min in 0.1%
SDS, 0.9 M NaCl, 50 mM NaH,PO,4 and 5mM EDTA at
65°C. The filter was rehybridized with the 1.3-kb EcoRI
PDGFE A-chain fragment (Figs LA and 4A), which was labeled
with 32P by random-primer labeling. Hybridization con-
ditions with this probe were the sameg as described for
Southern-blot analysis {Versnel et al., 1988), Autoradiography
was performed with Fujl-RX films at room temperature for
16 —20 min.

Northera-blot and Southera-blot analyses

RNA isolation and Nerthern blotting were performed as
deseribed by Versnel et al. (1988). Filters were washed in
45 mM NaCl ard 4.5 mM trisodiun citrale, pH 7.0, at 42°C,
DNA isclation and Southern blotting were also described by
Versnel et al. (1988). Filters were exposed to Fuji-RX films.

Nuclear run-ofl assay

Cells were cultured as described. Nuclel were isolated from
10® cells, essentially according to Zenke et al, (1988) except
for the presence of 0.5% Nonidet P-40 in lysis buffer. From
cach cell line, 1 —2x 107 nuclei were used for a nuclear run-
off assay, adapted from Linial et al. (1985). The ultimate
concentration of Tris/HC), pH 8.0, in the run-off buffer was
6 mM, and 140 pCi [x-*2P)UTP was added. Transcripts were
synthesized at 30°C for 20 min, followed by a S-min DNAse
[ (10 pg) digestion at 30°C, After centrifugation, the nuciear
RMNA pellet was resuspended in hybridization buffer contain-
ing 45% {by vol)} formamide, 0.2 M sodium phosphate,
pH 7.2, 1 mM EDTA, 7% SDS and 250 pg/ml yeast RNA.,

Plasmid DNA was spotted on Lo pitrocellulose filters with
a stot-blot apparatus {Schleicher and Schuell, Dassel, FRG)
and immobilized for 2 h at 80°C. Subsequently, the flters
were hybridized with the *2P-Jabeled RNA for 2 days at 45°C.
After hybridization, filters were washed for 3—4 h in 40 mM
sadium 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 NaCl and
30 mM trisodium citrate, pH 7.0, containing 5 pg/ml RNAsze
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Fig. 1, Alternatise splicing ef the PDGF A-chaln gene in norntal and malignant mesothelial cell Unes, (A) Pact of the PDGF A-chain transeription
unit with positions of PDGF A-chain probe (a), the exon-6-specific ofigomer (b) and the primers used for PCR (). The two alternatively
spliced mRNA {including exon 6 or not) can be reverse-transeribed to cDNA. (B} PCR-mediated amplification of cDNA results in (ragments
of 250 bp, as found in the controt cell line £F-343, or 181 bp, observed in ¢ight normal and eigh! malignant mesothelial cell lines.

A. Autoradiography was performed at —80°C with Kodak
XAR films.

Probes

The PDGF A-chain ptobe (Figs iA and 4A) was an EcoR]
fragment of 1,3 kb (Betsholtzet al., 1986). The glyceraldehyde-
3-phosphate-dehydrogenase probe was a 0.7-kb EcoRI -~ Psil
fragment (Benham et al., 1984). The T-cell-receptor Cy probe
was a (.4-kb HoniHI fragment (van Dongen and Wolvers-
Tettero, 1991), For the run-off apalysis, the above-mentioned
PDGF A-chain fragment was used, subcloned in pUC, pAct
(Dodemont et al., 1982) was used to detect aclin expression
in this assay.

RESULTS

PDGY A-chain exon-6-derlved sequences are not expressed
in norimal and malignant mesothelial celf lines

For reverse-transcription PCR analysis of the PDGF A-
chain mRIA, total RNA of several malignamt mesothelioma
{(Mero-14, Mero-25, Mero-498¢, Mere-12, Mero-83, hMero-84,
Mero-95 and Mero-96) and normal mesothelial (NM-1, NM-
2, NM-6, NM-7, NM-10, NM-11, NM-12 and NM-13) cell
lines was reverse-transcribed. cDNA was amplified by PCR.
Using the PDGF-A-chain-specific oligonucleotide primers,
which were described by Matoskova et al. (1989), fragments
of 250 bp (including the exon-6-derived sequence) or £81 bp
(without exon-6-derived cDNA) were amplified (Fig. ). The
PDGF A-chain ¢DMA from glioma cell ling U-343 was used
as a positive contrel for the presence of the ¢xon-§-derived
sequence (Matoskova et al., 1989). Amplification of this
cDNA with these primers resulted in @ DNA fragment of
250 bp, as shown in Figs | — 3. Non-reverse-transcribed RNA
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Mero-72
Mero-83
Mero-84
Meore-95
- Mero-96
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Fig. 2. Reverse-transeription PCR analysis with RNA from malignant
mesothelioma cefl Hnes Mero-14, Mero-25, Mero-48e, Mero-72, Mero-
83, Mero-84, Mero-95 and Mero-96 on an ethidiom-bromide-stained
agarose gel, cDNA from pliema ¢ell line U-343 was used as a pasitive
control (+), and RNA from normal mesathelial cell ling NM-2 asa
stegative control {—) for the PCR reaction. After blotting of the gel,
the filter was hybridized to a PDGF A-chain probe and to an eson-
6-specific oligomer (spec. oligo), as deseribed in the legend to Fig. 1AL

of cell line NM-2 was used as a negative control for the
PCR reaction. In the normal, as well as in the malignant,
mesathelial cell lines studied, PCR-mediated amplification
resulted in a predominant band of 181 bp on ethidium-bro-
mide-stained agarose gels (Figs 1—3). Only in some cases was
a faint band of 250 bp detected (data not shown). Band size
was confirmed by electropharesis on a 10% polyacrylamide
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Fig. 3, Reverse-transcriptlon PCR analysls with RNA from nermal
mesothelial cell lines NM-1, NM-2, NM-6, NM-7, NM-10, Nat-11,
NM-12 and NM-13 on an ethidiom-bromide-stained agarose gel, cDNA
from glioma cell line U-343 was used as a positive ¢control (+) and
RNA from normal mesothelial cell line NM-2 as a negative control
(—) for the PCR reaction. After blotting of the gel, the flter was
hybridized to a PDGF A-chain probe and to an exan-6-specific
oligomer (spec. oligo), as described in the legend 10 Fig. 1,

gel {data not shown). The pature of the bands on agarcse
gels was studied by hybridization to an exon-6-specific
oligonucleotide primer and to the PDGF A-chain ¢<DNA
probe, As expected, the PDGF A-chain probe hybridized to
the 181-bp and the 250-bp {ragments, and not to the marker
DNA (Figs 1—3). However, 1he 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. [t was therefore shown by hybridization that normal
and malignant mesothetial celi lines predominantly contain
the 181-bp fragment variant of the PDGF A-chain. On longer
exposure, however, in some cell lings faint bands of 250 bp
were also seen, A summary of these data is given in Fig. 1B,

Malignant mesothelloma cell lines do net show structural
rearrangements or amplilication of the PDGF A-chain gene

As a possible reason for elevated PDGF A-chain mRNA
expression in malignant mesothelioma cell lines, structural
rearrangement or amplification of the PDGF A-chain gene
were considered. Xbael/HindHI-digested DNA from the nor-
mal mesothelial cell line NM-6 and from the malignant
mesotkelioma cell lines Mero-i4, Mero-25, Mero-41, Mero-
48b and Mero-82 was used for Southern-blot analysis with a
PDGF A-chain cDNA probe (Fig. 4A). YbalfHindIl-digest-
ed DNA of these cell lines did not reveal structural rearrange-
ments in the PDGF A-chain gene, In normal as well as malig-
nant cells, a band ofabout 15.6 kb was detectable after Hindili
digestion (Fig. 4B). On longer ¢xposure, a second band of
about 25 kb, probably corresponding to a fragment upstream
of the 15.6-kb fragment, was detected in the investigated cell
lines (Fig.4B). The bands seen on Southern blots of Ybal-
digested (data not shown) and HiudiI-digested (Fig. dB)
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Fig. 4, Southern-blot analysis of the PDGF A-chain gene in rormal and
malignant mesothelial cell ines, {A) Part of the PDGF A-chain locus
with PDGF A-chain cDNA proba (a), restriction sites for the envymes
Xbal (X) and Hindl11E {H) and exons numbered | —7. Adapted from
Bonthron et al. (1988). (B} Southern-blot analysis with DNA from
notmal mesothelial ecll line NM-6 and malignant mesothetioma el
lines Mero-14, Mero-25, Mcro-41, Mere-48b and Mero-82. DNA was
hybridized to PDGF A-chain and T-cell-recepior {TcR) Cy probes.
¥, number of normat and reareanged copies of chromosome 7p.

DNA correspond to DNA fragments in the PDGF A-chain
locas, which are indicated in Fig. 4A.

The same filters were subsequently hybridized with a T-
cell-receptor Cy probe, since this locus, like the PDGF A-
chain, has been mapped to chromosome 7p. This resulted in
bands of 2.8 bp and 3.5 kb in all celi lines investigated after
Hindl11 digestion (Fig. 4B}, The intensities of the bands corre-
lated with those after PDGF A-chain hybridization, which
suggests that there is no amplification of the PDGF A-chain
gene in malignant mesothelioma cell lines. Correlation of the
intensities of the bands from the various cell lines with the copy
number of chromosome 7p {Fig. 4B) showed that vadation in
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Flg. 5. Northern-blot analysis with 25 ug total RNA from placeata (F),
normal inesathelial cell e NM-5 and matigrant mesothetoma cell line
Mera-25, cultured in the presence (+) o7 absence (—) of 10 ppfml
cyclobeximide (CHX), RNA was hybridized to PDGF A-chain and
glyceraldehyde-3-phosphate-dehydrogenase {GAPDEH) probes.

copy namber is the major cause of the difference in band
intensity seen in the varicus lanes.

Increased mRINA stability dees not seem
to be the cause of elevated PDGF A-chain levels
In malignant mesethetioma cell lines

Elevated expression of mRNA on Northera blots ¢an, in
general, be accounted for by increased transcription or by
increased stability of the transeript in the cytoplasm. To dis-
cern between these possibilities, the human malignant
mesothelioma cell lines Mere-25, Mero-48c ard Mero-82 and
the normal mesothelial cell lines NM-3, NM-7 and NM-9
were cultured in the absence or presence of a protein synthesis
inhibitor, cycloheximide, For 2 h. RNA isolated from these
cell lines was analyzed for the expression of PDGF A-chain
mRNA. Placental RNA was used us a positive control. Ad-
dition of cycloheximide did not affect levels of PDGFE A-
chain transcripts (2.8, 2.3 and 1.9 kb) significantly in the
three normal or in the three malignant mesothelial cell lines
investigated. This is shown for the nermal mesothelial cell
line NA-5 and the malignant mesothelioma cell line Mero-25
{Fig. 5). Approximately equal amounts of RNA were loaded
in each lane, which was demonstrated by rehybridization of
the Blter with glyceraldehyde-3-phosphate dehydrogenase
(Fig. 5).

Nuelear RNA expression levels of the PDGF A -chain were
studied in the malignant mesothelioma cell lines Mero-25 and
Mero-82 and in the normal mesotkelial cell lines NM-5 and
NM-7. By nuclear run-oft analysis, nuclear PDGF A-chain
RMA levels were found Lo be increased in the two malignant
mesothelioma cell lines, compuared to the two normal
mesothelial cell lines, In Fig. 6, this is demonstrated for NM-
5 and Mero-25. This increase was comparable to the earlier
observed increase on Northern blots between the two cell types
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Fig.6. Nuctear run-off apalysis with *2P-Iabeled nuclear RNA from
normal mesothelizl cell line NM-5 and malignant mesathclioma cell iine
Mero-25, on nitrocellutose blols containing the ptasmids pUC, pUC plus
actin and pUC plus PDGF A chaln at the Indicated positions,
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Fig. 7, Worthern-blot analysls with 25 ug total RNA from matignant
mesothelfoma cell lines Mero-25 and Mcero-82, cultizred in the presence
of 5 pgfml actinomy<in 1 {(Act D) for the indicated time, RNA was
hybridized te PDGF A-chain and glyceraldehyde-3-phosphate-de-
kydrogenase (GAPDH} probes.

{data not shown}. Concomitant analysis of the constitutively
transcribed actin gene revealed that the same amounts of
nuctear RNA were analyzed in the various cells, Non-specific
hybridization to the pUC vegtor was not observed (Fig, 6},
Thus, the difierence in PDGF A-chajin mRMNA expression
between normal and malignant mesothelial eell lines, as detect-
ed by Narthern-blot analysis, was also reflected in the amount
of nuclear franseapts.

Northern-blot apalysis of RNA from the malignant
mesothelioma cell lines Mere-25 and Meso-82, cultured for
various times with the transcription inhibitor actinomycin
D, revealed a sudden decrease in PDGF A-chain mRNA
expression, after 2—4 h treatment with actinomycin D, which
was not accompanied by a similar decrease in the glyceralde-
hyde-3-phosphate-dehydrogenase mRNA expression (Fig, 7).
The level of expression after 1 h treatment with actinomycin
D was comparable to the level found in untreated cells of
Mere-25 and Mero-82 (data not shown). These results suggest
a half-life of less than 4 h for the PDGF A-chain mRNA in
these cell lines. Unfortunately, we did rot succeed in isulating
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cnough RNA from actinomycin-D-treated normal meso-
theliat cells to study the half-life of the A-chain transcript in
normal cells,

DISCUSSION

Alternatively spliced PDGF A-chain transcripts, which
dilfer in the presence or absence of exon-6-derived sequences,
have been described. In some publications, transcripts includ-
ing this sequence were thought to be tumoeur specific (Collins
et al,, 1987, Rersman 1 al,, 1988). The results in this study
suggest that in both normal and malignant mesothelial cell
lines, PDGF A-chain mRNA without exon 6 was the predomi-
naal transcript. In some cell lines, only tiny amounts of the
alternative mRNA, which includes the exon-6-dedved se-
quence, were observed. Thus, the results obtained in
mesothelial cells are consistent with earlier described data by
Matoskova e al. (1989), who suggested that usage of exon-6
was not tumour specific. Of the two proteins formed, the
PDGF A-chain protein encoded by the smaller transcript is
efficiently secreted (Ostman et al., £991), The protein encoded
by the larger transcript, however, is retained in the cell due to
a cell-refention signal in the exon-6-derived domain of this
protein{Maher et al., 1989; Ostman ct al., 199). Thus, in both
normal and malignant mesothelial cells, secretable PDGF A-
chain protein is most often encountered,

Caltured normal human mesotheliat cells predominantly
express PDGF « receptors (Versnel ct al,, 199f). Therefore,
secreted PDGF A-chain protein could have an autocrine func-
tien in normal mesothelial cells i vitre. Whether this also
holds true i vive remains to be determined, since PDGF
receplors are easily induced in culture {Terracio et al., 1988},
and ro data arg currently available about PDGF « receptors
in freshly isolated normal mesathelial cells, Human matignant
mesothelioma cell lines, however, were shown to produce only
PDGF freceptors (Versnel et al,, 1991). The secretable PDGF
A-chaia profein, produced by malignant mescthclioma cell
lines, might therefore act asa paraceing growth factor, Possible
target cells for this paracrine growth activity could be
mesothelial cells, fibroblasts or smooth muscle cells.

PDGF A-chain mRNA levels were earlier shown to be
¢levated in human malignant mesothelioma cell lines, com-
pared to cultured normal mesothelial cells {Gerwin et al,
1987; Yersoel et al., 1988). In this paper, the possible reason
for this elevation was studied, The culture conditions for nor-
mal and malignant mesothelial cell lines are almost idenlical,
excepl for the addition of epidermal growth factor and
hydrecortisone to the culture medium of normal mesothelial
cells. Recently, PDGF A-chain mRNA and protein expression
were reported o be decreased in hepatoma cells cultured in
the presence of the glucocorticoid dexamethasone (Haraguchi
et al,, 1991). Malignant mesothelioma cell lines culiured in
the presence of epidermal growth factor and hydrecortisene,
alone or in combination, however, showed a similar level of
PDGF A-chain mRNA to that found in the absence of these
agents (dala not shown). Moreover, the absence of epidermnal
growth factor or hydrocortisone in the culture medivm of
normal mesothelial cells did not result in an increase in PDGF
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 PDGF A.chain gene.
However, by cytogenclic analysis, the copy number of
chromosome 7 was previously shown to be variable between

CHAPTER 4.1

the ten different human malignant mesothetfoma cell lines,
but not to be related to the PDGF A-chain mRNA level
Moreover, no consistent specific marker of chromosome 7,
which might be invelved in PDGF A-chain expression, could
be found in these cell lines (Versnel et al., 1988}, In this study,
Southern-blot analysis did not reveal amplification of the
PDGF A-chain gene or structural rearrangements in the inves-
tigated region,

Based on these observations, increased {ranscription and
increased stability of the transeript were studied as the possible
mechanism for elevated PDGF A-chain mRNA expression in
human malignant mesothelioma cell lines. Since the protein-
synthesis inhibitor cycloheximide did not significantly influ-
ence the expression of the PDGF A-chain transcript in normal
and malignant mesothelinl cefls, de-novo-synthesized proteins
do nol seem to affect expression of this gene in these cell types.

Furthermore, the level of nuclear PDGF A:chain tran-
seripts in matignant mesathelioma cells compared with normal
mesothelial cells was elevated to the same extent as the steady-
state mRNA [evel 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. Differences in mRNA stability are
probably less important in this respect.

Many different regulators of PDGF A-chain mRNA ex-
pression have been found in various cell types in vitro, PDGF
A-chain expression in microvascular endothelial cells was
shown 1o be increased by transforming growth factor § and
phorbo! ester (Starksen et al,, 1987}, and by acidic fibroblast
growth factor, interleukin-1, interleukin-6, tumour necrosis
factor « and pharkol ester in human endothelial cells (Gay
and Winkles, 1990}, In smooth muscle cells, PDGF A-chain
mRNA was positively modulated by acidic {ibroblast growth
factor, tumour necrosis factor ¢, transforming growth factor
B, phorbol ester and serum (Winkles and Gay, 1991), and in
fibroblasts by PDGF and interleukin-1 (Paulsson et ak., 1987;
Raines et al, 1989). Some of these regulators are thought to
act by transcriptionally activating the PDGF A-chain gene.
Ong or more might alse be invelved in modulation of PDGF
A-chain gene expression in maligrant mesothelioma cell lines.
However, this remains to be demenstrated in further exper-
iments.

A hail-life of less than 4 h was observed for PDGF 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 ¢ al,, 1988)
and differs slightly from the half-life of 2.4 h in hurnan wmbili-
cal-vein endothelial cells (Gay and Winkles, 1991).

In conclusion, in this paper, we demonstrate that both
normal and matignant human mesothelial cells predominanily
produce PDGF A-chain transcripts without exon-6.derived
sequences. This means that normal and malignant mesothelial
cells probably secrete PDGF A-chain proteins, due to the
absence of the sequence encoding a cell-retention signal in
the transcrpt, We suggest that the PDGF A-chain protein,
preduced and secreted by malignant mesothelioma cetl lines,
prebably has a paracring function. Furthermore, we also dem-
cnstrate that the elevated PDGF A-chain mRNA expression
in human malignant mesothelioma cell lings is presumably
caused by an increased transcription of this gene, The causes
of this increased transcription rate will be further investigated
in the future by localisation of regulatery regions in the PDGF
A-chain gene and characterisation of the possible factor(s)
acting on them.
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ABSTRACT

Etevated PDGF B-chain mRNA expression was observed previously in human malignant
mesothelioma cell lines as comparead 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 B-chain mRNA level between normal and malignant mesothelial
cell lines is most probably determinad 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 {evels 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 fines. 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 cceurs in the
PDGF B-chain-expressing malignant mesothslioma cell lines. This suggests that in normal
mesothelial cells binding of such {a} factor(s) to the endogenous PDGF B-chain promoter
is hindered by other mechanisms, Furthermore, several DNasel hypersensitive {DH) sites
were found in and around the PDGF B-chain transcription unit in both normal and malignant
mesothelial cells. When tested in CAT assays, the region around DH -9.9, which was
observed in both cell types, turned out to be an activator in malignant but not in normal
maesothelial cells. Howaever it did not function equally wellf in both orientations.

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

* Submitted for publication.
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INTRODUCTION

Platelet-derived growth facter (PDGF) is a connective tissue-cell mitogen that is
composed of two disuifide-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 refated but distinct PDGF receptors, denoted o and 3 (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 -receptors only bind PDGF-BB with high affinity {8-10).

Based on expression of PDGF chains and/or PDGF receptors in plateleis, endothelial
cells, smooth muscle cells and placental cytotrophoblasts, PDGF is thought to function in
a.g. wound healing and developmental processes {reviewed in 11). Expression of PDGF (A-
chain and/or 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
autocrine {and paracrine} loops of growth stimulation in e.g. sarcoma and glioblastoma cells
{14,15), and lung carcinomas {18}. Direct svidence 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 {17,18).

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-raeceptor
transcripts, while normal mesothelial cell lines predominantly expressed POGF a-receptor
mRNA (23}, Immunofiuorescence staining of normal and malignant mesothelial cells in vitro
and in vive with antibodies directed against PDGF and the PDGF receptors largely
confirmed the mRNA expression pattern {24). The co-expression of PDGF B-chains and R-
receptors in malignant mesothelial cells /n 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 tevel 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 vive footprinting and CAT reporter gene analysis to identify the promoter
elements involved in regulation of PDGF B-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 B-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
F10 medium (Gibco, Paisley, U.K.) with 16 % fetal calf serum (FCS). Epidermat growth factor (EGF;
Collaborative Research Inc., Lexington, MA; 10 ng/mi} and hydrocortisona {HC; 0.4 pg/ml} were added to
the culture medium of normal moesothelial celis. In some experimants cells were exposad to cycloheximide
[CHX; Sigma, St. Louis, MO, USA; 10 pg/mi madium) for 2 h.

Probes
1.7 kb BamH} PDGF B-chain {33 and 0.7 kb £coRi-Pstl GAPDH {34) fragments ware used as probes

in Nerthern blot analysis. For nuclear run off analysis the 2.0 kb Xhol PDGF B-chain fragment from pSM1
{35} and the 1.25 kb Pstl B-actin fragment from pAct (36) were both subcloned in pUC18 and subsequently
spotted onto nitrocelivlose filters prior to hybridization, For mapping of DH sites, subcloned sequences of
human genomic PDGF B-chain clones were used (see also Figure 3). PR3 is the 0.61 kb Smal-EcoRl fragment
of pAQL6, PR7 the 0.35 kb Pstl-Hindlll fragment of pAQ 121, PRS the 0.3 kb £coRl-Pstl fragment of pAOES,
PR12 the 0.9 kb Hindlll-Kpnl fragment of pAOLS, PR13 the 0,46 kb Smal-Hindlll fragment of pAO149, and
PR16 the 0,38 kb Pstl-Pvuit fragment of pAC121. pAOSE, pAO149, and pAO78 contain 11 and 6 kb EcoRl
and 8 kb BamHI| fragments of cosmid clone ALLW-1283-Cl 21, respectively. Cosmid ALLW-1283-CI 21,
pADB8 and pAG121 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, respactivaly, pSis-1758/+43CAT, pSis-426/+43CAT, and pSis-112/+43CAT have been
described previously {31,39). pSis-425/+ 43CAT was used to construct unidirectional deletion mutants pSis-
66/+43CAT, pSis-64/+43CAT, pSis-60/+43CAT, pSis-44/+43CAT, and pSis-36/+43CAT using
exonuclease I {(Promega, Madison, W, USA} {39). pSis-112/+ 18mutaCAT is a site-directed mutant form
of pSis-112/+ 18CAT, in which the seguence -64 TCTC -61 has heen changed into -66 ATATC -61 (39).
Alf 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, upsiream of the PDGF
B-chain promoter in pSis1({s}CAT {=pSis-112/+43CAT} {[31,32] and Figure 4). PDGF B-chain-CAT fusion
constructs 2{s), 3{s), and 4{s) contain the 170 bp {+302 to +472} Hinfl-Xhol, 297 bp (+472 to +781)
Xhot-BamH1, and 449 bp (+ 761 to + 1210} BamHI|-8BstEll fragmants of pAQ121, respectively; 5(s) and 6(s)
the 0.7 kb Pstt and 3.4 kb Kpnl fragments of pAOT78, respectively; 8{s) the 3.2 kb FcoRl-Xbal fragment of
pAOCSE8; 10{s/a}, 12{sfa}, 13(s), and 14 (s/a) the & kb Hind!ll-BamHi, 0.8 kb BstUl, 0.7 kb Sstl-Narl, and 1.5
kb Pvull-BamHF fragments of pAOBE, respectively.

Northern and Southern blot analysis
DNA isolation and Southern blotling using Hybond-N membranes {Amersham iInt., Amersham, UK} were

porformed 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

tMapping of DH sites was performed largely according to the earlier described protocol [31). Nuclei
were isolatad from 6 x 10% normal or malignant mesothelial cells, After DNasel and restriction enzyme
digestion, electrophoresis, and blotting, DNA was hybridized overnight at 65°C in hybridization buffer
containing & x SSPE, 0.1 % 8DS, 0.1 % Ficol, 0.1 % BSA, 0.1 % polyvinylpyrrolidone and 100 pg/ml
salmon sperm DNA. Filters were washed at 85°C in 1 x SSPE, 0.1 % SDS. Autoradlography was performed
at -BO°C with intensifying screens using Kodak X-ray films.

In vive faotprinting
DMS treatment of subconfluent normal and malignant mesothelial cell cultures, DNA isolation and

piperidine cleavage of /n vitre or /n vivoe modified methylated guanine residues were all performed as
described eartier {39},

Subsequently genomic footprinting was performed by means of ligation-mediated PCR {LM-PCR] (40}
using PDGF B-chain promoter-specific primersets, PDGF B-chain primers 1s (5'-CATGGACTGAAGGGTTGCTC-
3% -180/-171), 25 (5'-CTCTCAGAGACCCCCTAAGCGCCCC-3'; -168/-144), and 3s {5-AGACCCCCTAAGCG-
CCCCGCCCTGG-3'; -161/-137) were used for lower strand analysis, whereas primers ta (6'-
CGCAAAGTATCTCTATCTAGGGAA-3'; +131/+108), 2a (b'-TAGGGAATGAAAAATGGGCGCTGGCI';
+114/+90), and 3a (6"-GGAATGAAAAATGGGCGCTGGCGGC-3'; +111/+ 86) were used for upper strand
analysis, Firs strand synthesis {primers 1s and 1a}, PCR amplification (primers 2s and 2a), and labeling
reactions {ly-32P]ATP-labeled primers 3s and 3a) were all performed as described {39), using Vent DNA
polymerase (Thermococcus litoralis DNA polymerase; New England Biolabs, Bsverly, MA, USA}, Mixtures
were efectrophoresed on 6% polyacrylamide sequencing gels, dried and subsequently exposed to Kodak X-
ray films with intensifying screens at -80°C for 1 week,

Transfections and CAT assays
1.8-2.0 x 10° cells were seeded in 10 cm-dishes and grown in their standard culture medium for 24

h. Celts from subconfluent cultures were transfected with 1 pg pCH110 (R8-galactosidase expression vector;
Pharmacia, Uppsala, Sweden) and 9 pg reporter construct in combination with 30 ug 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 m! culture medium containing 30 %
FCS {supplemented with EGF and HC for normal mesothsalial cells) was added, resulting in a final
concentration of 16 % FCS in the dishes, Al cells were harvested 48 h later and cell lysates 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 -
galactosidase activity were used for CAT apalysis, largely according to the protocol of Gorman et al. {(43).
After 1 hincubation at 37°C, 20 pl 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 gal TLC plates {J.T. Baker,
Phillipsburg, NJ}. CAT activity was quantified using a Phosphorimager” {Molecular Dynamics, Sunnyvale, CA,
USA). [n each experiment CAT activity of the promoteriess 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 tog-transformed values.

RESULTS

PDGF B-chain expression in mesothelioma cell lines is regulated at the transcriptional tevel
In order to study the PDGF B-chain nuclear RNA levels in normal and malignant
measothelial cell lines, nuclear run off assays were performed. No nuclear PDGF B-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 transeribed B-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 lnes nuclear
PDGF B-chain transcripts could readily be
ohserved, as shown for Mero-25 {Figure 1).

Cuituring 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 differance in expression of the 3.6 kb
PDGF B-chain transcript in the malignant
mesotheliorna cell fines, not even when 20 or
30 ug/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-B} and
malignant {Mero-25 and Mero-82) mesothelial
celt 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 digestaed with DNasel,
After isolation, genomic DNA was digested
with  either EcoRl or Hindili. After
hybridization with one of the probesindicated
in Figure 3, DH sites were localized by
calculating the length of the resulting
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Figure 1. Nuclear run off analysls. *2p.
labeled nuclear RNA  of normal
mesothelial celf line NM-5 and malignant
mesothelioma cell line Mero-25 was
hybridized to nitrocellulose biots
containing pUC, pUC + actin, and pUC
+ PDGF B-chain plasmids.
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Figure 2. Northern blot analysis, 26 pg total RNA
of call lines NM-G, Mero-25, and Mero-82,
cultured in the absence (-} or presance (+) of 10
Ha/ml cycloheximide {CHX) for 2 h was blotted
and hybridized to PDGF B-chain and giyceral-
dehyde-3-phosphate dehydrogenase (GAPDH)
probes.
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Figure 3, Schematic overview of restriction sites and probes used for mapping DH sites in the PDGF B-chain
transcription unit. The numbered boxes in the upper panel indlcate PDGF B-chain exons, Boxes In the lower
panel indicate the genomic probes used for hybridization. £, FcoRl; H, Hindlll,

fragments using a DNA marker. All DH sites that could be identified in these cell lines are
summarized in Figures 4A and 4B.

Using probes PR16 and PR7 for analysis of the 22 kb FcoRl and 5.2 kb Hindlll
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 (DH +0.4, DH + 0.6, and DH + 1.0}
were observed in all cell lines as well. In contrast, two additional DH sites ({DH +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 particuiar gene, can
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Figure 4. Localization of DH sites within {A), far upstream (A), and downstream (B) of the PDGF B-chain
transetiption unit and overview of CAT reporter censtructs 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 identifisd DH sites. Fragment
1{s/a} corresponds to the -112/+43 B-chaln promoter fragment. Bars indicate fragments cloned in sense (s)
and/for antisense (a) orientation in front of the 1(s) fragment in CAT reporter gene constructs,
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also be ancountered in regions at a considerable distance of the transcription start site. We
therefore examined the partly overlapping 9.2 kb EcoRl and 8.1 kb HindHl fragments
upstream of the PDGF B-chain transcription unit with probes PR3 and PR13/PR12,
respectively. Several DH sites {DH -9.9, DH -8.6 and DH -7.3)} were observed in Mero-25
and Mero-82. In NM-5 only DH -8.9 and DH -8.6 wore identified, whereas the region at -
7.3 kb was hardly DNasel hypersensitive. Finally, when using probe PR9 for the
downstream reglon, (DH + 23,7} was identified in NM-5, but not in Mero-25 and Mero-82.

Functional analysis of the DH promoter of the PDGF B-chain gene

Since the promoter region was found to be nucleosome-free in both normal and
malignant mesothekal cell lines, we wanted to know whether in either of them factor(s)
potentially involved in transeription, actually bind to sequences in this region. The PDGF
8-chain proximal promoter region of both normal and malignant mesothelial cell tines was
therefore studied in more detail by /n vivo DMS footprint analysis. Guanine residue (G) -61

A - d ¥ B 8
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Figure 5. /n vivo footprint analysis of the human PDGF B-chain promoter. Cells were treated with DMS in
vive, 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. + i vitre
treated naked DNA. B. Numbers indicate positions of G residues in the upper strand of Mero-82 relative to
the transcription initiation site. + /n witro treated naked DNA,
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in the lower strand was found to be hypermethylated in malignant mesothelioma cell lines
as compared to the corresponding residue in in vitro DMS-treated naked DNA of mesothelial
cells {Figure 5A), In normal mesothelial celis no such hypermethylated guanine residus was
found at this position. We also detected hypermethylation at position G -1 in the lower
strand in malignant mesothelioma celis, 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 chioramphenicol acetyl transferase {CAT) as reporter gene, the
activity of the B-chain promoter region was tested in normal as well as malignant
mesothelial cell lines. In both cases basal promoter activity was observed, using a fragment
of 1768 bp upstream of the PDGF B-chain transcription start site, Most of the activity was
retained when this fragment was narrowed down to the first 425, 112, or even 65 hp
upstream of the transcription start {data not shown}. When used in antisense diraction 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
it vive footprint assay, we subsequently tested a series of PDGF B-chain promoter deletion
mutants ranging from bp -84 to bp -36. A slight, though not statistically significant,
decrease in activity was observed in the malignant mesothslioma cell lines betwesn bp -64
and -60, as shown for Mero-82 (Figure 6; left part). As the effect was less clear in Mero-256
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 -112/+ 18mutaCAT 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

relative CAT actlvity
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Figure 6. Relative CAT activities of cells transfected with various PDGF B-chain promoterfCAT fusion
constructs. After normalization to R-galactosidase aciivity {from co-transfected expression vector pCH110,
CAT activities were determined as percentage conversion. The CAT activity from the promotariess
pSuperCAT construct was subtracted from each vatue. Corrected activities are indicated on a logarithmic
scale relative to pSis-64/+43CAT (-64; left part} or pSis-112/+ 18CAT {wt; right part], which were defined
as T 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 B-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 exon or first intron [constructs 2{s) to 8(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 sitas in the -12/-6 kb region, were analyzed, A slight increase in basal PDGF

rolativa CAT activity
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Figure 7. Relative CAT activities of cells transfected with various PDGF B-chain/CAT fusion constructs. After
normalization to R-galactosidase activity from co-transfected expression vector pCH1 10, 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-112/+43
CAT [1(s}], which were defined as 1 in each cell line 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. ND: 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
tFigure 7). Fragment 10(s} did not show any enhancement at all, In Mero-25 constructs
10(s}) and 10{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 sffect (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 endethelial 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 celfls 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, tacking the translation inhibiting 8’ untransiated sequence {49). We found an
increase in the expression level of a transeript of similar size after CHX treatment in a few
of our cell lines. The PDGF B-chain mRNA hal-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 glioblastorna, bladder carcinoma, PC3, HelLa and TPA-treated
Kb62 ceolls (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
B-chain expression, the promoter region of the PDGF B-chain gene was found to be DNasel
hypersensitive in normal as well as malignant mesothelial cell lines. Moreover, the 1758 bp
5’ flanking region of the PDGF B-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 Ouwsland et al. {38).
Further deletion of the promoter region resulted in a weak decrease in activity between -64
and -80. in addition, site-directed mutagenesis of the -64/-61 sequence caused a clear
decreasing sffect, suggesting that this region may harbour {part of} the binding sequence
for {a) factor{s} involved in PDGF B-chain transcription. lt is at present unknown why this
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effect is not so clearly seen upon deletion of the region between -64 and -80, 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-chain-expressing
malignant mesothefioma cell lines. In undifferentiated K562 cells and Heb a cells the -64/-61
region was found to be involved in activation of PDGF B-chain transcription as wall, 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 ubiguitously
expressed transcription factor Sp1. In several call types other regulatory slements were
identified in the PDGF B-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 B-chain
transeription in our mesothelioma cel! lines. It remains to be determined which factor(s)
piay({s} a role in activation of PDGF B-chain transcription in malignant mesothelioma cell
lines through binding to nucleotides around -61.

Collectively the results suggest that the absence of PDGF B-chain mRNA in normai
mesothelial cel! 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 fevel
of PDGF B-chain promoter-induced CAT expression in normal mesotheiial cells may support
the iatter 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 expreassion, but nevertheless demonstrate basafl
PDGF B-chain promoter-induced activity (26,31). Lack of clear nuclear RNA in normal
mesothelial cells together with the data from the in vive 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 nucleosomes phasing, may
play a role in this respect. However, prefiminary Southern biot data of digests of Mspli 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 fess likely, since in both cell types the
promoter region was found to be nucleosome-free. The precise mechanism of repression
of B-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 transactivating 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 chorlocarcinoma and osteosarcoma cells, 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 DNasal 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{s/a} conferred an even
stronger downregulating effect to normal mesothelial cells. In Mero-25 and Mero-82
constructs 12(sfa) 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
elemants were found that could sxplain 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. Howsver, /i vivo footprint experiments demonstrate that
actual binding {around bp -61) of one or more factors that seem to be involved in regutation
of PDGF B-chain gene transcription only occurs in the PDGF 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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REGULATION OF DIFFERENTIAL EXPRESSICN OF PDGF
«- AND B-RECEPTOR mRNA IN NORMAL AND
MALIGNANT HUMAN MESOTHELIAL CELL LINES®

Anthonie W, Langerak, Carin A.J. van der Linden-van Beurden, Marjan A, Versne!

Departmant of Immunology, Erasmus University, Rottardam, the Netherlands.

ABSTRACT

In earlier studies we showed that the expression patterns of platelet-derived growth
factor (PDGF) o- and i3-receptors differ between normal and malignant mesothelial cell lines.
Normal mesothelial cells predominantly express PDGF «-receptor mRNA and protein,
whereas most malignant masothefioma cell lines produce PDGF R-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 R-receptor in mesothelioma celis,

The results obtained in this study demonstrate that malignant mesothelioma cell lines
are not only capable of PDGF R-receptor transcription but of u-receptor transcription as
well, as evidenced from run off analysis and RT-PCR using ¢-receptor specific primers.
However, the fact that PDGF w-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 mesotheial
cells a half-life of more than 6 h was observed for PDGF u-receptor mRNA. In the majority
of malignant mesothelioma cell lines clear PDGF B-receptor mRNA expression was seen.
The haif-life of the PDGF B-receptor transcript was at least 6 h in these cells. In confrast,
no PDGF R-receptor transcription was observed in run off assays in normal mesothelial
cells, suggesting that differences in f3-receptor transcriptional initiation most probably
account for the inability to clearly detect PDGF RB-receptor transcripts in these cells.

Stimulation with transforming growth factor-R1 {TGF-B1) 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-B1 stimulation cannot entirely explain the differential PDGF receptor expression
pattern, TGF-RB1 may nevertheless play a role in downreguiation 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 a- 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. |n addition, two homologous PDGF receptor subtypes have been described, the
PDGF a-receptor and PDGF R-receptor {13}, These two receptors show different affinities
for the various dimeric PDGF forms. PDGF w-receptors bind all PDGF isoforms (AA, AB, and
BB} with high affinity, whereas PDGF R-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 regeptors, expressed by various cell types like platelets, macrophages
and cytotrophoblasts {for a review, see 24} play a role in e.g. wound healing and
developmental processes. PDGF has been suggested to play a role in several tumour types
as well {for a review, see 23,33). Evidence for autocrine activity of PDGF has besn
presented in glioblastoma and astrocytoma cell kines (26,27),

Human malignant mesothelioma is a tumour of mesodermally-derived tissues that is
predominantly observed in the pleura. Based on jn vitro and in vivo expression data, PDGF
was suggested to play a rofe 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 onty expressed low levels of
PDGF A-chain mRNA. Furthermore, expression of PDGF u-receptor mRNA and protein was
demonstrated in non-malignant mesothelial cells, whereas in mesothelioma cells PDGF (3-
receptor transcripts and proteins wers observed in most cases. Membrane-bound PDGF «-
receptor proteins were also found to be expressed by the latter {19),

In view of the involvement of PDGF and PDGF 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 interfeukin-1 (22,34,35b).
Transforming growth factor-& (TGF-R} is probably one of the most extensively studied
regulators of PDGF receptor expression. TGF-B stimulation has been shown to result in
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downregulation of PDGF a-receptor mRNA in e.g. fibroblasts and smoocth muscle cells
{3,21), whereas upregulation of PDGF R-receptor messenger levels was seen in smooth
muscle and mesangial cells {12,15). As TGF-R has been shown to be endogenously
produced by mesothelial and mesothelioma cells {2,11,20), we evaluated whether TGF-
may contribute to the differential expression of PDGF a- and B-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 elaments 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 PDGF receptor regulation. The results
discussed in this study are therefore also relevant for the general understanding of
regulation of PDGF «- and RB-receptor expression.

MATERIALS AND METHODS

Ceoll fines and growth conditions
Experiments were performed using the human malignant mesothelioma cell lines Merg-14, Mero-25,

Mero-41, Mero-48c, Mero-72, Mero-82, Mero-84, and Mero-95 and the nermal human mesothelial cell lines
NM-9, NM-12, NM-21, NM-23, and NM-25 (19,29). The cell lines were routinely cultured in Ham’s F10
medium {Gibce, Paisley, U.K.) with 16 % fetal calf serum {29}, Epidermal growth factor (EGF; Collaberative
Research Inc., Lexington, MA, USA; 10 ng/ml) and hydrocortisone (HC; 0.4 ng/mi} were added to the cuiture
medium of normal masothelial celis. in some experiments cells were exposed to cycloheximide {CHX; Sigma,
8t, Louis, MO, USA} at a concentration of 10 pg/ml medium for 2 h or to actinomycin D {Act D; Merck Sharp
& Dohme int., Rahway, NJ, USA} at a concentration of B pg/ml medium for 1-6 h. Prior to TGF-R1 treatmant,
cells were cultured under serum-free conditions in Ham's F10 meadium {(+EGF/HC for normal cells}
supplemented with 0.1 mg/mi BSA (Sigma}, 10 pg/ml human transferrin (Behringwerke AG, Marburg,
Garmany), 10 pg/ml insulin {Sigma}, and 50 nM sodium selenite {Merck, Darmstadt, Germany) for 24 h,
Subsequent stimulation with human TGF-81 (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 1.6 kb FcoRl {extracellular} PDGF a-receptor {7), the 1,7 kb

EcoRl-Hindill {extracellular) PDGF R-receptor (6), and the 0.7 kb FcoRI-Fstl GAPDH (4} cDNA fragments were
used as probes. For nuclear run off analysis the same extracellular PDGF w-receptor and R-receptor fragments
{6,7) as well as the 1.2b kb Pst R-actin fragment from pAct {8} were all subcloned in the multicloning site
of pUC and subsequently spotted onto nitracellulose filters prior to hybridization.

Northern and Southern blot analyses

RNA isolation, Northern btotting and subsequant hybridization wera performed as described elsewhere
{18}, Isolation of chromosomal DNA and transfer to Hybond-N {Amersham, UK} membranes were perfermed
according to standard procedures. Hybridization and autoradiography were describad previously {28),

Nugciear run off assay
Isolation of nuclei, in vitro Iabeling of nuclear RNA and hybridization were described elsewhere {18},

RT-PCR analysis
For reverse transcription (RT) 1 pg total RNA was denaturad at 66°C for 10 min and mixed with 10

pgiml oligo(dT),g {Pharmacia, Uppsala, Sweden), 2.6 ODygafml (di}g (Pharmaclal, avian myoblastoma virus
{AMV) RT buffer {50 mM Tris-HCI, pH 8.3; 60 mM KCi; 10 mM MgCl,; 1 mM dithiothreitol; T mM EDTA;
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10 pg/ml bovine serum albumin), TmM dNTPs, 1mM spermidine-HC| {Sigma), 40 U RNAsin {Promega,
Madison, WI, USA}, and b U AMV RTase (Promegal and incubated for 66 min at 39°C, For amplification of
PDGF a-receptor sequences cDNA was mixed with Tag buffer {10 mM Tris-HCI, pH 8.3; 50 mM KCI; 1.6
mM MgCly; 0.01% (m/v) gelatin), 0.2 mM dNTPs, 20 pmol sense primer aR-7 {5-CTGGAAGAAAT-
CAAAGTCCCATCC-3";bp 909-832 according to the sequence in (7)), 20 pmol antisense primer «R-8 {5'-
TGAGCCATGGTGATCATCGACC-3'; bp 1388-1409), and 1 U Tag polymerase (Perkin-Elmer Cetus, Norwalk,
CTF, USAL}. Fourty cycles of 30 sec at 94°C, 30 sec at 65°C, and 30 sec at 72°C were performed, The PDGF
a-receptor cDNA clone pSVY7d15EB 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 analyzabla cDMA using
spacific HPRT gene primers {fourty cycles of 30 sec at 94°C, 30 sec at B5°C, and 1 min at 72°C), Ethidium
bromide analysis and hybridization of filters with amplified PCR products were performed as described
previously {18}. PDGF a-receptor-specific oligo aR-3A (6'-TCACTGAGATCACCACTGATGTGG-3'; bp 1207-
1230} was used as probe for hybridization.

RESULTS

Differential regulation of PDGF «- and R-recepter mRNA expression in mesothelial cell lines

As normatl and malignant mesothelial cell lines display a differential PDGF receptor
mRNA expression pattern and as there are no indications for consistent cytogenstic and/or
genomic aberrations, run off assays were performed to study the nuclear PDGF «- and R-
receptor mRNA levels in these cell lines. Nuclear PDGF wo-receptor RNA could be
demonstrated in both normal and malignant mesothelial celf lines {Table 1}). In Figure 1 this
is shown for NM-9 and Mero-14 as representative examples. Nuciear PDGF B-receptor
transcripts were only detectable in the malignant
mesothelioma cell lines and hardly or not in the normal
mesothelial cell lines tested {Figure 1 and Table 1). All
cell lines tested clearly expressed nuclear RNA of the
constitutively transcribed B-actin gene.

Cuituring of several normal and malignant
mesothelial cells with the protein synthesis inhibitor

NM-9
Mero-14

puc - eycloheximide (CHX; 10 ug/ml} did not significantly
affect the PDGF B-receptor mRNA levels in both cell

actin - types {Table 1). This is shown for NM-9 and Mero-14 in
Figure 2. PDGF B-receptor mRNA expression was hardly

PDGF aR - or not detectable in untreated as well as CHX-treated
normal mesothelial cells. Furthermore, CHX treatment did

PDGF BR - not alter the differential expression of PDGF a-receptor

transcripts in normat and malignant mesothelial cell lines,
Figure 1. Nuclear run off analysis .5 gatermined by Northern blot analysis {Figure 2 and

[ 32
usin P-labeled nuclear RNA of ) .
nc,m?a; mesothelial (NM-9) and Table 1). In CHX-treated malignant mesothelioma cell

mallgnant mesothelioma (Mero-14) lines no PDGF a-receptor mRANA could be demonstrated.
cell lines. Tha nitrocellulose blots Moreover, the use of higher concentrations of CHX (20-

contained plasmids pUC, pUC plus } . .
actin, pUC plus PDGF w-receptar, 30 pg/ml) still did not result in detectable PDGF o-

and pUC plus PDGF B-receptor. receptor expression in these cells (data not shown).



TABLE 1. Summary of data on PDGF a-receptor and B-receptor mRNA detection in normal and malignant mescothelial cell lines under various experimental
conditions.
cell PDGF c-receptor PDGF RB-receptor
line
nuclear RNA mRNA mRNA mRNA half-life nuclear RNA mBNA level mRNA half-life
{run off assay) {CHX treated {RT-PCR) (Act D treated (run off assay) (CHX trezated (Act D treated
samples) samples) samples) samples)
NM-S + + + min. 4-6 h - - no mRNA detectable
NM-12 + + ND ND - - ND
NM-23 ND ND + ND ND ND ND
Mero-14 + - + /- no mANA detectable + + min. 4-6 h
Mero-25 + - +/- ND +/- +/~ ND
Mero-41 ND - +/- ND + + ND
Mero-48¢ ND - +/- ND -+ + ND
Merg-82 + - +/- no mRNA detectable + /- +/- min. 4-6 h
Mero-84 + ND ND ND + ND ND

ND+ not determined.
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Figure 2. Northern blot analysis of total
RNA frem normal mesethelial {NM-9) and
malignant mesothetioma {Maro-14] cell
lines. Fotal RNA {25 ng) of cells cultured
in the absence (-} or presence (+) of 10
pg/ml cycloheximide {CHX) was blotted
and hybridized to PDGF a-receptor, PDGF
-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 o-receptor cDNA clone pSV7d15EB {used as
positive control} with primers aR-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 «- and R-recepfor sequences are (uite
homologous in many regions, cross-reactivity of the
«R-7 and oR-8 primers with R-receptor sequances in
these cells had to be excluded. Therefore, we
checked the specificity of the PDGF o-receptor
primers in various ways. FcoRV digestion of the
amplified fragments resulted in the expected 244 and
257 bp PDGF o-teceptor-cDNA fragments (data not
shown), whereas hybridization with the «R-3A cligo
further confirmed the PDGF a-receptor origin of the
amplified cDNA fragments {Figure 3}. Furthermore,
the lack of ampiification of the PDGF R-receptor
cONA construct with these primers excluded cross-
reactivity with PDGF B-receptor sequences. Finally,
genomic DNA, non-reverse transcribed RNA, and
H,0O 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 mesocthelioma cells are in principle capable
of producing PDGF o-receptor mRNA as well.

Stability of PDGF «- and B-receptor transcripts

The stability of the PDGF o~ and B-receptor transcripts was studied by Nerthern blot
analysis in a few normal and malignant mesothelial cell lines {NM-9, Mero-14, Mero-82),
which were treated with actinomycin D {Act D) for different times, The PDGF a-receptor
and PDGF R-receptor mRNA levels remained relatively stable during a 4 h treatment with
Act D, 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 siable, as even prolonged exposure (6 h}
to Aet D did not result in significant decreases in u-receptor levels in normal mesothelial
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Figure 3. Reverse-transcription PCR analysis of RNA from normal mesothelial (NM-9, NM-23) and malignant
masothelioma {Mero-41, Mero-48c, Mero-82) cell lines, Upper panel: Ethidium bromide analysis of amplifled
products, using ¢cDNA from PDGF a-receptor clone pSV7d15EB as positive control (+). PDGF B-recaptor
cDNA was used to exclude cross-reactivity of the oR-7 and «R-8 primers (-}, Genomic DNA and H,0 were
used as negative controls. Lower panel; After blotting the filter was hybridized to a-raceptor-spacific oligo
aR-3A.

NM-9 Mero-14
hrs AcLD 0 2 3 4 ¢ 2 3 4 hrs ActD
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Figure 4, Northern blot analysis of total RNA frem nermal mesothelial (NM-9} and malignant mesothelloma
{Maro-t4) cell lines. Total RNA {25 pg) of NM-9 cells cultured in the presence of 5 ug/ml actinomycin D {Act
D} for the indicated times was blotted and hybridized to PDGF a-receptor and GAPDH probes, Similarly, totat
RNA of Mero-14 cells cultured with Act D, was hybridized to PDGF B-receptor and GAPDH probes.
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cell lines or in B-receptor levels in mescthelioma 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 findings {18).
Unfortunately, the stability of PDGF u-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 PDGF o-receptor mRNA half-lives in these cells.

Differential effects of TGF-B1 on PDGF «- and B-receptor mRNA levels

To further identify which factor(s} may be involved in regulation of the differential
PDGF reeptor expression between normal and malignant mesothelial cells, we evaluated the
possible contribution of TGF-B1. TGF-R1 is one of the most extensively studied regulators
of PDGF receptor expression and is known to be produced by mesothelial cells. Iin a pilot
experiment, that was designed to identify conditions for TGF-R1 stimulation, maximal
effects were seen under serum-free conditions using 2 ng/ml TGF-B1 for 24 h {data not
shown). Serum-free culture was found to slightly alter PDGF «- 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-
Bt stimulation was analyzed in a pane! of cell lines. Serum-free culture of normal
mesothelial cali lines (NM-21 and NM-25} for an additional 24 h resulted in slightly altered

A Nh-21 NM-25 B Mero-72 Mero-84

PDGF 0R PDGF pR
th b

Figure 8. Northern blot analysis of tota) RNA from normal mesothellal (NM-21, NM-25) (A} and malignant
mescthelloma (Mero-72, Mero-84) (B] call linas. Cells were either cultured without serum {lanes a), cultured
without serum for anpother 24 h. (lanes b} or cultured in the presence of 2 ng/ml transforming growth factor-
’1 {TGF-R1) under serumfree conditions {lanes c). Total RNA (25 ng} was blotted and hybridized to PDGF
a-receptor {A} and PDGF B-receptor {B) probes. GAPDH hybridization was done for control.
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PDGF a-receptor mRNA expression levels {(Figure bA, lanes a,b}. In parallel cultures addition
of 2 ng/ml TGF-R1 caused downregulation of c-receptor messenger expression in these cell
lines, as can be clearly seen when comparing lanes b and ¢. In malignant mesothelioma cell
lines no PDGF-u receptor mRNA expression was seen under the conditions tested. The
effact of serum-free culture and TGF-R1 stimulation on PDGF R-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-B1 stimuiation {Figure 5B, lanes b, ¢). in Mero-72 the lavel
was slightly increased by serum depletion, but TGF-81 did not have a clear additional effect
{Figure 5B, lanes b, ¢}. Of the other three cell lines tested, one did not demonstrate PDGF
R-receptor mRNA expression under all conditions {Mero-958), whereas the other two
showed rather low (Mero-25, Mero-41} expression levels that were hardly affected by
serum removal or TGF-R1 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 Northarn 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 b (R-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 ines by Southern blot analysis
using restriction enzyme EcoRl (data not shown). We therefore studied transcriptional and
post-transcriptional regulation of the differential PDGF receptor mRNA pattern in
mesothelial calls. 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 messengars, In contrast, the absence of PDGF
a-receptor mRNA on Northern blots of malignant mesothelioma cell lines cannot be
explained similarly. Several linas of evidence suggest that malignant mesothelioma celllines
in fact are capable of transcribing the PDGF a-receptor gene. By nuclear run off analysis
as well as RT-PCR PDGF o-receptor transcripts could be detected, although in the latter
assay the expression level was rather low and variable as compared to normal mesothefial
cells, Prolonged exposure of blots containing pely{A} T RNA of malignant mesothelioma cell
lines also showed a faint PDGF «-receptor hybridization signal (data not shown).
Furthermore, other investigators found PDGF w-receptor transcripts in their malignant
mesothelioma cell lines using the sensitive RNase protection analysis (10). In agresment
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 '2%-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). Deaspite
the demonstration of PDGF a-receptor exprassion 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 blological importance in these cells as waell.

Being one of the best studied regulators of PDGF receptor expression and being
produced by both normal and malignant mesothelial cells, TGF-81 was evaluated for its
putative centribution to the differential PDGF receptor expression in mesothelial cell lines,
After stimulation with TGF-1, no induction of PDGF «- and #-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-R1, which is similar
to what has been described for e.g. smooth muscle cells and fibrobiasts {3,21). The effect
of TGF-81 on PDGF R-receptor expression in malignant mesothelioma cell fines 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-81 stimulation is not likely
to explain the differential PDGF receptor expression. Nevertheless, the low PDGF «-receptor
mRNA expression in malignant mesothelioma cell lines may weill be (partly} the
conseguence 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-R2 and to a lesser sxtent against TGF-R1, resulted in
growth-inhibition of mesotheioma celis in vitro and in reduced tumorigenicity and increased
T-lymphocyte infiltration in vive {9). Together these resuits suggest an important role for
TGF-R in mesothelial carcinogenesis. The results described in this study indicate that
modulation of PDGF receptor mRNA expression may be another effect of TGF-R1 in [part
of the} malignant mesothelioma cells,

The apparent inability to detect PDGF o-receptor messengers in malignant
mesothslioma cells by Northern blot analysis, is most probably due to rapid degradation,
suggesting that the PDGF o-receptor transcript is rather unstable in malignant
mesothelioma cells. In contrast, the o-receptor messenger in normal mesothelial cells is
quite stable, with a half-life of at least & h. As inhibition of protein synthesis did not seem
to influence PDGF a-receptor mBNA 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 PDGF a-receptor messenger
degradation between normal and malighant cells, AUUUA regions in the 3' UTS have
earlier been shown to play a 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 PDGF
a-receptor stability between normal and malignant mesothelial cells.

Thusfar there have been, to our knowladge, no reports on promoter function and
involvement of cis-acting regulatory elements in PDGF B-receptor transcription. Concerning
the PDGF ua-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 «-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 similaritias in
regulation of PDGF c-receptor and B-receptor exprassion, normal and malignant mesothelial
cell lines could thus be very heipful 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 «- and R-receptor transcripts can be expressed by malignant mesothelioma
cell lines. However, there seems to be a difference in stability between PDGF «- and -
receptor transcripts. Moreover, o-receptor processing in malignant mesothelioma cell lines
seems to be different from that in normal mesothslial cell lines as weli, Further
identification of the mechanism hehind this processing will therefore be a topic of future
studies.
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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 malignhancy (1,2).

Chromosome region 11p13 has been identified as one of the loci involved in Wilms
tumorigenesis, through deletion anailysis of WAGR {Wilms tumour, aniridia, genitourinary
abnormalities, mental retardation) patients (Table 1; 3-5). Another genetic locus on
chromosome 11 at band p15 seems to play a role in predisposition to Wilms tumours
found in association with BWS (Beckwith-Wiedemann syndrome} (Table 1; 8,7}.
Furthermore, frequent LOH of chromosome 16g 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 11p13 region revealed the presence of deletions in a
candidate gene that was subsequently cloned by three groups and was designated WT1
{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 Wiims tumour
predisposition gene (12-16)., The presence of point mutations in the WT?1 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 ragion of WT1 were
reported (17-19}. In Wilms tumours oceurring in Denys-Drash syndrome {DDS) patients
{Table 1), WT1 point mutations were observed in nearly all casas 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.

syndroma locus tumour characteristics tumour histology

WAGR, DDS 11p13 intralebar nephrogenic rest-like heterogeneous {antire
spectrum of nephrogenesis)

BWS 11p15 perilobar nephrogenic rest-like homogeneous (late stages

of naphrogenaesis}

Abbraviations used are: BWS: Beckwith-Wiedermann syndrome (characterized by prenatal and postnatal glgantism); DDS: Danys-
Orash syndrome {a triad of nephropathy. pseudehermaphroditism, and Wiltms tumour); WAGR: Wilms tumour, aniridia, genitcurinary

abnormalitias, mental retardation,
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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 masenchy-
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 sarly 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 Hmited. No clear
indications for WT1 contribution could be found in the neoplastic counterpart of Sertoli
cells and granulosa cells, commonly referred to as sex cord-stromal tumours (31} as
well as in ovarian carcinomas {32), as wild-type WT1 mBNA was observed in most
cases. Furthermore, there are a few reports on WT1 expression in transformed mesot-
helial cells (33-3b}. These authors observed WT1 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 tha 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 involvemeant 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

n several studies the WT1 gene was shown to contain a TATA-less, CCAAT-less
promoter with a high {> 60%) GC-content with potential Egr-1/WT1 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 autoregulated through multiple WT1 binding sites in the WT1 promoter
region (42,43}, The WT1 &’ 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 farge open reading frame. It has been suggested to play a 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 {45,468}, The
variant containing the extra 17 and three amino acids 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 focalization in immunoftuorescence analysis (48,489).
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’ (60}, This core
sequence is also recognized by the transcription factor Egr-1, that shares extensive
amino acid homology to WT1 [B1). 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 WT1 {+KTS}
isoform did not bind to the Egr-1 consensus binding site, but to other {consensus) DNA
sequences in perhaps distinct target genes (63). 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-myc, TGF-R3 and Ki-ras) could be recognized by this WT1
{+KTS} isoform (54}). The TCC motif functioned in a way similar {o the previously
mentioned 5'-GCG GGG GCG-3' Egr-1 binding site. Using purified protein, Drummond et
al. (bB) 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 {66}, 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 (+ KT8} 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 WT1 isoforms.

In transient transfection studies the 1GF2, PDGF A-chain, IGFIR, CSF1, TGF-R,
RAR-a1, and Pax-2 genes have been identified as potential target genes for repression
of transcription by the WT1 (-KTS) isoferm (58-65}. These results have led to the
hypothesis that WT1 functions as a tumour suppressor gene product and that reduction
or absence of WT1 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 WT1 was based on transfection studies in which promoters of target
genes upstream of a reporter gene were found to be infiuenced 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 WT1 was found to be more complicated, as
transactivation by WT1 was also observed. Maheswaran and coworkers (688) demon-
strated transactivation of an Egr-1 promoter construct in the absence of functicnal 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
WT1 allele in a Wilms tumour arising in a child with WAGR syndrome. This mutation
caused the conversion of the WT1 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 p83 (69). Furthermore, WT* was shown to
require binding sites B’ 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 resuited in transactivation by WT1 {70). A totally distinct mechanism of
reguiation by WT1 was ohserved in a Wilms tumour cell line expressing an abnormal
WT1 transcript. This transcript, that was also observed in varying amounts in several
Wilms tumour samples, was devoid of exon 2-encoded sequence, which caused WT1 to
switch from a transrepressor to a transactivator in Egr-1-driven reporter studies {71).

In Chapter 5.2 the transregulatory activities of WT1 are evaluated using mesothe-
liai cell fines as a model system.
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Expression of the Wilms’ Tumor Gene WT/! in Human
Malignant Mesothelioma Cell Lines and Relationship to
Platelet-Derived Growth Factor A and Insulin-Like Growth
Factor 2 Expression
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Departments of Immunology (AWL., MAV.) and Celt Biology and Genetics (AH.), Erasmus University, Rotterdamn, The
Netherfands; MRC Human Genetics Unit, Western General Hospital, Edinburgh, United Kingdom (KAW., KM, N.D.H.)

Mutations in the WTT tumor suppressor gene 2re knowa to contribute to the development of Wilms' tumor {WT) and
associated gonadal abnormalities. WT! is expressed principally in the fetal kidney, developing genads, and spleen and also in the
mesothelium, which lines the coelomic cavities. These tissues develop from mesenchymal components that have subsegquently
become epitheliatized, and it has therefore been proposed that WT/ may play a role in this transition of cell types, To test the
possible involvernent of this gene in malignant mesothelioma, we have first studied its expressicn in a panel of human normal
and malignant mesothellal cell lines, WTT mRNA expression levels varied greatly between the cell lines and no specific
chremosomal aberration on 11p, which could be related to the variation in WTT expression in these cell {ines, was observed.
Furthermare, no gross deletions, rearrangements, or functionally inactivating point mutations in the WTI coding region were
identified, All four WT! splice variants were observed at similar fevels in these cel! lines. The WT/ gene encodes a zine-finger
transcription factor and the four protein isoforms are each believed to act as transcriptional repressors of certain growth factor
genes. Lack of WT! expression is thus predicted to result in growth stimulation of tumor cells. Binding of one particular WTH
Isoform construct to the insulin-like growth factor 2 (IGF2) and platelet-derived growth factor A (PDGFA) gene promoters has
been demonstrated to result In repression of these genes in wransient transfection studies. Analysis of [GF2 and PDGFA mRNA
expression levels compared with WTi mRNA expression levels failed to demonstrate an inverse correlation in the mesothetial
cell lines, which endogenously express these genes. Finally, the putative role of WTI in the transition of cell types was
investigated. No obvious correlation between WT! expression levels and celt morpholegy of the malignant mesothelial cell fines
was evident from this study. Moreover, no change in WT1 expression was cbserved in normal mesothelizl cells which were,
by alteration of culture conditions, manipulated to switch from the mesenchymal to epithelial merphology. Genes Chrontosom
Concer [1:87-96 (1995},  © 1995 Wiley.Liss, Inc.

INTRODUCTION (Rauscher et al., 1990). The WTI protein addi-
tionally possesses transcriptional regulatory activity
exerted through the N-terminal glutamine- and
peoline-tich regions of the protein (Madden et al,,
1991). Alternative splicing of the W77 gene at two
independent splice sites has been shown to result
i the formation of four W7Y splice variants, In
tumor tissue and fetal kidney there appears to be
little variation in the ratios of these four isoforms
{(Haber et al., 1991; Brenner ¢t al., 1992).

In transient transfection studies insulin-like
growth factor 2 (/GFZ2), platelet-derived growth
factor A (PDGFA), and IGF/R have recently been
identified as potential target penes for transcrip-
tional repression by WTT (Drummond et al,, 1992;
Gashler eval., 1992; Wang et al., 1992; Werner et

Human malignant mesothelioma is a mesoder-
mally derived tumor, which is most often found in
the pleura, Its incidence is strongly associated with
exposure to asbestos fibers (Wagner et al., 1960),
Malignant mesothelioma is thought 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
Witms' cumor (WT) (Austin et al,, 1986). This sug-
gests the possible involvement of a common un-
derlying genetic evernt in both malignancies.

The W77 tacus on 11pE3 has been identified as
one of the chromosomal loci contributing o WT
development (Call et al,, 1990; Gessler ¢t al.,
1990). W17 encodes a protein with DNA-binding
capacity, clicited by four zinc-fingers at the C-ter- Received May 30, 1994; accepred July 28, 1994,
minal part, which bind to DNA sequences withthe AU it earess o 0 Ao Lo, Do
core  consensus  element 53-GCGGGGGCG-3 Rotterdam, The Netherlands, '

T 1995 Wiley-Llss, Inc.
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al., 1993). These and other results have led to the
hypothesis that the WF1 protein functions as a
turmor suppressor gene product and that reduction
or absence of W77 expression that is seen in a pro-
portion of WTs results in an increased expression
of certain growth factor genes, However, transac-
tivation by WTT was also scen, depending on the
presence of wild-tvpe TP33 protein, the number of
WT'L binding sites in the promoter of the target
gene, or the presence of specific missense mua-
tions within the trapsregulatory domain {Ma-
heswaran et al., 1993; Park er al., 1993a; Wang et
al., 1993).

Despite these resuits on repression or activation
of vertain target genes by WT'I in transient assays,
not much is known sbout the physiological role of
\WTL. It has been suggested that WTT may play 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
al., 1990; Pellecier er al., 1991; Armstrong ¢t al.,
1992). 'These are all cells of mesadermal origin thac
have undergone the transition to the epithelial
morphology. However, other cell types undergoing
this transitien do not express the W7/ genc,
whereas in embryonic mice distinet regions in the
spinal cord and brain that are of ectodermal origin
display W77 expression, argaing that there should
be other tissue-specific roles tor WT'1 in develop-
ment (Armstrong et al., 1992}, Recently, a crucial
role for W¥7 in early urogenitat devclopment was
established in 2 model system by gene rargeting in
murine embryonic stem cells (Kreidberg et al,,
1993). In these W77 knockout mice a failure in
kidney development was observed, This was sug-
gested to be caused by inhibition of inductive
events feading to the formation of the metanephric
kidney, In addition, abnormal development of the
gonads, the heart, and the mesothelium was scen
as well. Abnormalities in the phenotypes of these
tissues support the idea of a role for WT1 in the
mesenchymal te epithelial cell transition,

As WIT7 expression was observed in the human
and mouse developing and mature mesothelium
{Prtchard-Jones et al., 1990; Armstrong et al.,
1992; Park et al,, 1993b), we were interested to
determing whether W77 was also expressed in its
malignant counterpart as this might indicate a pos-
sible invalvement of W77 in the pathogenesis of
malignant mesothelioma. In this respect, it is
worth noting that cytogenetic analysis of 40 con-
firmed mesothelioma patients revealed karyotypic
abnormalities in several chromosomes, but only in

a few cases were reamrangements in lip scen
(Hagemeijer et al., 1990). We have studied expres-
ston of the W7/ gene in a panel of human normal
and malignant mesothelial cell lines. Expression
levels were related to the morphology (epithelial or
mesenchymal) of the mesothelioma cells in vitro in
order to clarify putative WT1 involvement in cell
type transition, We also investigated whether gross
alterations or point mutations could be detected at
the W7 focus, whether the four different alterna-
tively spliced mRNAs were present in the various
normal and malignant mesothelial cell fines, and
whether the W77 mRNA expression level in these
cell kines could be correlated to their PDGFA and
IGF2 mRNA levels.

MATERIALS AND METHODS

Cell Lines, Growth Conditions, Characterization,
and Cytogeneties

Experiments were performed using the human
pleural malignant mesothelioma cell lines Mero-
i4, -25, -41, -48D, -48c¢, -72, -82, -83, -84, -95, -95,
and -123 (Versnel er al., 1988, 1989) and the nor-
mal mesothelial cell lines NM-1, -4, -5, -9, and -12
(Versnel et al., 1991, 1993; Langerak et al., in
preparation). Al mesothelioms cell lines were de-
rived from mesothelioma patients whose diagnosis
was based on routine cytology, which was histolog-
ically or ultrastructurafly confirmed. Cell lines were
routinely cultured as described earlier {Versnel et
al.,, 1988, 1989). Cytogenctic analysis was per-
formed as described earlier (Versnel eu al., 1988).

Narthern and Southern Blot Analyses and Probes

Northern bloting and Southera blotting were
performed as deseribed in Langerak et al. (1992}
For hybridization of Northern and Southern blots
a 1.8 kb FeoRI WTY fragment derived from the
WT33 cDNA was used (Calt et al,, 1990). North-
ern blots were rehybridized with the 1.3 kb EcoRI
PDGFA fragment (Betsholtz et al., 1986), the 1.4
kb Xeal-EcoR] IGFZ fragmene from pIGF-II (Jap-
sen et al,, 1985), and the 4.7 kb EcoRI-Psl glye-
eraldehvde-3-phosphate dehydrogenase (GAPDH)
fragment (Benham ¢t al., 1984). Rehybridization of
Southern blots was performed with a 1.3 kb P/l
IGF2 fragmene from pKT218 {Jansen et al., 1985},

Reverse Transcription (RT) Polymerase Chain
fteaction (PCR) Analysis

RT of RNA, isotated from the normal and ma-
lignant mesothelial cell fines, and subsequent PCR
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analysis were performed as described previously
{Langerak ct al.,, 1992). For amplification of the
alternative splice variants the sense primers B297
(5'-TTG GTC GAC ATG ACC TGG AAT
CAG/C ATG-¥; located in W74 exon 4) or B439
(8'-C'T'T GTA CGG TCG GCA TCT-3'; located
in W77 exon 7) were used in combination with
antisense primer B298 (5'-TGC AAG CTT CAG
CTG AAG GGT/C TTCIT 'FC-3; located in W7/
exon 10} (Liule et al., 1992). Thirty-five 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% polyaceylamide gels using Pl digested
lambda DNA as a marker,

Polint Mutation Analysis

Chemical cleavage mismarch analysis using hy-
droxylamine and osmium tetroxide (HOT analysis)
was performed as described (Cotton et al., 1988;
Prosser eral,, 1990). Templates were generated by
RT-nested PCR (Hanson et al., 1993), a strategy
required due to [ow yields of available RNA. The
W77 region encoding the transregulatory domain
was amplified with outer primers D609 sense (5'-
CAA ACA GGA GCC GAG CTG G-3) and 3610
antisense (§'-GCA CAT CCT GAA TGC CTC
TG-3'} followed by inner primers 1 and 3 (Brown
et al., 1992), The DNA-binding domain was sim-
itarty amplified with primers C582 sense (5'-AAA
TGG ACA GAA GGG CAG AGC-3) and G583
antisense (5-T'1'G GAA GTT GGA '1'GA AGA
AGA TC-3') followed by primers 2 and 4 (Brown et
al., 1992). PCR conditions for D60%D610 are step
1, 1 min at 94°C; step 2, 30 cycles of 30 sec at 94°C,
I min at 54°C, and -2 min at 72°C; step 3, 10 min
at 72°C, Touchdown PCR conditions for C582/
C583 are step 1, | min at 94°C; step 2, 30 cyeles of
30 sec at 92°C, 1| min at 62-57°C and 2 min at
72°C; step 3, 10 min at 72°C. Samples generating
cleaved fragments after HOT analysis were sub-
jected to a secand round of RT-nested PCR, Then
the products were purificd by B-Aparase T (New
England Biolabs, Beverly, MA) and subsequently
sequenced directly as deseribed (Winship, 1989).

RESULTS

WTI mRNA Expression in Mesothelial Cell Lines

Expression of the W7/ gene was studied on
Northern blots, containing total RNA from normal
and malignant mesothelial cell lines of human ori-
gin. WT{ mRNA was found to be consistently ex-
pressed in the normal mesothelial cell lines, al-
theugh some variation in the levels was observed

(Fig. 1), The W77 expression level was highly vari-
able in the investigated panel of malignant me-
sathelioma cell lines, ranging from very high
{Mero-25) to nearly or totaily undetectable (Mero-
41, -72, -82, -83, -93) (Fig. 1), W7/ mRNA expres-
sion levels were normalized over GAPDH mRNA
levels after quantification by densitometric analysis
(see Table 1).

Based on their histology, malignant mesathelio-
mas can be classified as epithelial, mesenchymal,
ar biphasic. The morphology of the cultured me-
sothelioma cells in monolaver can diffcr from the
primary tumor-tissue morphology (see Table 1). In
an attempt to clarify the possible role of the W77
gene product in the transition of certain cell types
from a mesenchymal toward an cpithelial morphol-
ogy, W77/ mRNA expression levels in the cultured
mesothelioma cells were therefore related to the
cpithelial or fibrous/mesenchymal marphology of
these cell lines. Although the highest W77 mRNA
tevel was cobserved in Mero-23, which has the
clearest epithelial phenotype, W77 expression was
not completely coenfined to cell lines showing an
epithelial or biphasic imorphology. 77 mRINA was
underectable in several ¢ell fines with a fibrous
morphology like Mero-41 and -72, but other fi-
brous cell lines did express W77 (Mero-83, -96, and
-123). In cell lines that were predominpantly either
fibrous or epithetiad, expression was observed oc-
casionally (Mero-48b, -48¢, and -84), and in others
not at all (Mero-82 and -93).

The putative involvement of W77 in the mesen-
chymal to epithelial shift was further studied using
a second approach. [t has been described that cul-
tured normal mesothelial celfs can adopt a mesen-
chymatl (fibrous) or epithehal cell shape depending
on the presence of absence of epidermal growth
factor (EGI) in the culture medium, respectively
(Connell and Rheinwald, 1983). Therefore, the
7! mRNA level was determined in two normal
mesothelial cell lines under these conditions. The
two cell lines showed a more epithelial morphology
upon removal of EGF [and hydrocortisone (HC)]
for 3 days from the standard culture medium. How-
ever, analysis of RNA isclated from the mesothelial
cells cultured for 72 hr in the absence of EGF and
HC did not result in a significantly altered level of
W7t mRNA {(data not shown).

Alternatlve Splicing Pattern of WTI

The W77 gene is capable of producing four dif-
ferent mRNAs by alternative splicing, which can
lead to the inscrtion of an extra 51 bp (exon 5)
upstream of the zine-fingers and/or 9 bp (giving rise
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Figure I. Northern blot analysis with 25 pg total RNA from pormal (NM) and malignane (Mere)
mesothelial cell lines. RINA was hybridized to WT! and GAPDH probes
TABLE |. Summary of Cytogenetics, Tumor Cell Line Morphology, and WT1 Expression in MNorma! (M) and Malignant {Mero)
Mesothetial Cell Lines
Modal MNo. of copies of chromosome farm) WTT gene WTi
Tumor chrome- WT!  structure WTl! mRINA
cell line some  MNormal Rearranged Total  mBNA  (Southern gene (aleernative
Cell line  morphology MNo. Mo. 11 Mo, §lp Mo 1lp  level® blot} [mutations) splicing)
NM- — 16 2 — 2 081 ND° ND 4 jsoforms
NM-4 — 46 2 — 2 028 ND ND ND
MNM-5 — 46 2 — 2 012 ND ND ND
NM-9 — 46 2 - 2 0.26  Normal ND ND
NM-12 — 46 .2 — 2 008 ND ND ND
Mero.14  Fibrous 75 34 — 3(4) 004 Mormal Not found 4 isoforms
Mero-25  Epithelial 67 3(4)  Ixiav (I1)(pliql4)  4(5) 9,59  Normal Not found 4 isoforms
Mero-41  Fibrous 72 4 — 4 0 Normal ND NAS
Mero.48a  Epithelial 71-75 3 I xmar (t%pit 1p)) 4 ND  Normal Not found NO
(fibrous)?
Mero-48b  Fibrous 7175 3 I xmar (1(9p;t o)) 4 043 Normal Meutral ND
(epithefial) transition
Mero-48¢c  Fibrous 71-75 3 I xmar (tpit[p)) 4 012 Normal Neutral 4 isoforms
(epithelial) transition
Mero-72  Fibrous 4% 2 — 2 0 Normal ND NA
Mero-8%  Fibrous 49 ) — 2 0 Mormal ND MA
(epithelial)
Mero-83  Fibrous 75-85 2 2xadd HplS 4 004 Normal Not found 4 isoforms
Mere. 84 Fibrous 38 0 iep + itlp-), 2 014 MNormal Mot found 4 isoferms
(epithelialy +der{l 13e(11;22)
Mere 95 Biphasic 54-58 3 — 3 0 Normal NO NA
Mere96  Fibrous 72-78 2(3)  2xég—(6pullp) 4(5) 0.26  Normal Net found 4 isoforms
Mero-123  Fibrous 55 3 —_ 3 091 ND Meutral 4 isoferms
transition

*Shown over GAPDH expression fevels as determined by densitomerry,
END, not determined.

“NA. not applicable.

“in parentheses: minority of the cells.
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Figure 2. RT PCR anatysis with RNA from malignant mesothefioma
cell lines Mera-14 and -25 and normal mesothelial cell line NM-1. WT33
<DNA weas used as a pasitive contro! { +). In the left fane Pstl digested
Jambda DMA was loaded as a size marker.

to the KTS amino acid sequence) between zine-
fingers 3 and 4 (Haber etal., 1991 Brenner eral,,
1992), In this study the oecurrence of these distinet
W77 mRNA forms was examined in clonal cell
lines, For this purpose ¢DNA derived from total
RNA of several of the W77 expressing malignant
mesothelioma cell lines (see Table 1) wus used ina
PCR reaction with primers 3297 and B298. Four
distinct DNA fragments of 499 bp (=51 bhp,
—~KTS), 508 bp (=51 bp, +K'T'S), 550 bp (+51
bp, —KTS), and 359 bp (+51 bp, +KTS), result-
ing from two independent alierrative splicing
events, were observed (see Table 1) All four splice
varants were detecred in normal mesothelial cell
Jine NAI-1 as well, In Figure 2 these results are
shown for the cell lines NN-1 and Mere-14 and
-25, Using primers B439 and B298 in alt cell lines
studied, two distinet fragments of 320hand 329 bp
were seen, which result from the 9 bp alternative
splicing event (data not shown). In our W77
mRNA expressing mesothelinl cell lines, little vari-
atioh was observed in the ratios of the four iso-
torms.

Cytogenetic and Genomic Data Concerning WT!

The varation in W7/ mRNA expression that we
observed in the malignant mesothelioma cell lines

could be due to differences in the whole or partial
copy number of chromosome arm 11p. Further-
more, rearrangements of the W7/ gene or gene
amphification may also be involved. T'o see if any of
these possibilities may explain the variation in W77
mRNA level in the mesothelioma celt lines, cvio-
genetic analysis and Southern blowing were em-
Moyed.

Cytogenetic data from the mesothelioma cell
lines were obtained by seudying mewphase cells.
Anatysis of chromoseme arm t1p in the mesache-
lioma celt lines did not point toward any specific
chromosomal aberration that cauld be correlated to
their WTf mRNA expression level {see Table 1),
The aneuploidy of chromasome arm 11p snd the
W7 mRNA level in the various cell lines did not
correlate either (Table 1},

To sce if gene rearrangements had occurred in
those cell lines showing very low or undetectable
amounts of W7/ mRNA, the W77 gene was stud-
ied by Southern blot analysis, No differences were
found in the EroRI and #indHI digestion pattern
of DNA from any of the malignant mesothelioma
cell lines studied compared 10 the pauern of nor-
mal mesothelial celi line NM-9 (Fig, 3; also data
not shown), This indicated that gross rearrange-
ments in the W77 gene had not occurred in the
malignant mesothelial cell lines and thus were not
likely ta be the cause of undetectable W77 mRNA
expression in Mero-41, -72, -82, and -95.

By Southern blot analysis we did detect small
differences in the intensity of the bands for the
various cell lines, which could in principle be
caused by variation in the number of W7/ gene
copies, However, rehybridization of the filter con-
wining /fiadHT digested DNA with a probe for the
IGF2 gene, which is also located on the shore arm
of chromosome 11 at 11pl5, showed similar differ-
ences in intensity (data not shown), This mean:
thae the W7/ gene was not differencially amplified
in any of the cell lines. Variation in the number of
copies of 11p may exist but in general the number
of chromosome arm Fip largely balanced the towl
chromosome number, which suggests that the
small differerces in intensity are most probably
due to small variations in loading of the gels,

WT! Point Mutation Analysis

The HOT technique of chemical cleavage mis-
match anabysis was used 1o scan virtually the enrtire
coding sequence of W77 for point mutatiens. Only
the first 256 bp in exon 1 were omitted from this
analvsis, as the high GC content of this region ren-
ders it refractory to PCR amplification, "The malig-
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Figure 3. Southern blat analysis of the WT/ gene. EcoRl-digested genomic DNA, from a normal (NM-9)
and several matignant (Mere) mesathelial cell lines was hybridized to a P-labeled WT/ probe,

nant mcsothelioma cell lines Mero-14, -48b, -48¢, TABLE 2. mRNA Expression Levels of WTI, PDGFA,

-83, -84, and -123 were scanned for point mutations and JGF2 (6.0 and 4.8 kb) in Normal (NM) 2nd

in exons 1-6, encading the transregukatory do- HMalignant (Mero) Mesothelial Cell Lines, Expressed as
ain. and Mero-14 7-h 1Sh. d8¢, -83 84' % Relative Densitometric Units Over GAPDH

miain, nd sero-14, ---?f. - l.L -dac, 04 Bt S, Expression Levels

and -123 were scanned for point mutations in exons

6--10, encoeding the DNA-binding domain, The IGF2

only base change detected was a novel C to T

transition at nucleotide 768 (numbered according

to Gessler et al., 1990). This exon | transicion is 2

Cell line® WwTl PDGFA®  60kb  48kb

third base change and docs not cause amino acid NM-1 081 0.65 0 0.53
substitution (AAC/T encodes an Asn rosidue). Itis 2;1; g%z g:'; g,lg ggg
present in the homo/hemizvgous state in Nero- N5 012 062 082 0.48
48h, -48¢, and -123 {data not shown). No function- NM-12 0.08 ND 023 0.48
ally inactivating nonsense or missense mutations Mero-25 9,59 | 42 9 0.73
were derected (sce Table 1) Mero-123 0.91 2.22 0 0.68
WTI mRNA Expression in Relation to PDGFA and ms::_;zb g;z ;;i ?;2,3 égz
{GF2 mRNA Expression Mere-84 .14 1.55 om 023
In transient transtection assavs WT1 was re- Mero-48¢ 0.12 0.50 023 0.43

. L 3y Mero-t14 0.04 0.04 0 0.16

ported to repress the expression of PDGFA and Mero-81 0.04 118 0.0 018
IGF2 mromoter constructs. In order to see if the Mero.82 0 1.02 0 0.21
described varaden in W77 mRNA expression in Mero-72 0 259 2.37 2.62
our mesothelial cell lines could be refated o dif- Mero-95 0 2.62 0.07 0.44
ferent levels of PDGFA and IGH? mRNA, blots Meco-41 4 7.54 0.24 v

were rehybridized with probes for these two genes

and analyzed by densitometry, The resubts from a "Cell lines are arranged in descending order of WTJ expression
L . ' . levels,

FEpresentitive experiment are prescented as arbi- “Tataled Yevels of 28, 2.3, and 1.9 kb PDGFA transcripts,

trary units over GAPOIT signals in "Table 2, “ND, not determined
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Figure 4. Relative densitometric units of the mRNA expression lev-
els of WTI, PDGFA (2.8, 2.3, and 1.9 kb rotaled) and IGF2 (6.0 kb) in
normal (NM) and malignang (iMero) mesothelial cell lines. The data are

The densitometric data of the three PDGFA
cranscripts (2.8, 2.3, and 1.9 kb) were totaled, as
expression of these three messengers is under con-
trol of a single promoter region that contains con-
sensbs WTI binding sequences. Qur mesothe-
lioma cell lines demonstrated variation in PDGFA
mRNA expression, but in general the expression
level was higher than in normal mesothelial ccll
lines. In a few cell lines lacking W17 mRNA, a
relatively high PDGIA expression was seen (Mero-
41, -72, and -95), but other cell lines which did
show W77 mRNA expression, i.e,, Mero-96 and
-123, displayed a similar PDGFA mRNA level. Cell
line Mero-25, in which a very high W77 mRNA
level was seen, showed an intermediate level of
PDGFA cxpression. This intermediate PDGFA
level, however, was also seen in cell lines with a
lower W77 mRNA content than Mero-25. So, as is
also illustrated in Tigure 4, no clear correlation was
observed between WY and PDGFEA expression in
our mesathelial cell lines.

The 6.0 kb /GFZ transeript is the product of the
fetad P3 promoter, which contains WT1 consensus
binding sequences, whereas the 4.8 kb transcript is
expressed from a different fetal promoter (P4}, also
containing consensus W'l binding sequences.
Relatively high W71/ mRNA levels were found in
celt tines which do not express the 6.0 kb /GF2
transcript (INM-1 and Mero-25 and -123), but other
cell lines which demonstrated very low or n0 6.0 kb
IGF2 mRNA expression, like NAM-9 and Mero-i4,
-82, -83, -84, and -95, showed a low or intermedi-

12 25 1§23 480 96 84 48c

14 83 82 72 95 41
Mero

presented on a log scale. See Table 2 for the exact densitometric units,
Cell lines are arranged in descending order of WTI expression levels.
Expression levels that were not determined are Indicated by an asterise

ate W77 mRNA level, In the pancl of normal and
mesothelial cell lines no clear refationship, recip-
rocal or othenwise, was observed berween the 6.0
kh JGFZ and W mRNA level (see also Fig, 4).
The same holds true for the expression level of the
4.8 kb /GF2 transeript.

DISCUSSION

The W gene W77 on 11pl13 acquired s name,
as it was originally mapped by deletion analysis of
individuats with the WAGR (WT, aniridia, geni-
tourinary abnormalities, and menwl retardation)
syndrome (Ricecardi et al., 1978; van Heyningen ct
al., 1985}, The demonstration of constitutional and
somatic intragenic deletions in the W77 gene in 2
proportion of WT patients has confirmed that it is
& WT predisposition gene (Haber et ab., 1990;
Cowell et al., 1991; Huff et al., 1991; Brown et al.,
1992; Tadokero et al., $992). In expression studies
in human and mouse embrvos the W7Y gene was
reported to be involved in normal genitourinary
development {Pritchard-Jones et al., 1990; Arm-
strong et ak,, 1992). Because of this limited spatial
expression, W77 was suggested to be important in
tissies which are of mesodermal origin and which
undergo a mesenchymal to epithelial transition, al-
though expression was also observed in the spinal
cord and developing brain. Tn situ hybridization
studies showed high W17 expression in the devel-
oping Sertoli cells of the testis and granutosa cells
of the ovary (Pcletier et al., 1991; Armstrong ct
al., 1992).



128 CHAPTER 5.2

As the studies by Pritchard-Jones et al. {19920}
and Armstrong et al. (1992} had revealed the ex-
pression of W77 in the mesothelium, a specialized
epithelium lining the ceelomic cavities, an obvious
question was if expression of the W7/ gene could
be detected in mesothclioma as well, This
prompted us to study W77 expression in a panel of
normat and malignant human mesothelial cell
lines. Northern blot analysis revealed the consis-
tent presence of W77 mRNA in cultured normal
mesothelial cells, whereas in cultured malignant
mesothelioma cells a vasiadion in the expression
level, ranging from very high 1o undetectable, was
seen. We also found that cthe apparent lack of W77
mRNA expression in several of these cell lines
probably was not due to deletions or rearrange-
ments in the W77 gene. Furthermore, differences
in the W/ mRNA expression level between dif-
fecent cell lines could not be accaunted for by gene
amplification or a specific chromosemal aberration
on 1ip. Differences in transcription initiation or
RNA degradation thus most probably account for
the variation in V77 mRNA expression between
the malignant mesathelioma cell lines,

When the W77 expressing malignant mesothe-
lioma cell lines were analyzed for more subtle al-
terations within the coding sequence, no nonsense
or missense mutations were found. Thrce lines
contained an identical C 1o T transition in the se-
quence encoding the transregulatory  domain.
However, this mutation is predicted to be silent at
the protein [evel and therefore maost likely patho-
logically insignificant, Recently a homoezygous
WTT missense mutation that aleers a Ser residue in
the transregubatory domain has been reparted for a
single casc of human peritoncal mesothelioma
(Park et al., £993b). This case is unusuat in that the
mesothelioma was not asbeseos-refated and was not
actually a malignant tumor but rather a develop-
mental abnormality. In addition, Park et al,
(1993%) found no W7/ murations in 32 specimens
of asbestos-related mesothelioma, For our samples
it is possible that there are undetected W77 muta-
ticns in the 5-most coding region of exon 1 or in
the untranslated or intronic sequences of the gene.
The cell fines that Fail to show W77 mRNA expres-
sion mav additionally have mutations in the pro-
moter/control regions of the gene. Differences in
the oecurrence of the four alternative splicing prod-
wets, which may resule in altered specificity for
DNA binding sites (Bickmore ct al., 1992), were
not observed in our panck of W77 expressing me-
sothelia cell lines, All four vartants were identificd
earlier in WT cissue and in fetal kidney (Haber et

al., 199§; Brenner etal., 1992). In these tissucs the
transcripts with the 9 bp alernative splice were
suggested to be slightly predominant, whereas in
our mesathelial cell lines we did not observe this,
but a more quantitative assay has to be performed
to unravel this putative discrepancy.

Taken together, the results obtained in our
pancl of malignant mesothelioma cell lines thus
suggest that the W7/ gene may play a role as a
tHmor suppresser gene in a minority of human me-
sotheliomas, To test this in vivo, we started to
study primary tumor matertal from mesothelioma
patients, W77 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 combination with several other cell types, which
means thar this expression cannot be simply attrib-
uted 1o tumor cells, even though pleural fluids
with a high percentage of mesothelioma cells were
analyzed. Immunofluorescence staining with WT'}
antibodies andfor RNA in situ hybridization would
be more informative in this respect,

As the ovardan surface epithelium is considered
to be a specialized mesothelium (Papadaki and
Beilby, 1971) and several ovarian carcinoma cell
lines demonstrated a comparable PDGFA and
PDGFB mRNA expression to malignant mesothe-
lioma cell lines (Versnel et al., 1994), we also an-
alyzed several ovarian carcinoma cell lines for W7/
mRNA expression. Comparable to the expression
in malignant mesothelioma cell lines, in theee of
six serous ovanan carcinoma cell lines studied,
W7/ expression was observed on Northern blots,
while in the other three no W7/ transcripts were
detected (data not shown). Furthermore, we re-
cently observed a very high W77 mRNA level in
cell line COV-434, which is derived from a granu-
losa tumor of the ovary and thus is not of mesothe-
lial origin (data not shown}. This expression is in
agreement with the observed W77 expression in
ovarian granulosa cells (Armstrong et al., 1992).

Malignant mesotheliomas are classified as epi-
thelial, fibrousfmesenchymal, or hiphasic. e
therefore tried to correlate the morphelogy of the
various malignant mesothelioma cell lines with
their W77 mRNA expression level. Although the
highest expression was found in cell jine Mero-25,
which has the most cbvious epithelial morphelegy,
no clear coreclation could be observed between
WT/ mRNA expression and morphology. More-
over, normal mesothclial cells which can switch in
morphoelogy depending on the addition or removal
of EGT from the culture medium, showed similar
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W7t expression levels independent of the pheno-
type of the cells. So in these mesothelial cell lines
no evidence could be found for a WT1 role in the
mesenchymal to epithelial teansition of cells. How-
ever, this may be different in vive. Therefore, me-
sothelioma tissue from patients with a biphasic
{i.e., with mesenchymal and epithelial elements)
malignant mesothelioma should be studied with
W1 antibodies or by RNA in situ hybridization o
investigate the putative correlation berween W77
expression and morphology in vive.

It has been shown in transient transfection assays
that WTI represses POGFA (Gashler et al,, 1992;
Wang et ab., 1992) and /GF2 mRNA expression
(Drummeond et al., 1992), Our panel of normal and
malignant mesathelial ccll Hnes showing variation
in W1 mRNA expression was analvzed for PDGFA
and fGF2 mRNA levels as well. No clear relation-
ship, reciprocal or othenwise, between W77 and
PDGFA or IGF2 expression was found in our cell
lines, The fact that no clear comelation could be
found in cells endogenously expressing these
genes is in contrast with the repression seen in the
forementioned studies. However, these data were
obtained in cells upor transtection of W77 expres-
sion constructs together with PDGFA and [GF2 re-
poeter constructs, whereas we looked at endoge-
nous expression levels in a panel of cell lines, It
may also be that in our mesothelial cell lines other
factors arc also involved in regulating PDGFA and
IGF2 mRNA expression, thereby masking regula-
tion by WTL. Alternatively, mutations in the W'l
binding sequences in the promoters of these genes
may prohibit WT'l regulztion, It remains to be de-
termined, whether WT1 can regulate expression of
these genes in a physiological context. Evidence
for this may come from stable transfection of the
WTt gene in Mero cell lines lacking W77 or knock-
ing out the endogenous WF7 gene cxpression in
WT7 expeessing cell lines.

In summary, we have shown that W77 mRINA is
consistently expressed in normal mesothelial cell
lines and that there is no expression in a minerity of
malignant mesothelioma cell lines. No indications
were found for chromosomal aberrations, dele-
tions, rearrangements, funcdonally inactivating
issense or nonsense mutations, or an sberrant al-
ternative splicing pattern in these cell lines. The
W7t expression tevel dees not seem to correlate
with the mesenchymal or epithelial morphology of
the various cell lines in vitro. No inverse correla-
tion between W77 and PDGFA or IGF2 mRNA
expression was seen in our pancl 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
uncontroiled 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 malighant mesothelioma cells.

Expression pattern of PDGF chains and receptors in mesothelial cells in vitro and in vivo

Human malignant mesothelioma cell lines were found to express PDGF A- and B-
chain as well as PDGF R-receptor mRNA, whereas cultured normal mesothelial cells
demonstrated low expression levels of PDGF A-chain mRNA, PDGF o-receptor mRNA
and only occasionally R-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 mBNA 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
ohserved /n 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
mode| as suggested by Seifert et al. (8}, several possibfe interactions between PDGF
chains and receptors could in theory play a role in masothelial cell lines. The observation
that mesothelioma cells /n vitre and in vive express both PDGF and PDGF R-receptors,
supports the hypothesis that POGF (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 «-receptors) may play a role in
uncontrolled growth stimulation as well. It has been shown that PDGF «- 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 [-
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receptor dimer. To this end, the autophosphorylation status of PDGF R-receptors should
be analyzed in the mesothelioma cells. Furthermore, interference in the potential
autocrine loop by introduction of truncated PDGF R-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-stimutating 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 intraceliularly, as no clear PDGF-
like activity could be identified in the supernatant (unpublished resuits). Small
compounds called tyrphostins have recently been described as selective tyrosine kinase
blockers of PDGF and stem celt 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 motlecules, 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 celi line (17}, it would also be
interasting to check whether a recently identified candidate tumour suppressor gene
that is homologous to the extracellular domain of the PDGF [-receptor gens, is
inactivated in mesothelioma cells, 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 matignant 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 {i.e. 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 o- and B-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 causs 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 reporis. 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 (-150/-33) which contains roughly 80% of promoter
activity {21}, The region was further found to contain consensus DNA binding
sequences for Sp1l-like factors (22). In a region downstream of the transcription start
site {+50/+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 iranscription in
malignant mesothelioma cells as well. Alternatively, negative reguiating regions as
identified in the first exon or first intron (25,26), or other cell type-specific regulating
regions may play a 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 celi 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 celis

Activation of PDGF B-chain transcription in mallgnant mesothelioma cell fines was
studied in detail {Chapter 4.2}, Binding of one or more factors to the region around
nuclfeotide -81 and to the region around the transcription start site was observed by in
vive 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 alse demonstrated a small
decrease in reporter activity, no binding was seen, suggesting that actual binding to the
endogencus 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 {-684/-45) being especially important in this respect (28). By a combination
of reporter gene analysis and gel mobility shift assays or /n vive 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} & weak transcriptional activator in
untreated K662 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 DiNasel hypersensitive {DH} region at -9.9 kb of the PDGF B-chain transcription
start in enhancing PDGF B-chain mRNA expression in these cells {Chapter 4.2}, A DH
site at -9.9 kb, and also one at -8.6 kb, showed strong enhancer activity in TPA-treated
KB62 cells as well. In HelLa and PC3 cells the individual sites also showed enhancer
activity, but when combined in a larger fragment this activity was almost completely
tost {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 efevated PDGF B-chain
expression in the context of the genome. Future experiments should clarify the identity
of the factor{s} that bind to this -9.9 kb region, and also to the sequence around
nuclectide -61, in malignant mesothelioma cell lines.

Reguilation of PDGF «- and R-receptor expression in mesothelial cells

As for the PDGF chains, no consistent chromosomal or gene aberrations were
ohserved that could account for the modified expression of PDGF receptors. However,
unlike the situation for the PDGF chains, the differences in PDGF «- and RB-receptor
steady-state mRNA levels betwean normal and malignant mesothelial cells could not
simply be explained by differences in transcription onfy {Chapter 4,3}. The lack of clear
PDGF R-receptor expression in normal mesothelial colls seemed to be determined at the
transcriptional tevel. 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 o-receptor was found to be rather stable in the former and may
be rapidly degraded in the latter {Chapter 4.3). Although several studies have been
published identifying factors invelved 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-recsptor promoter revealed a 23
bp region that conferred tissue-specific PDGF a-receptor expression {3b}. The human
PDGF o-receptor promoter was found to be slightly larger (36}. it remains to be
determined whether this region is able to drive PDGF o-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 o-receptor transcripts (37). PDGF «-receptor
transcripts of a similar size weare not seen in the mesothslial cells, Thus far nothing has
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been published on activation of human PDGF #-receptor transcription or on the
mofecular cloning of its promoter. A 1.9 kb promoter fragment of the murine PDGF j-
receptor gene has only recently been cloned and analyzed by functional promoter assays
{38). Future studies will possibly reveal (additional) general and cell type-specific
enhancing and repressive elements of both PDGF « and R-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-31, 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 4.3}. As mesothelial cells produce TGF- themselves, the cells themselves may
thus in some cases be capable of modulating the PDGF autocrine loop in a positive way
via TGF-R1. In fibroblasts, vascular smooth muscle cells and mesangial cells
upregulation of PDGF R-receptor mRNA and protein expression by TGF-8 was shown to
be accompanied by increased PDGF B-chain mRNA expression {40-42). However, in our
cell lines no effect on PDGF B-chain mRNA levels was seen {data not shown), TGF-R1
stimulation of normal mesothelial cells resulted in decreased PDGF w-receptor levels,
which was also seen by others in cultured human fibroblasts {43} and smooth muscle

cells {44},

WT1 as a transcriptional regulater in mesothelial celis?

The WT1 gene product has been shown to have DNA binding and transcription-
regulating capacity. In transient transfection studies a.o, the PDGF A-chain, IGF2, and
IGFIR genes have been identified as potential target genes for regulation by WT1 (45-
48), The fact that in these studies WT1 was found to repress reportar 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
{receptor) genes such as PDGF A-chain and 1GF2, 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 WT1 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 reprassion {nor of activation}
by WT1 (Chapter 5.2), The same holds true for the WT1 and {GF2 levels. This is
different from the earlier mentioned transfection studies. However, these transient
studies only provide information about the ability of WT1 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 andfor IGF2 mRNA expression, mask the otherwise clear
relationship between WT1 and PDGF A-chain/IGF2. The observation that WT1 acts as a
repressor in the presence of functional p53 and as an activator in the absence of pB3, is
important in this respect {48), although a physiological interaction between WT1 and
p53 /n vivo remains to be shown. Rodeck et al. (50} hypothesized that WT1 action is
indeed influenced by the presence of mutant pb3 in a few of their melanoma cell lines.
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Preliminary resuits indicate that one of our malignant mesothelioma cell lines does not
seem to express pb3 mRNA. Most interestingly, this is cell {ine Mero-25, which has the
highest WT1 mRNA expression level. if the beforementioned idea turns out to be
correct, WT1 may thus play a role as a strong activator rather than an repressor in this
particular celi line.

To solve the question of WT1 transcription regulating capacity, further experiments
should be performed using the mesothelioma cell lines as a model system. In these
experiments the relationship between WT1 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 gense 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 masothelium, 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 mesothaelial
carcinogenesis was also studied. We found tack 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 {6b; Chapter 5.2). Furthermore, WT1 point mutations
that are frequently observed in Wilms tumours occurring in Denys-Drash syndrome
patients (66-58}, 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 germiine 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
profiferation 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 immunchistochemical and RNA jn 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 mescothelioma
as well. Lack of RB mRNA andfor protsin 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 immunchistochemically in a considerable proportion {25-
70%) of mesotheliomas (66-69). This detectable expression was interpreted as
overexpression of a mutant form of pB3, However, the correlation between
immunocytochemical detection and mutation of pb3 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 mesothellomas {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
neurcfibromatosis 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 cel
line material has revealed a complex heterogeneous pattern of chromosomal
abnormalities, involving non-random loss of chromosomes 1p {1p21-22}, 3p {3p21}, 4,
6q (6qi6-21), 9p (9p21-22), 22 and gain of chromosomes 5 and 7 at high frequancies
{75-83). Chromosoma 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 MTS1, encodes a 16 kDa protein (p16)} 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
16 kDa CDK4/CDK6 inhibitor that seems to he 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 PDGF 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 R-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 wa-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 js 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 1GF1 and EGF. There are a few
reports providing indirect evidence that IGF1 may play a role in the pathogenesis of
mesothelioma as well. Firstly, simultaneous expression of IGF1 and IGF1 receptor was
reported in mesothelioma cells {88}, 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 (91,82).

Growth factors like PDGF-BB (93,94} and also CSF1 {95} have been found to
increase cyclin D1 mRNA levels in fibroblasts. it remains to be shown that the
competence factor PDGF increases cyelin D1 levels in malignant mesothelioma cells as
well. Based on this assumption, however, it is tempting to speculate that in the
mesothelioma cells a PDGF-induced increase in cyclin D1 product may act in concert
with a decreased sequestration of CDK4 by its inhibitor p16 (see before). This
combination may fead the cell through its restriction point in G; of the cycle. Although
this deregulation of the cell cycle provides a nice mechanism for uncontrolied growth of
mesothelioma cells, it may prove too simple, as the cell may possess other inhibiting
factors that can replace the onos that are inactivated. Moreover, as transition trough G
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 PDGF 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 PDGF 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 batween PDGF-AA
and -BB. Recently appropriate antibodies have become available for WTH
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 WT1 protain expression in malignant mesothelioma cells. Analysis of WT1
protein expression does not allow for discrimination betwsen neoplastic mesothelial cells
and untransformed mesothelial cells {Chapter 5,2), 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 vive, 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 ashes-
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 ivolved. One of the growth factors
implicated in the pathogenesis of malignant mesothelioma is platelet-derived growth
factor (PDGF).

In this thesis, the expression of PDGF chains and receptors as well as their
reguiation 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 vitre and in vivo and to gst insight into the
mechanisms resulting in the characteristic PDGF chain and receptor expression patterns
in these cells.

A short summary on the diferential expression patterns of PDGF chains and
receptors in normal and malighant mesothelial cell lines is presented in Chapter 3.1.
Mesothelioma ceil lines demonstrated elevated PDGF A- and B-chain mRNA expression
compared to normal mesothelial cell fines. Furthermere, cultured normal mesothelial cells
were found to express PDGF a-receptor mRNA and only occasionally PDGF R-receptor
mANA, whereas malignant mesothelioma cell lines produced PDGF R-receptor mRNA
and no PDGF o-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 PDGF u-receptor proteins in normal mesothelial cells
and PDGF R-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 immunocytocherical
staining, we could only conclude that normal as well as matignant 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 technigques. 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 a-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 mesothelioma 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 R-receptor.

In view of this putative autocrine loop in malignant mesothelial cells, reguiation 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 o«- and B3-
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 B9 bases). This exon 8 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 (CHXj-treatsd 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 npecessary equipments for PDGF B-chain transcription initiation. Other
{epigenetic) mechanisms may be involved in silencing of this transcription in the normal
cells; CpG methylation and nucleosome positioning of the promoter region do not seem
to be important in this respect. An /n vivo footprint around bp -81, as observed in the
promoter region of mesothelioma 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 TCTC
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, deimonstrating enhancer activity in the mesothelioma cells,
probably further enhances PDGF B-chain expression in these cells,

Analysis of regulation of PDGF a- and B-receptor expression revealed that their
messenger production is controlled at distinct levels {Chapter 4.3}. The higher PDGF B-
receptor mMRNA expression in mssothelioma cells, compared to their normal
counterparts, is caused by a higher transcription initiation, as determined by nuclear run
off analysis. PDGF u-receptor mRNA expression is controiled at the post-transcriptional
level in these malignant cells, as they were found capable of synthesizing o-receptor
transeripts, which could not be dstected as steady-state messengers by Northern blot
analysis. The fact that in RNA of CHX-treated mesothelioma cells no PDGF u-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-B, 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-B1 may thus enhance the
autocrine PDGF loop via upregulation of PDGF B-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 mBNA, 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, spleen and the
mesothelial linings of coelomic cavities. We observed WT1 mRNA expression in our
normal mesothelial cell lines derived from aduits (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 celt 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
bilots, suggesting that in these cases the tumour suppressor gene WT1 may contribute
te the transformed character of the cell line, In the tested WT1 coding regions of WT1-
exprassing 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 WT1 and PDGF A-chain mRNA
levels in mesothelial celis 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 mBNA levels in these celfl lines. In transfection studies, IGF2 has also been
suggested to be regulated by WT1 proteins, but we could not find any correlation
between WT1 levels and endogenous IGF2 mRNA fevels 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 WT1.

in the studies described in this thesis we show that co-expression of PDGF B-
chains and PDGF R-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 reguiation 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 mescthelioma cell lines are primarily determined at the transcriptional level.
Decreased PDGF c-receptor expression is probably due to messenger instability. No
indications for regulation of PBGF A-chain transcription by WT1 have been found in
masothelial 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 mesothelicom is een 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
ons land nog steeds toe, ondanks een verminderd gebruik van asbest. Dit wordt
veroorzaakt door de lange latentietijd {15-45 jaren} tussen blootstslling aan asbest en
het tot uiting komen van de tumor. Hoewsl niet veel bekend is over de processen die
tijdens deze periode piaatsvinden, lijken veel groeiregulerende moleculen, waarvan
bekend is dat ze bijdragen aan ongeremde groei van getransformeerde cellen, hierbij
betrokken zijn. Eén van de groeifactoren waarvan wordt verondersteld dat deze een rol
speelt in de pathogenese van het malighe 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 mesotheelcallen /n
vitro en in vivo verder te karakteriseren en om inzicht te krijgen in de mechanismen die
resulteren in de karakteristicke PDGF keten en receptor expressiepatronen in die ceflen,

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. Mesothelicorncellijnen lieten verhoogde PDGF A- en B-keten expressie
zien vergeleken met normaal-mesotheelcelliinen. Verder bleken gekweekie normale
mesotheelcellen PDGF o-receptor mRNA en sporadisch PDGF B-receptor mRNA tot
expressie te brengen, terwifl maligne mesothelioomcellijnen PDGF RB-receptor mRNA en
geen PDGF a-receptor mBNA produceerden, voor zover detectesrbaar met Northern blot
assays. De eiwitten horende bij deze receptor mRNA moleculen werden eveneens
bepaald. Immuuncytochemische kleuringen, immuunprecipitaties en radioreceptor assays
bevestigden de aanwezigheid van PDGF «-receptor eiwitien in normale mesotheelcellen
en van PDGF f3-receptor eiwitten in maligne mesothelicomcellijnen {Hoofdstukken 3.1 en
3.2}. Gebruikmakend wvan specifieke antistoffen gericht tegen PDGF a-receptoren
konden in maligne mesothelfoomecellijnen eveneens PDGF w-receptorsn gedetecteerd
worden. Als gevolg van het feit dat er geen antistoffen, specifiek voor PDGF-AA of
PDGF-BB, beschikbaar zijn, konden we alleen 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 plsuravocht en tumorweefsel van mesothelioompatiénten
bestudeerd met immuunkleuringen. Zowel PDGF als PDGF R-receptoren werden
gevonden in maligne mesothesicellen afkomstig van pleuravocht, terwijf in
mesothelioom tumorweefsel ook PDGF o-recaptor eiwitten konden worden
geidentificeerd. In niet-maligne vochten brachten de mesotheelcellen PDGF en PDGF «-
receptor tot expressie. Het jn vivo immuuncytochemische patroon komt grotendesls
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 gegevens de
hypothese, dat mesothelioomcellen in staat zijn op een autocriene manier hun eigen
groei te stimuleren door de produktie van PDGF B-keten en de bijpassende hoog affiene
PDGF R-receptor.

Met het oog op deze mogelijke autocriene groeistimulatie van maligne
mesotheelcellen, is de regulatie van PDGF keten en receptor produktie in pormale en
maligne mesotheelcellen sen belangrijk onderwerp van studie. De regulatie van PDGF A-
en B-keten en PDGF o- en B-receptor expressie werden daarom in deze cellijpen
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 vercorzaakt. Eenduidige afwijkingen van chromosoomregio
7p22 {PDGF A-keten locus) of amplificatie of structurele herschikkingen van haet PDGF
A-keten locus liken niet verantwoordelijk te zijn wvoor deze verhoogde
transcriptiesnelheid. De aanwezigheid van ’alternatively spliced’ exon 6 (die zorgt voor
69 bp extra} bevattende PDGF A-keten transcripten werd evensens geanalyseerd in
zowel normale als maligne mesotheelcellen. Deze exon 6 sequentie, die codeert voor
een ‘cell retention’ signaal, kon nauwslijks aangetoond worden in A-keten transcripten
van één 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 PDGF B-keten mRNA
geldentificeerd 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 afwijkingen {22q) of
genherschikkingen voor dit effect verantwoordelijk waren. Activatie van PDGF B-keten
transcriptie werd verder bestudeerd met diverse assays. Basale door de B-keten
promoter geinduceerde CAT activiteit werd zowel in normaat-mesotheelcellijinen als in
maligne mesothelicomecellijnen gezien, wat aangeeft dat normale mesotheelcellen in
principe de noodzakslijke uitrusting voor initiatie van PDGF B-keten transcriptie
bevatten. Andere {epigenetische} mechanismen zouden betrokken kunnen zijn bij het
stillaggen 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 rond bp -61, zoals gevonden in de promoterregio van mesothelioomcellen,
maar niet van normale mesotheelcellen, laat hinding 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-keten expressie. Een
DNasel hypergevoelig gebied rond 9.9 kb upstream van de PDGF 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 u- en R-receptor expressie maakte duidelijk dat
hun messengerproduktie op verschillende niveaus wordt gecontroleard (Hoofdstuk 4.3).
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De hogere PDGF R-receptor mRNA expressie in maligne mesothelioomcelien, vergeleken
met hun normale tegenhangers, wordt veroorzaakt door een hogere transcriptie initiatie,
zoals bepaald met "nuclear run off" analyse. PDGF a-receptor mRNA expressia wordt
gecontroleerd op een post-transcriptionesl niveau in deze maligne cellen, aangezien ze in
staat werden gevonden tot synthese van «-receptor transcripten die niet als steady-
state mRNA via Northern blot analyse kon worden gedetecteerd, Het feit dat in RNA van
CHX-behandelde maligne mesothelicomcellen evensens geen PDGF «-receptors werden
geidentificeerd, suggereert dat CHX-ongevoaslige factoren waarschijnlijk de stabiliteit van
dit mRNA beinvioeden. Stimulering van normale en maligne mesotheelcellen mst TGF-
R1, dat een wvan de meest uitgebreid bestudeerde regulatoren van PDGF
receptorexpressie is, resulteerde in verlaagde PDGF «-receptor mRNA niveaus in de
normale mesotheelcellijnen, terwijl verhoogde PDGF R-receptorniveaus werden gezian in
2 van de 6 mesothelioomcellijnen. In die betreffende cellijnen zou TGF-R1 dus de
autocriene PDGF groeistimulatie via verhoging van PDGF R-receptor mRNA niveaus
kunnen versterken.

In Hoofdstuk 5.1 wordt het Wilms tumor {WT1) "susceptibility” gen produkt,
waarvan gesuggereerd wordt dat het als transcriptiefactor betrokken is bij regulatie van
PDGF A-keten mRNA expressie, geintroduceerd. Functionefe inactivatie van het WT1
tumor suppressorgen wordt verondersteld bij te dragen aan de vorming van (een
gedeslte 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 WT1 mRNA expressie in onhze van
volwassenen afkomstige normaal-mesotheelcellijnen {Hoofdstuk 5.2), Expressig in de
mesothelioomcellijinen was sterk variabel en niet gerelateerd aan de epitheliale of
fibreuze morfologie van deze celliinen. Daarnaast leidde een /n vitro geihduceerde
verandering in de morfologie van de normaal-mesotheelcellijnen niet tot een verandering
in WT1 niveau, In 4 van de 13 mesothelioomcellijnen werd geen WT1 mBNA gevonden
op Marthern biots, hetgeen suggereert dat het tumor suppressorgen W11 bij zou kunnen
dragen aan het getransformeerde karakter van de celliin in die gevallen. In de
onderzochte WT1 coderende gebieden wvan WT1 tot expressie brengende
mesothelioomcellijnen werden geen puntmutaties {"missense” of "nonsense"}
gevonden, terwijl alle vier beschreven WT1 splice varianten in alle gevallen
geidentificeerd konden worden.

In Hoofdstuk 5.2 wordt de mogelijke relatie tussen WT1 en PDGF A-keten mRNA
niveaus in mesotheelcsllen geévalueerd. De wvariatie in WT1 mRNA niveaus in de
mesothelioomeasllijnen correleerde op geen enkele manier met de endogene PDGF A-
keten mRNA niveaus in deze celliinen. In transfectiestudies is gesuggereerd dat IGF2
eveneens door WT1 elwitten wordt geregulserd, maar wij konden geen correlatie vinden
tussen WT1 niveaus en endogene IGF2 niveaus in onze cellijnen. Het zou zo kunnen zijn
dat andere factoren de expressie van PDGF A-keten en IGFZ genen eveneens
beinviceden, daarmee {gedeeltelijk) de transcriptieregulerende eigenschappen van WT1
verhullend.

De in dit proefschiift beschreven studies tonen aan dat co-expressie van PDGF B-
ketens en PDGF B-receptoren een belangrijk kenmerk van maligne mesothelioomcellen is
en dat onze mesotheelcellijnen 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-keien en R-receptor genen
in de mesothelicomcellijnen primair bepaald worden op transcriptieniveau. Verlaagde
PDGF u-receptor expressis is waarschijnlijk te wijten aan instabiliteit van het betreffende
mRNA Er zijn geen aanwijzingen gevonden voor regulatie van PDGF A-keten transcriptie
door WT1 in mesotheel cellijnen. De verhoogde B-keten transcriptie in maligne
mesothelioomcellijnen gaat gepaard met binding van een factor aan een TCTC-sequentia
in de B-keten promoterregio van die cellijnen. Een 5’ gelegen enhancersequentie zou
eveneens bij deze toename betrockken kunnen zijn. Toekomstige experimenten zullen
gericht moeten zijn op het identificeren en karakteriseren van de factoren die via de
gencemde 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 grijpen in de gepostuleerde autocriene PDGF
groeistimuiatie.
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Een introductie in het maligne mesothelioom, groeifactoren en transcriptie

Kanker is een zicktebeeld dat gekenmerkt wordt door een ongeremde groel van
cellen op een specifieke plaats in het lichaam. Kanker kan ontstaan in diverse 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 huikholte} 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. brandweraend 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.
Dit heeft te maken met de lange tijd tussen blootstelling aan asbest en de uiteindelijke
eorste ziekteverschijnselen en diagnose. Daze [atentietiid kan variéren van 15 tot
45 jaar. De toename in het aantal mesothelioompatiénten 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. groeifactoren een belangrijke rol spelen.
Groeifactoren zijn kieine eiwitten die door diverse celtypen geproduceerd en {meestal)
vitgescheiden kunnen worden. Cellen die in het bezit zijn van zgn. receptoren zullen
vervolgens die groeifactoren kunnen binden. Uiteindelijk leidt zo'n binding voor de
betreffende cel 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
DMNA ligt de blauwdruk voor de vorm en structuur van het eiwit opgeslagen, Via een
complex proces dat transcriptie wordt genoemd, wordt deze gecodeerde informatie
overgeschreven naar een tussenvorm, het mRNA, Dit proces is een noodzakelijke stap
die voorafgaat aan de uiteindelijke vertaling van de (gekopieerde} mRNA-code naar eiwit.
Dat laatste proces van vertaling hest translatie. Hoewel in diverse procsssen de eiwitten
de uiteindelijke werkzame stoffen zijn, is met name het wel of niet overschrijven 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 proefschrift, gaan over de regulatie

van transcriptie van een bepaalde groeifactor, PDGF ("platelet-derived growth factor”;
ofwel de groeifactor zoals die het eerst uit de bloedplaatjes werd gezuiverd}, in malighe
mesothelioomcellen, Voor deze studies zijn maligne mesothelioomceliijnen gebruikt; dat
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zijn van mesothelicompatiénten afkomstige kankercellen die in kweekflesjes groeien.
Daarnaast is voor een goede vergelijking gebruik gemaakt van gekweekte normaal
mesotheelcellen als gezonde tegenhangers wvan mesothelioomecellen. Uit het
bovenstaande is duidelijk wat een groeifactor is en wat een mallgne mesothelioom is.
De gedachte (hypothese} achter ons onderzoek was dat de door maligne
mesothelioomcellen geproduceerde groeifactor (PDGF) door diezelide 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 eigen celdeling
te stimuleren. In jargon heet dat; autocriene stimulatie van groei.

Uit diverse studies komen aanwijzingen die een dergelijk model ondersteunen; ook
ons onderzoek ondersteunt dit model. Van de groeifactor PDGF bestaan twee soorten
ketens, de zgn. A- en B-ketens, terwijl er ook twee PDGF receptorsoorten bekend zijn,
de o- en R-receptoren. Uit onderzoek is bekend dat met name de combinatie PDGF B-
keten/PDGF R-receptor leidt tot heel sterke binding en dus tot delingssignalen voor de
cel. Inventarisatie van de mesothelioomcellijnen laat zien, dat deze zowel PDGF A- als B-
keten mRNA maken, evenals PDGF RB-receptor mRNA. Hun gezonde tegenhangers, de
normale mesotheelcellen, producaren alleen PDGF A-keten en PDGF u-receptor mRNA
(Hoofdstuk 3.1}, De voor maligne mesothelioomcellen karakteristieke produktie van
PDGF B-keten en PDGF R-receptor mRNA wordt daarnaast ook teruggevonden in de
produktie van de betreffende eiwitten. Zowel gekweskte mesothelivomcellijnen als niet-
gekweekie cellen van maesothelioompatiénten blijken PDGF en PDGF B-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 mesotheelcallen zijn
vervolgens studies naar de regulatie van deze karakteristieke produktie gestart, De
verhoogde produktie van PDGF A-keten mRNA in maligne mesothelicomeelien blijkt het
gevolg te zijn van een hogere snelheid van transcriptie (Hoofdstuk 4.1). De hoge PDGF
B-keten mRNA produktie wordt veroorzaakt doordat mesothelicomcellen voor dit
gedeoelte DNA eveneens een hoge transcriptiesnelheid vertonen. Dat het onmogelijk
bleek in normale mesotheelcellen PDGF B-keten mRNA aan te tonen, lijkt het gevolg te
zijn van het ontbreken van PDGF B-keten transcriptie in deze cellen (Hoofdstuk 4.2},
Bepaalde {nog niet nader geidentificeerde) eiwitten, die binden aan gebieden in het DNA
met een regulerende functie, lijken betrokken te zijn bij dit verschil in PDGF B-keten
transcriptie tussen normale mesctheelcellen en maligne mesothelioomcelien. 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 esn wat
verder gelegen gebied {Hoofdstuk 4.2). Bij de PDGF receptoren bleek iets anders aan de
hand. Ondanks het feit dat in mesothelioomcellen geen PDGF o-receptor mRNA werd
gevonden (zie eerder), blijki dat deze cellen, net zoals mesotheelcellen, wel degelijk
PDGF o-receptor mRNA kunnen maken. Het uiteindelijke verschil tussen de normale en
de kankercellen wordt vercorzaakt doordat dit PDGF  o-receptor mRBNA in
mesothelioomcellen snel afgebroken wordt, maar in normale mesotheeicellen niet.
Normale mesotheelcellen blijken verder niet in staat tot PDGF R-receptor transcriptie,
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terwijl mesothelioomcellen wel transcriptie van dit DNA gedeeite vertonen (Hoofdstuk
4.3).

Tensloite is van sen bepaald eiwit, het WT1 {genocemd naar Wilms tumoren,
tumoren van de nieren, waar dit eiwit het eerst is beschreven) tumorsuppressor eiwit,
gesuggeraerd dat het een rol 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 remimende functie in bepaalde situaties de betreffenda cel tot
een kankercel kan maken. Hoewel deze bevindingen erg goed zouden kunnen passen in
het proces van tumorvorming in maligne mesothelioomcellen, biijkt experimenteel dat
WT1 mRNA slechts in een kleine minderheid van mesothelioomecellen afwezig is, terwijl
de rol van WT1 als regulator van PDGF A-keten transcriptie ook niet heel duidelijk is in
mesothelioomcelien,

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 R-receptoren door masothelioomcellen belangrijk
is. Daarnaast wordt beschreven hoe de karakteristieke PDGF keten produktie en PDGF
receptor produktie van mesotheelcellen en maligne mesothelicomcellen worden
geregeld. In geval van de PDGF B-keten produktie bij mesothelioomcellen is een aantal
gebieden rond het PDGF B-keten BNA gedeslte geidentificeerd, waar eiwitten binden,
die een essentidle rol lifken te spelen in PDGF B-keten transcriptie,

Verdere studies zullen nu moeten uitwijzen in hoeverre ingrijpen in de produktie
enfof werking van de groeifactor PDGF {m.n. PDGF B-keten of PDGF RB-receptor} leidt tot
een remming van groei van de kankercellen. Wellicht vormen de beschreven regulerende
gebieden een goed aangrijpingspunt voor gen dergelijke strategie.
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ABBREVIATIONS

a.4, ! amino acid
At D 1 actinomycin D

bp : basepair

BSA + bovine serum albumin

BWS : Beckwith-Wiedemann syndrome
cDNA ;. complementary DNA

CAT . chloramphenicol acetyl transferase
CHX t cycloheximide

c-onge + cellular oncogene

CSF : colony stimulating factor

DDS : Denys-Drash syndroma

DH : DMasel hypersensitive

DNA : deoxyribenucleic acid

EGF i epidermal growth factor

ECM ! extracellufar matrix

EMA i epithelial membrane antigen

FAK 1 focal adheslon kinase

FCS : fetal calf serum

FITC ¢ fluorescein isothiocyanate

GAP : GTPase activating protein

GAPDH i glyceraldehyde-3-phosphate dehydrogenase
Grb 1 growth factor receptor beund

GTP ¢ guanosine triphosphate

HC 1 hydrocortisone

IF + immunofluorescence

IGF : insulin-like growth factor

kb : kilobase

kDa : kilo Dalton

LOH : loss of haterozygosity

M 1 mesothelial cells

Me 1 malignant mesothelioma cells

Mero 1 malignant mesothelioma cell line
mRNA 1 messenger RNA

NA 1 not applicable

ND ! not determinad

NM ¢ normal mesothelizl cell line

p 1 ghort arm of chremosoma

P13-K 1 phosphatidyl inesitol 3 kinase

PBS 1 phosphate-bufferred saline

PCR 1 polymerase chain reaction

PDGF : platelet-derived growth factor

PLCy ¢ phospholipase cy

PTP ¢ proteln tyrosine phosphatase

q ¢ long arm of chromosome

RidA : ribonucleic acid

RT ! reverse transcription or room temperature
SH2 1 Sr¢ homology 2

S8C : standard saline citrate

TGF : transforming growth factor

TPA : 12-O-tetradecanoylphorbo) 13-acetate
TRITC : tetramethylrhodamina isothiocyanate
uTs . untranslated sequence

v-one 1 viral encogene

WAGR (syndrome) 1 Witms tumour, aniridia, genitourinary abnormalities, mental retardation-syndrome

WT ¢ Wilms tumour



DANKWOORD

Een proefschrift schijnt het tastbare hewijs te zijn, dat een onderzoeker in staat is
op zelfstandige wijze onderzoek te doen en de resultaten daarvan aan het papier toe te
vertrouwen. Dit zou kunnen suggereren dat een promovendus alle resultaten en de
presentatie daarvan dus alleen heeft verzorgd. Niets is minder waar; velen zijn met
kleine of grote woorden, gebaren, kritieken en suggesties betrokken geweest bij de
totstandkoming van dit boek. Tegen een ieder die deze schoen past, wil ik dan ook
zeggen: hartelijk bedankt. Een aantal personen wil ik graag nog expliciet noemen.

Als respectievelijke co-promotor en promotor wil ik Dr. Marjan Versnel en
Prof. Dr. Rob Benner bedanken voor hun bijdrage, Marjan, bedankt voor de vrijheid en
de mogelijkheden zelfstandig mijn sigen weg in het onderzoek te vinden en om nisuwe
zijterreinen van onderzoek {zowel voor jou als voor mij} te verkennen. Jouw vertrouwen
in de goede afloop heb ik gewaardeerd. Rob, bedankt voor je steun op de achtergrond
en de nauwkeurigheid waarmee je het proefschrift hebt bestudeerd.

De overige leden van de leescommissie, Prof. Dr. Jan Hoeijmakers, Prof. Dr. Theo
van der Kwast en Prof. Dr. Joop van Zoslen, wil ik bedanken voor de vakkundige wijze
waarop zij dit proefschrift hebben doorgenomen en voor hun waardevolle adviezen.
Theo, jou wil ik bovendien bedanken voor je aanstekelijke enthousiasme over en
waardevolle inbreng in dit onderzoek gedurende de afgefopen jaren.

Vslen op lab 867 hebben op een of andere manier geholpen mijn promotietijd met
dit proefschrift af te ronden. Een speciaal woord van dank is daarbij op z'n plaats voor
Monigue Bouts, Monique, in de periode dat ik als student Biologie aan het
mesotheliocomonderzoek begon, heb jij mij de fijne kneepjes van de verschillende
expressiestudies en van het kweken bijgebracht. In volgorde van optreden/opkomst
bedank ik verder Melang Haarbrink, Héléne Vietsch, Elke de Laat, Mascha Verheggen,
Carin van der Linden, Petra Adriaansen, Sandra Jainundansing, Helena de Bont, Vincent
van der Velden (alias "Sjonnie"), Jan-Bas Prins, Bertina Goense, Yok-min Tsang en Petra
van der Spoel voor hun hoofd-, gast- en bijrolietjes in het stuk getiteld: "Regulatie van
PDGF keten en receptor expressie in mesothelioomeellijnen”,

Twee van hen in het bijzonder, Carin en Elke, hebben mij in de tweede helft van
het onderzoek ook op praktische wijze geholpen, Zonder die hulp zou het proefschrift
niet geworden zijn wat het nu is, Het is dan ook niet meer dan logisch dat zij deze
officigle afronding van mijn promotieonderzoek als paranimfen meemaken, Carin, als
eerste kwam jij mij helpen. Jouw geRUN {ON & OFF) heeft voor veel leuke resultaten
gezorgd. Daarnaast heb ik {soms met wat verbazing) geprofiteerd van je nauwkeurige
administratie van al die gegevens. Bedankt voor al je hulp. Elke, nadat je eerder al veel
(te veeol?} gekieurd had, ben ik blij dat je in de laatste fase leerde CATten. Dat werk
heeft veel interessante resultaten opgeleverd. Bovendien heb ik jouw flexibiliteit in je
werk zeer gewaardeerd. Ook jij badankt voor alle hulp.

De experimenten doen is één, de resultaten opschrijven is twee, maar dat alles
uiteindelijk tot een lessbaar boek maken vereist weer heel andere vaardigheden. |k ben
dan ook blij dat ik daarbij hulp heb gehad van de secretaresses voor tabellen en lay-out,



1568 Dankwoord

en van Tar voor foto’s en figuren. Geertje, Marjo, Rieke, Annelies en met name in de
laatste fase Petra en Daniélle bedankt voor jullie hulpvaardigheid en Tar bedankt voor je
ongekende precisie en vakwerk,

Verder wil ik alle medewerkers van de afdeling Immunologie bedanken voor hulp en
steun in de vorm van koffie en schoon glaswerk {Jopie, Joke, Elly, Ronald en Louise),
hastellingen en administratie (Tom, Henk, Yvonne en Renate) en diverse gesprekken en
discussies {alle anderen}. Een speciaal bedankje nog aan de collega-feestcommissieleden
van FC FIDO {Ann, Annemarie, Reno en Jeroen} voor de gezellige tijd.

ik heb het zeer waardevo! gevonden om in de verschillende studies ook samen te
werken met mensen van andere afdelingen, andere universiteiten en zelfs van buiten
Nedarland, Binnen de Erasmus Universiteit en het Academisch Ziekenhuis Rotterdam
waren dat Dr. Henk Hoogsteden van de afdeling Longziekten, Prof. Dr, Anne Hagameijer
en Eisa Franken van de afdeling Genetica en van de afdeling Pathologie Prof. Dr. Theo
van der Kwast, Ton de Jong en Mick Delahaye.

De samenwerking met de groep van Prof. Dr. Peter Bloemers in Nijmegen is van
doorslaggevende betekenis geweest voor de uviteindelijke inhoud van dit boekwerk. Met
name het enthousiasme en de vakKUNdigheid van Dr{s}). Ron Dirks zullen mij bijblijven,
Ron, bedankt voor je fantastische hulp en veel succes bij jouw promotie; je bent me
toch nog net voor.

I would fike to thank Prof. Dr. Nick Hastie, Kathy Williamsson, and Kiyoshi
Mivagawa from the Medical Research Council, Human Genetics Unit in Edinburgh for
the collaboration on the very interesting and fascinating WT1 tumour suppressor gens.
Dear Nick, [ really appreciated your interest in our studies and your enthousiasm to try
to solve some questions on the role of WT1 in measothelioma in a collaborative effort.

De bijdrage van familie, vrienden en bekenden is van een geheel andsre (vaak
indirecte) aard, maar daarom zeker nist minder belangrijk. De interesse en vooral ook het
enthousiasme van jullie allemnaal zijn veor mij altijd een extra motivatie geweest tijdens
de afgelopen jaren. Pa en ma, jullie wil ik bedanken voor jullie interesse in mijn werk en
vooral ook voor het feit dat jullie je kinderen gestimuleerd hebben om een eigen weg in
te slaan. Wie had kunnen denken dat die wegen elkaar nog eens zouden Kkruisen en tot
een gezamenlijk boek (inhoud en omslag) zouden leiden? Frank, bedankt voor het
ontwerp van de omslag,

Lieve Marjolein, jou wil ik tenslotte bedanken voor je interesse in "het werk” en je
stimulerende houding. Jouw vragen naar het hoe en wat van mijn proeven en resulitaten
dwongen me steeds daar helder over te denken en te praten. Hoewel je zelf vindt dat
het afzien wel mee is gevallen, kan ik in ieder geval zeggen dat de zin "tk moet nog wat
aan m’'n proefschrift doen vandaag" vanaf nu veranderd is in "lk hoef niets meer aan

m’'n proefschrift te doen”,



2 februari 1967
juni 1985

september 1985
september 1986

oktober 1980

janvari 1991 -
maart 19856

sinds april 1985

159

CURRICULUM VITAE

Anthonie Willem {Ton) Langerak

geboren te Rotterdam

eindexamen gymnasium $ CSG Johannes Calvijn, Rotterdam
begin studie biclogie Rijksuniversiteit Leidan

propaedeutisch examen biologle

doctoraal examen biologie met hoofdvakken:

*  moleculaire biologie {Prof. Dr, R.A. Schilperoort, Dr, P.J.J. Hooykaas,
vakgroep Molaculaire Plantkunde, Rijksuniversiteit Leiden)

* immunologie (Prof. D¢, R. Benner, Dr. M.A. Versnel, afdeling
Immunologia, Erasmus Universiteit Rotterdam)

promotieocnderzoek

"Regulation of PDGF chain and receptor sxprassion in human malignant
mesothelioma cell lines" {o.l.v, Dr, M.A, Versnel, afdeling Immunologie,
Erasmus Universiteit Rotterdam)

cursussen:

* immunologie

* Engels {The Oxford Examination in English as a Forelgn Language}
* biostatistiek

* inleiding In de klinlsche en experimentele oncologie (NVvO)

* proefdierkunde {ex. art. 3 Wet op de Dierprosven)

* Oncogenesis and Tumor Biology

ontwikkeling en toepassing van moleculair-immunologische diagnostisk
binnen de afdeling Immunologie wvan het Acadamisch Ziekenhuis
Rotterdam - Dijkzigt



160

10.

i1,

LIST OF PUBLICATIONS

Varsnel MA, Bouts MJ, Langerak AW, van der Kwast ThH, Hoogsteden HC, Hagemeijer A, Heldin
C-H. Hydrocortisone-induced increase of PDGF R-receptor expression in a human malignant
masothelioma celt line, Exp. Cell Res. 200: 83-88, 1992,

Langerak AW, Dirks RPH, Versnel MA. Splicing of the platelet-derived growth factor A-chain mRNA
in human malignant mesothslioma celt lines and regulation of its expression. Eur. J, Biochem, 208:

589-598, 1992,

Langerak AW, Vietsch H, Bowts MJ, Hagemeijer A, Versnel MA., A spontaneously in vitro
transformed mesothelial cell line has a similar pattern of PDGF chain and PDGF recepter expression
to malignant measothelioma cell lines. Eur. Resplir. Rev. 3: 170-174, 1993,

Versnel MA, Langerak AW, van der Kwast ThH, Hoogsteden HC, Hagemeijer A. Exprossion of
PDGF chains and PDGF receptors in human malignant and normal mesotheliat cell lines. Eur. Respir.

Rev, 3: 186-188, 1993,

Versne! MA, Haarbrink M, Langerak AW, de Laat PAJM, Hagemeijer A, van den Berg L, Schrier PL
Human ovarian tumors from epithelial origin express PDGF /n vitro and /n vivo. Cancer Genet,

Cytogenet. 73: 60-64, 1994,

Langerak AW, Williamson KA, Miyagawa K, Hagemeijer A, Versnel MA, Hastie ND. Expression of
the Wilms’ tumor gene W77 in human matignant mesothelioma cell lines and relationship to
platelet-derived growth factor A and insulin-like growth factor 2 expression. Genes Chromosom.
Cancer 12: 87-96, 1995,

Langerak AW, de Laat PAJM, van der Linden-van Beurden CAJ, Delahaye M, van der Kwast ThH,
Hoogsteden HC, Benner R, Versnel MA. Expression of PDGF and PDGF receptors in mesothelioma
in vitro and in vive. J. Pathol,, in press,

Langerak AW, van der Linden-van Beurden CAJ, Versnel MA, Regulation of differential expression
of PDGF and R-receptor mBNA in normal and malignant human mesothelial cell fines. Biochim.
Biophys. Acta, in press.

Langerak AW, Dirks RPH, de Laat PAJM, Prins J-B, Bloemers HPJ, Versnet MA. Mechanism of
transcriptional activation of PDGF B-chain expression in human malignant mesotielioma cell lines.

Submitted for publication.

Hoogsteden HC, Langerak AW, van der Kwast ThH, Versnel MA, van Gelder T. Malignant pleural
mesothelioma. Submitted for publication.

Van Dongen JJM, van den Beemd MWM, Schellekens M, Wolvers-Tettero ILM, Langerak AW,
Groeneveld K. Analysis of malignant T-cefls with the VB antibody panel. Immunologist, in press.



	REGULATION OF PDGF CHAIN AND RECEPTOR EXPRESSION IN HUMAN MALIGNANT MESOTHELIOMA CELL LINES = Regulatie van PDGF keten en receptor expressie in humane maligne mesothelioomcellijnen
	CONTENTS
	1 - INTRODUCTION
	2 - OUTLINE OF THE THESIS
	3 - EXPRESSION OF PDGF CHAINS AND RECEPTORS IN MESOTHELIAL CELLS IN VITRO AND IN VIVO
	3.1 - Expression of POGF chains and POGF receptors in human malignant and normal mesothelial cell lines. M.A. Versnel, AW. Langerak, Th.H. van der Kwast, H.C. Hoogsteden, A Hagemeijert - Eur Respir Rev .. 1993. 3: 11. 186-188.
	3.2 - Expression of platelet-derived growth factor (PDGF) and PDGF receptors in human malignant mesothelioma in vitro and in vivo.  Langerak AW, De Laat PA, Van Der Linden-Van Beurden CA, Delahaye M, Van Der Kwast TH, Hoogsteden HC, Benner R, Versnel MA.  J Pathol. 1996 Feb;178(2):151-60. PMID: 8683381 [PubMed - indexed for MEDLINE]

	4 - REGULATION OF PDGF CHAIN AND RECEPTOR EXPRESSION IN MESOTHELIAL CELL LINES
	4.1 - Splicing of the platelet-derived-growth-factor A-chain mRNA in human malignant mesothelioma cell lines and regulation of its expression.

Langerak AW, Dirks RP, Versnel MA.

Eur J Biochem. 1992 Sep 15;208(3):589-96.
PMID: 1396665 [PubMed - indexed for MEDLINE]Free Article
	4.2 - MECHANISM OF TRANSCRIPTIONAL ACTIVATION OF PDGF B-CHAIN EXPRESSION IN HUMAN MALIGNANT MESOTHELIOMA CELL LINES. Anthonie W. Langerak. Ron P.H. Dirks. Petronella A.J.M. de Laat, Jan-Bas Prins, Henri P.J. Bloemers, Marjan A. Versnel
	4.3 - Regulation of differential expression of platelet-derived growth factor alpha- and beta-receptor mRNA in normal and malignant human mesothelial cell lines.

Langerak AW, van der Linden-van Beurden CA, Versnel MA.

Biochim Biophys Acta. 1996 Feb 7;1305(1-2):63-70.
PMID: 8605252 [PubMed - indexed for MEDLINE]

	5 - WT1 EXPRESSION IN MESOTHELIAL CELL LINES
	5.1 - THE WILMS TUMOUR WT1 GENE. Anthonie W. Langerak and Marjan A. Versnel
	5.2 - Expression of the Wilms' tumor gene WT1 in human malignant mesothelioma cell lines and relationship to platelet-derived growth factor A and insulin-like growth factor 2 expression.

Langerak AW, Williamson KA, Miyagawa K, Hagemeijer A, Versnel MA, Hastie ND.

Genes Chromosomes Cancer. 1995 Feb;12(2):87-96.
PMID: 7535092 [PubMed - indexed for MEDLINE]

	6 - GENERAL DISCUSSION
	SUMMARY
	SAMENVATTING
	SAMENVATTING VOOR DE GE'INTERESSEERDE LEEK
	ABBREVIATIONS
	DANKWOORD
	CURRICULUM VITAE
	LIST OF PUBLICATIONS

