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CHAPTER 1

INTRODUCTION

The molecular basis of neoplasia has been a topic of
intensive research during the past few decades. The relation,
suspected since a long time, between DNA aberrations caused by
mutagenic agents, and carcinogenesis was greatly substantiated by
spectacular developments in the field of tumorviruses. Especially
the study of RNA tumorviruses has greatly enhanced our knowledge
on the mobility of genetic elements. Although these viruses are
of general significance, their impact on tumor biology can hardly
be underestimated. Moreover, they have served as important tools
to study malignant transformation in model systems. Two groups of
RNA tumorviruses are known now, the slowly and the acutely transforming retroviruses. The latter of these as well as the DNA
tumorviruses have as common denominator genetic elements, called
viral oncogenes (v-onc), that furnish them with their oncogenic
potential. The characterization of these genes and their subsequent isolation by means of recombinant DNA techniques, have
proven to be an important step in the understanding not only of
cellular growth and differentiation but also of deregulation of
these processes, which is probably the cause of cancer.
Characterization of cellular oncogenes and their products
The present excitement about viral oncogenes and human
cancer began when genetic sequences were found in the genomes of
higher eukaryotes (Stehelin et al., 1976; Bishop, 1983; Fishinger
et al., 1982) that were homologous to retroviral one genes. The
recombination between a slowly transforming RNA tumorvirus and
its host genome (Weisz et al., 1982) may result in the generation
of acutely transforming retroviruses. Thus, such genesis of viral
transforming capacity opens a way to
identify potentially
oncogenic sequences, also called proto-oncogenes (Stephenson et
al., 1979).
Cellular genetic sequences with oncogenic potential were not
only revealed by the more or less fortuitous approach described
above, but also by a direct assay, the transfection assay in
which tumor DNA is transfected onto recipient cells (e.g. NIH
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3T3). Such cells can become transformed upon taking up an
activated proto-oncogene (Shih et al., 1981). The third approach
that led to the identification of cellular oncogenes is based
upon proviral insertion: after integration of their genome in the
host genome, slowly transforming
retroviruses may activate
cellular genes which can lead to the deregulation of key functi
ons in the cell and, subsequently, to the development of a tumor.
In fact, this explains the slow onset of disease after infection
by these viruses. Once this elusive principle was recognized
(Hayward et al., 1981), comparison of integration sites of mouse
mammary tumorviruses led to the discovery of int-1 (Nusse et al.,
1982) and later to an entire new set of proto-oncogenes.
Together
these
various
approaches have revealed the
existence of
more than
fourty oncogenes
and the normal
physiological role of these genes is now in the focus of
molecular oncology research. The proto-oncogene products whose
function are already elucidated are often linked to transduction,
exertion or reception of growth signals, as is shown in the
following list:
- p 2 1 r a s molecules , encoded by the members of the ras gene
family, resemble both in structure and in GTP-binding charac
teristics a G-protein (Fleischman et al., 1986; Lascal et al.,
1986). Even though their precise role in the signal transduction
pathway is not yet known, it is likely that certain activating
pointmutations in the p21 ras molecule (Barbacid, 1987; Bos et
al., 1986; Fujita et al.. 1985; Der et al., 1986) deregulate this
process and cause morphological transformation.
- The c-sis proto-oncogene encodes the В chain of plateledderived growth factor (Deuel et al., 1983; Doolittle et al.,
1983; Waterfield et al., 1983) and although the way of activation
is unknown (van den Ouweland, 1987), it is likely that a deregul
ated growth factor function, possibly the mimicking of PDGF
(Huang et al., 1984; Johnsson et al., 1985а,Ь, 1986), is the
causal step in transformation by v-sis.
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- The linkage between receptors and proto-oncogene products was
established by the discovery that v-erb-B encodes a truncated
version of the epidermal growth factor receptor (Downward et al..
1984; Ullrich et al., 1984). The truncation, caused by retroviral transduction, is likely to be the step that has led to the
activation of this gene. Likewise, Sherr et al. (1986) showed
that the c-fms proto-oncogene encodes a membrane bound tyrosine
kinase, that appeared to be closely related or identical to the
colony stimulating factor (CSF-1) receptor, and is activated by a
truncation at the C-terminus (Coussens et al., 1986).
- By far the largest group of oncogenes with a common functional
domain, is that of the tyrosine kinase encoding genes. Whereas
some of their gene products are membrane bound and have a receptor function (see previous section), the function of others is
more obscure. They have no structural characteristics that would
allow membrane attachment and are therefore called cytoplasmic
tyrosine kinases (for a review, see Hunter, 1986). Nevertheless,
sometimes they appeared localized at the plasmamembrane. In the
case of pp60 c " s r c , myristilation at the N-terminus might be
instrumental in membrane attachment (Kamps et al., 1985; Bus et
al., 1986). The way in which the v-fes product is attached to the
membrane (Feldman et al., 1985, 1983; Mathey-Prevot ,et al.,
1982) is not yet elucidated. The gag-pl5 portion might be
responsible for this phenomenon (Van de Ven et al., 1978). Since
phosphorylation of receptors is an important step in the regulation of the function of these molecules (Sibley et al., 1987),
tyrosine kinases are also likely to be implicated in the signal
transduction pathway. Aberrations in the functioning of these
molecules is presumably the step that eventually could lead to
transformation.
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Receptors and proto-oncogenes
Studies on receptors at the structural level and their
relation to proto-oncogenes have revealed intriguing phenomena
that might have implications for cancer research.
Detailed comparison of amino acid sequences of receptor
molecules shows that most of them contain one or more characteristic domains depending on the type of receptor. Important
receptor features are the kinase domain, the transmembrane
domain, which is sometimes present in multiple copies, and the
cysteine-rich domain, which can also be present in multiple
copies. A number of receptors contain structurally similar kinase
domains and cysteine-rich regions, suggesting that these arose by
duplication and shuffling of the same ancestral genetic sequences. In the human insulin receptor, hIR (Ullrich et al., 1985),
and the v-erb-B oncogene related human epidermal growth factor
receptor, hER (Ullrich et al., 1984), for example, the tyrosine
kinase domains and
cysteine-rich regions are structurally
similar. The latter ones show also a high degree of homology with
the cysteine-rich domain of the low density lipoprotein receptor
(Sudhof et al., 1985; Yamamoto et al., 1984), a so called coated
pit receptor.
The c-fms proto-oncogene product and the PDGF-receptor both
lack such a cysteine-rich domain. The tyrosine kinase domain of
these proteins differ from hIR and hER by the fact that the
phosphorylation acceptor site is separated by a spacer region
from the catalytic domain of the enzyme. The c-kit proto-oncogene
product has the same features (Coussens et al., 1986; Yarden et
al., 1986).
Some non-membrane bound hormone receptors, like the glucocorticoid receptor
(Hollenberg et al., 1985), the thyroid
receptor (Weinberger et al., 1986) and the oestrogen receptor
(Green et al., 1986) have homologous cysteine-rich repeats that
are related to that of the v-erb-A oncogene (Sap et al.,1986,;
Weinberger et al., 1986; Green et al., 1986).
Another group of membrane receptors have as characteristic
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feature their coupling to G-proteins. These include receptors
such as the light "receptor" rhodopsin and the ß2-adrenergic
receptor(Dixon et al., 1986; Rubo et al., 1986), which are
structurally homologous (Sibly et al., 1987). The mas oncogene
probably belongs to this class of receptors. Its translation
product has a hydrophobicity pattern that is strikingly similar
to that of rhodopsin and this may reflect structural and functional similarities in these proteins (Young et al., 1986).
Recently, a new "super-family" of receptors was molecularly
characterized, among which the chemically gated ion-channel
receptors, like the j'-amino butyric acid(GABA)/diazepine receptor
and the nicotinic acetylcholine (nACh) receptor. They also
exhibit structural homology (Schofield et al., 1987). Yet another
class of membrane bound receptors are the integrins (Hynes,
1987), which function as receptors for extracellular matrix
proteins. A link to proto-oncogenes of these last two classes of
receptors remains to be established. However, if they are
involved in activating a critical component in a growth regulatory pathway, perhaps by serving in signal transduction or as a
membrane channel, they very likely will once get their protooncogene status just like the others mentioned above.
An issue that still remains, pertains to the mechanisms that
lead to mobilization of the oncogenic potential of receptor
genes. Recent studies have provided some clues for understanding
this. It is well known that receptors themselves are subject to
various forms of regulation which influence their biological
activity, conformation and subcellular distribution. Interaction
of the receptor with its ligand, for instance, may induce
conformational changes which then may trigger a profilerative
response. In a number of plasma membrane receptors, it was shown
that phosphorylation plays a key role in this. It is, therefore,
conceivable that alterations in receptor structure and/or changes
in phosphorylation events lead to escape from regulation of
normal receptor function and, because of that, to triggering of
oncogenic behavior. As an example, the epidermal growth factor
receptor is briefly discussed. As mentioned before, EGF-receptor
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truncation apparently contributes to mobilization of oncogenic
potential. This was concluded from comparative studies of the
viral oncogene v-erb-B, which encodes an EGF-receptor-related
protein that misses the major part of the extracellular ligandbinding domain, and the EGF-receptor itself. It was suggested
that the primary physiological function of EGF is induction of
conformational changes in EGF-receptor molecules, possibly by
cross-linking them. Following such an activation step, all the
requirements necessary for triggering a proliferative response in
a cell reside in the receptor itself. Involved in this response
is probably also an intrinsic function of the receptor, namely
its ability to phosphorylate tyrosine residues. This activity
again is
controlled by various regulatory mechanisms. The
activity can be enhanced, for instance, by autophosphorylation
(e.g. upon ligand binding) via an intramolecular mechanism and
can be suppressed by protein kinase C. In the case of the v-erb-B
protein, normal physiological activation of it by growth factor
binding is impossible because the EGF-binding domain is absent.
Nevertheless,
the
protein
apparently
possesses
all the
requirements for
triggering a
proliferative response with
oncogenic features. It is possible that the different structure
of the v-erb-B protein, induced by truncation of the cellular
EGF-receptor, mimic the EGF activation step, implicating the
conformational change as a crucial event in mobilizing the
oncogenic potential of the EGF-receptor (Downward et al.,1984;
Gill et al., 1985).
A more complete picture of the connection between certain
oncogenes and genes that encode receptors is emerging. At the
moment one could state that most receptor genes are essentially
amenable to
activation mechanisms,
comparable to the one
described above. For instance, it was shown that the insulin
receptor function could be influenced by substition of the
internal twin tyrosine residues that are involved in receptor
phosphorylation (Ellis et al., 1985). Therefore, it is possible
that many receptor encoding genes are candidate proto-oncogenes,
considered "innocent only until found guilty". The dilemma that
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arises is: When should a cellular gene be regarded as being a
proto-oncogene? Up to now the definition is confined to those
genes with an oncogenic reputation as established by
retroviral
transduction, enhancer or promoter insertion and transfection
assays.
Other approaches to identify genes relevant for malignancies
It is evident that proto-oncogenes are
not the only
molecules that are important in the study of carcinogenesis.
Other genes that are involved in cellular deregulation were
elusive in that they did not present themselves as protooncogenes according to the straightforward assays. Yet, their
further identification and characterization is needed to gain
better insight in the molecular background of cancer. Moreover,
they sometimes constitute valuable clinical markers, whereas the
use of presently well defined proto-oncogenes as markers in human
cancers is rather limited. Two examples are mentioned here.
- The ras p21 expression seems to be correlated to invasion
and/or metastasis (Viola et al., 1986), however, Chesa et al.
(1987) show that in the case of normal epithelia ras p21 is not
correlated to proliferation.
- The translocation of proto-oncogenes, as in the case of
Burkitt's lymphoma (Yunis, 1983; Rabbitts et al., 1984) and CML
(Goyns et al., 1983; Groffen et al., 1983), is another well
documented example of the use of such genes in diagnoses of
primary human tumors.
Approaches based upon viral transduction, transfection and
promoter/enhancer insertion, are primarily aimed to identify
genes that are involved in regulation of cellular growth and
differentiation. The need for valuable clinical markers for human
malignancies is also very important for studies of carcinogenic
processes. This, however, requires another approach as outlined
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in the following section.
Differential hybridization analysis
A useful method to isolate and characterize genetic elements
that are functionally related to a specific malignancy and that
might as well be useful as marker is to differentiate at the
level of gene expression by differential hybridization analysis
of cDNA libraries; cDNA libraries are constructed of mRNA
isolated from cells at specific stages of development, growth or
the carcinogenic process. Upon screening such libraries with
stage-specific ^p-i^eied mRNA, genes can be isolated whose
expression is specific for one of these stages. This method
revealed a number of genes specifically activated during growthand/or immunological stimulation (Matrisian
et al., 1985).
Imperative for this approach is that the phases that are compared
are developmentally not too far apart to eliminate trivial
differences as much as possible. This can be achieved by a
controlled stimulation, like EGF stimulation on NIH 3T3 cells
(Matrisian et al., 1985), serum starvation (Lau and Nathans,
1985) or a hydroxy-urea block to synchronize cells. In the study
of malignancies subtraction hybridization will usually result in
a large number of cDNA clones from differentially expressed
genes, and, therefore a tumor model system in which specific
phenotypic characterisics are represented in stable cell lines or
tumor lines, is essential for such an approach.
A well described tumor model system that meets a number of
criteria for differential hybridization analysis is the Dunning
R-3327 rat prostatic cancer model system. It consists of more
than ten tumor sublines, all derived from the original Dunning R3327 tumor, and corresponding cell lines derived therefrom. All
are characterized by parameters such as hormone dependency,
histology and/or metastatic behavior (Isaacs et al., 1986,
Schalken et al., this thesis).
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Outline of this thesis

In this thesis, approaches to study human malignancies in
terms of gene expression are presented.
After the human c-fes/fps proto-oncogene was genomically
characterized by DNA sequence analysis (Roebroek et al., 1986) we
sought to gain more insight in the mechanisms controlling expression of this gene by investigating its upstream region. This led
to the identification of a new transcription unit, called fur
(Chapter 2). This gene was then further investigated by cDNA
cloning and nucleotide sequence analysis and it appeared that
this gene probably encoded a receptor, as described in Chapter 3.
The possibility that a receptor encoding gene was so closely
linked to a tyrosine kinase encoding proto-oncogene led us to
speculate about a possible functional relation between these two
genes. We also looked at the evolutionary conservation between
the avian and mammalian loci (Chapter 4 ) . It appeared that the
fur sequences as well as the linkage to c-fes/fps were conserved.
We also studied the expression pattern of fur in human
cancer. Chapter 5 describes that we were able to show that fur
was differentially expressed in human small cell and non-small
cell lung carcinomas. The
gene product
called furin is,
therefore, a potential marker for lung cancer diagnosis.
Gene expression in another human cancer with high incidence
and mortality rate, namely prostatic cancer, was studied in a
differential hybridization assay (Chapter 6). In that way a gene
was identified that was specifically down-modulated in metastasizing prostatic cancer cells.
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Abstract
Comparison of nucleotide sequence data of the 5 region of afes/fps viral oncogene with those of the
v-fes/fps homologous regions of man and cat revealed the position of the 3' portion of an as yet unidentified
cfes/fps cxon Comparative Southern blot and heteroduplex analysis of human and feline DNA immediately
upstream of the s-fes/fps homologous regions showed extensive but discontinuous homologj over a 9 kbp
DNA stretch, which we have designated as fur Northern blot anal>sis of mRNA from KG 1 myeloid cells
with fes/fps- or /Mr-specific probes revealed a 3 0 Vbfes/fps and a 4 5 kb fur transcript Analysis of a number
of tissues of an adult Wistar Lewis rat for the presence of fur transcripts revealed its differential expression
pattern An 0 95 kbp fes/fps related and а 22 kbp fur related cDNA recombinant clone were isolated from
an oligo(dT) primed KG-1 cDNA library Comparative nucleotide sequence analysis of ihe fes/fps cDNA and
its human genomic counterpart indicated that the cDNA contained genetic sequences that were identical to
and colinear with exon 15-19 and, furthermore, thai the poly(A) addition signal near the 3' end
of exon 19 was functional Similar analysis of the 2 2 kbp furcDNA indicated that the poly(A) addition sig
nal ot the fur transcript was in close proximity of the newly discovered fes/fps exon The region in between
contained a CAI I sequence but no 'TATA' box The fur transcript was characterized by a long noncoding re
gion at its 3' end

Introduction
Proto-oncogcnes can be defined as cellular genes
which under normal physiological conditions arc
thought to exhibit proliferative and developmental
functions (13, 26, 27) but which exhibit transform
ing activity upon transduction by a retrovirus (3, 4,
10) From data gathered to date, the consensus has
emerged that retroviral mobilization of the trans
forming potential of proto-oncogenes involves al
terations in regulation of their expression, altera
tion of their primary gene product, or both (5)
Transduced с fes/fps proto-oncogene sequences
of cat and chicken arc present in the genomes of a
number of independent feline and avian sarcoma
virus isolates (4, 12, 18, 32) Mobilization of its

transforming potential was in all these cases
characterized by fusion of c-fes/fps proto
oncogene sequences to retroviral gag gene se
quences
The function of the c-fes/fps proto-oncogene is
not yet known but the proto-oncogene might be of
particular interest in hematopoietic proliferation
since expression seems mainly restricted to
hematopoietic tissue Expression of the c-fes/fps
proto-oncogene has been found in normal and leu
kemic myeloid cells and cell lines of a number of
species (2, 9, 22, 23, 31) As its main translational
product, a tyrosine-specific protein kinase of about
92000 mol wt has been described The c-fes/fps
mRNA species that have been reported varied in
size between 2 6 and 3 2 kb (19, 29, 31) However,
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the gênent organization of the fes/fps protoontogene is not yet completely defined (11, 14, 19,
28, 35, 37) In previous studies, we have described
the isolation and genetic organization of cfes/fps
proto-oncogene sequences of man (28) and cat (37)
and their malignant potential was established by
fusing them to gag gene sequences of feline leukemia virus origin (33, 37) Recently, we have derived
the topographical distribution of almost all human
\-fes/fps homologous sequences from the complete
nucleotide sequence of a human 13 kbp
£coRI/£coRI restriction fragment (28) A sequence homologous to 12 bp at the 5' end of the
v-fes viral oncogene of the Gardner-Arnstein strain
of feline sarcoma virus (GA-FcSV) (16) and 140 bp
at the 5' end of \-fps of Fujinami sarcoma virus
(FSV) (19) were still missing In the present study,
we have identified the position of the missing 12 bp
in the human and feline proto-oncogene We also
present characteristics of the 5' and 3' end of the
human cfes/fps transcription unit Furthermore,
we describe the identification and characterization
of a new transcription unit, designated fur, in the
immediately upstream region of the ν fes/fps
homologous sequences

ously (36) and for hybridizations on nylon
membranes (Hybond N, Amersham) the method of
Church and Gilbert (7) was used The Nylon mem
branes were dehybridized by incubation in 5 mM
Tris HCl(pH8 0),2mMEDTAandOI χ Denhardt's
solution (1 χ Denhardt's solution contains 0 02%
(w/v) bovine serum albumin, 0 02% (w/v) poly
vinylpyrrolidone and 0 02% (w/v) ficoll) at 65 °C
for 2 h If necessary, the procedure was repeated for
up to three times Dehybridization was always
checked by autoradiography Blots could be used
for up to six times without significant loss of sig
nal
Heteroduplex analysis
Electron microscopic analysis of duplexes be
tween the 9 2 kbp human Wpal/EcoRI DNA frag
ment and the 14 kbp feline fcoRI/fcoRI DNA
fragment was performed as described by Davis et
al (8) Grids were examined in a Zeiss EM109 elec
tron microscope at 40 kV Electron micrographs
were taken at a magnification of 6000 χ Measure
ments were made on 25 heteroduplex structures
mRNA isolation and Northern blot analysis

Materials and methods
Cell line and cosmid clones
The permanent KG-1 human cell line, which was
established from bone marrow cells of a patient
with erythroleukemia that developed into acute my
elogenous leukemia (21), was kindly provided by
Dr Η Ρ Koeffler Isolation of the human v-fes/fps
cellular homolog was described previously (14)
Subclones in pSP64 of a Π kbp icoRIAEcoRI
DNA fragment, which contains all ν fes/fps
homologous sequences, and a 9 2 kbp Hpal/EeoRl
DNA fragment flanking the former at its 5' end
were described (28) The feline v-fes/fps cellular
homolog was isolated from a feline cosmid library
(37)

Total cellular RNA was isolated using the
lithium-urea procedure described by Auffray and
Rougeon (1) Ten ¿tg of oligo(dT) cellulose purified
mRNA was glyoxalated and size fractionated on
1 0% agarose gels and transferred to Hybond-N
(procedure as recommended by Amersham)
Construction and screening of cDNA library
An oligo(dT) primed cDNA library was constructed in Xgtll as described by Huynh et al (20)
The cDNA reaction was modified according to Gubler and Hoffman (15) About 250000 plaques obtained upon infection of £ coli Y1090 (20) were
screened as described by Hanahan and Meselson
(17)
DNA sequence analysis

DNA probes and hybridization
Probes were isolated and labeled as described be
fore (36) Hybridization experiments on nitrocellu
lose membranes were performed as described previ
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DNA fragments were inserted into the polylinker
region of M13mp8-ll (24) All of the DNA sequences were determined by the dideoxysequencing method (30) All parts of the reported

DNA sequence were obtained from both strands of
the cloned DNA. The gel readings were recorded,
edited, and compared using the Staden programs
(34).

Results and discussion
Comparison of human and feline DNA im mediately upstream of the v-fes/fps homologous regions
The topography of most of the human \-fes/fps
homologous genetic sequences has recently been
described. Upon nucleotide sequence analysis of a
13 kbp £coRI/£coRI DNA fragment, they ap-

peared to be split up in at least 19 exon segments
and, from these, exons 2-19 were characterized
(28). However, genetic sequences at the 5' end of vfps of FSV or v-fes of GA-FeSV remained unaccounted for. In KG-1 cells, which were shown to exhibit a high level of expression of thefes/fps protooncogene (9), no such transcripts could be detected
in a Northern blot analysis with the 1 kbp DNA region upstream of exon 2 as a probe (data not
shown). In an attempt to identify the missing sequences in the human genome and to investigate
whether the region immediately upstream of the vfes/fps homologous sequences contained additional sequences that were not represented in any of the
known v-fes/fps isolates but did belong to the c-
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fei/fps proto-onLOgene, we compared human DNA
upstream of the \-fes/fps homologous region (9 2
kbp Hpal/EcoRl DNA fragment) with a 14 kbp
/•coRI/EcoRI DNA fragment, representing the
corresponding feline region, by Soulhern blot anal
ysis The 9 2 kbp Hpal/EcoRl human DNA frag
ment (Fig 1A) was digested with restriction endonuclease EcoRI, Kpnl, Pstl, Xbal, and Xhol or
various combinations of these in double digestions,
and hybridizations were performed under condi
tions of high stringency with the 14 kbp
£coRI/£coRI feline DNA fragment (Fig 1A) as a
molecular probe It appeared that an extensive and
strong homology existed between the two frag
ments (data not shown) In a reciprocal experiment,
similar restriction endonuclease digestions of the
feline 14 kbp EcoRl/EcoRl DNA fragment and
h>bridization analysis with the human 9 2 kbp
Hpa\/EcoRI DNA fragment as a probe revealed
similar results (data not shown) As is schematical
ly indicated in Figure 1Λ, homology between the
two fragments started almost immediately up
stream of the \-fes/fps homologous regions and ex
tended over a DNA region of about 9 kbp We pro
pose to designate this fes/fps upstream region as
fur
To further characterize the fur region in man and
cat, heteroduplex analysis was performed with the
human 9 2 kbp Hpal/EcoRl and the feline 14 kbp
£coRI/£coRI DNA fragments (Fig IB and 1С)
This experiment confirmed the observations of the
Southern blot experiments and, furthermore, rev
ealed that the homologous genetic sequences were
interspersed with at least four non-homologous
regions In a number of the 25 heteroduplex struc
tures that were analyzed, three regions of apparent
ly reduced homology were observed Their posi
tions and frequencies are indicated by arrows in
I-igurc ID
Human DNA upstream of the v-fes/fps homolo
gous region is transcriptionally active
To establish whether DNA immediately up
stream of the ν fes/fps homologous region was a
part of the proto oncogene, we studied c-fes/fps
transcription in the human KG-1 cell line, which
was derived from a patient suffering from acute
myelogenous leukemia (21) RNA was isolated
from these cells, poly(A) selected, size fractionated
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on a 1% agarose gel and blotted onto Hybond-N
(Amersham) as described under Materials and
methods Expression of c-fes/fps proio-oncogcne
sequences could readily be detected with the Sr v/es-spccihc probe (11), as a 3 0 kb transcript (Fig
2A, lane 1) Subsequently, hybridization of the
same Northern blot with a number of probes, each
representing a different part of the 9 2 kbp
#paI/£coRI human fur region (see lower part of
Fig 2A) revealed a 4 5 kb transcript (Fig 2A, lane
2, 3 and 4) The auloradiogram in Figure 2A, lane
2, shows a 4 5 kb transcript and a descending smear
of radioactivity This could be due to the presence
of repetitive sequences in the probe that was used
(2 35 kbp Hpal/BamHl DNA fragment) From
these Northern blot experiments we concluded that
human (and also feline, data not shown) fur con
stituted a transcription unit for a 4 5 kb mRNA
that was different from the c-fes/fps transcript de
tected with the Sr probe The fact that probe 3 also
strongly hybridized with the 4 5 kb fur transcript
indicated that newly discovered fur sequences
could be located in close proximity of the 5' vfes/fps homologous genetic sequences (see also
Fig I A)
Analysis of fur expression was also studied in a
number of tissues of an adult Wistar Lewis rat (Fig
2B) These tissues included brain, heart muscle,
kidney, lung, testis and thymus High levels of the
4 5 kb fur transcript were found in brain, kidney
and thymus No detectable levels of fur transcripts
were present in heart muscle, lung and testis These
data indicate a differential expression pattern of
the fur transcription unit To get more insight in the
genetic organization the fur and fes/fps transcrip
tion units, nucleotide sequence data of the tran
scripts and their genomic counterparts should be
compared
Molecular cloning and DNA sequence analysis of
human c-fes/fps- and fur-related cDNA
To isolate c-fes/fps- and /ivr-related cDNA, we
constructed an oligo(dT) primed cDNA library in
Xgtll using KG-1 mRNA as template Upon
screening of 2 5 χ IO5 plaques with the \-fesspecific Sr probe (11), we isolated a cDNA clone
containing a c-/es//"/?s-spccific insert of 0 95 kbp.
The same library was also screened with a human
/«/•-specific probe (probe 3, see lower part of Fig
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Fig. 2. (A) Expression of the human/<?5///js proto-oncogene and its immediately upstream region in KG-1 cells. Poly(A)-selected mRNA
isolated from KG-1 cells was glyoxylated. size fractioned by electrophoresis using a 1% agarose gel. immobilized on Hybond-N and subjecled
to hybridization analysis as described under Materials and methods. DNA probes included v-/e5-S, (lane 1). probe I (lane 2), probe 2
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upstream region in a number of rat tissues. Poly(A)-selected mRNA was isolated from thymus (lane I), lung (lane 2), heart muscle
(lane 3), testis (lane 4), kidney (lane 5), or brain (lane 6) of an adult Wistar Lewis rat and subjected to Northern blot analysis. As
molecular probe, a mixture of probe 2 and 3 was used. As molecular weight markers XDNA digested with restriction endonuclease
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Fig 4 Nucleotide sequence of the 5 portion of the human ν fes/fps cellular homolog and its immedialel> upstream region The
nucleotide sequence of the 4 16 kbp BamH\/Bgl\\ human DNA fragment includes fur exon Ζ and c-fes/fps exons 1 and 2 Established
exon sequences arc represented by capitals Established exon borders are indicated by arrows Relevant nucleotide sequence data of
feline genomic DNA are given between square brackets in positions below the corresponding human genomic sequence data The con
sensus sequence for the polyadcnylaiion signal of the fur transcription unit is underlined A potential CATT box ( ) is represented
in a box Triangle ( •), putative start codon (28)
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2) This resulted m the isolation of a cDNA clone
with a 22 kbp/ur-specific insert Both cDNA in
serts were subcloned in МІЗтрЮ for DNA se
quence analysis
Previouslv, we have determined the topography
of the e\on sequences in the human c-fes/fps protooncogene on the basis of homologj with \-fes/fps
(28) The 3' border was tentatively placed at a posi
tion at about 200 bp downstream from a stopcodon
in exon 19 where a potential polyadenylation signal
was present The availability of nucleotide se
quence data of the 0 95 kbp human fes/fps related
cDNA (Fig 3) and previously published sequence
data of genomic fes/fps DNA (28) enabled a com
parative analysis The 5' end of the cDNA clone
appeared to start 5 nucleotides downstream of the
5' end of exon 15 and al the 3' end, the cDNA
clone contained a poly(A)-stretch representing the
poly(A)-tail Therefore, the 3' border of Ùx fes/fps
transcript in KG-1 cells could be determined rather
precisely The data confirmed the previous suggestion by Roebroek et al (28) that the poly(A) addition signal at a position about 200 bp downstream
from the stopcodon in exon 19 was functional Furthermore it could be established that the poly(A)
addition site was 17, 18 or 19 bp downstream from
the polyadenylation signal There were no differences found between the nucleotide sequence of the
human c-/«/#w-related cDNA described here and
the corresponding genomic region of the human
fes/fps proto-oncogene The exon/intron arrangement from exon 15 to 19, as proposed by Roebroek
el al (28), also proved to be correct
Although the c-/ei//pi-related cDNA was only
one third of the observed mRNA length, some additional characteristics of the c-fes/fps transcription unit could be derived from analysis of the fur
transcription unit Comparative analysis of nucleotide sequence data of the 2 2 kbp/ur-related cDNA
and its corresponding and flanking region in
genomic DNA revealed that the nucleotide sequence of the cDNA insert was identical to that of
the genomic DNA fragment (Fig 4) These sequences are indicated by capitals in Figure 4 At its
3' end, the fur cDNA had a poly(A)-stretch marking the end of the fur transcription unit At precisely 21 bp upstream of the poly(A) addition site, there
was an ATTAAA consensus sequence of a poly(A)
addition signal (38) Comparative sequence analysis further indicated that the 2 2 kbp fur cDNA was

contained in a single exon, which we have designated 'Z' To predict a potential fur translation product, we compared the three reading frames in exon
Ζ In all three reading frames numerous stop
codons were present The first stop codon in each
of the three different reading frames was encoun
tered within the first 420 bp from the 5' end of the
cDNA clone We therefore concluded that the fur
mRNA is characterized by a long noncodmg region
at its 3' end
The 3' end of the fur transcription unit was
found in close proximity of the \'-fes/fps homolo
gous region in man and cat. However, it should be
noted that in front of exon 2 of с fes/fps, 12 bp at
the 5' end of \-fes of Ga-FeSV (16) and 140 bp at
the 5' end of v-fps of FSV (19) were unaccounted
for (28) In case of the 140 bp of ν fps, vvc realised
that in human c-fes/fps possibly no sequences
homologous to these 140 bp could be identified be
cause of divergence of non-coding exon sequences
In case of the 12 bp of \-fes, it could not be exclud
ed that homologous sequences were not recognized
because comparison was limited to a DNA stretch
of only 12 nucleotides In order to resolve this mat
ter, we have sequenced the feline c-fes/fps proto
oncogene region that contained exon 2 and about
1 kbp of upstream flanking sequences (data not
shown) These sequence data supported the bound
ary assignment of human exon 2 as suggested by
Roebroek et al (28) The homology between the
genetic sequences in exon 2 of man and cat was
about 85% Upstream of exon 2, the homology was
about 65% In this region in the feline DNA, a
stretch of 12 bp was found, which was identical to
the 12 bp at the 5' end of the feline \-fes oncogene.
In the human DNA, an almost identical stretch was
found at a similar position From these bases, 11
were shared by the viral oncogene and the feline
proto-oncogene An insertion of one nucleotide
was observed in the human DNA stretch The 3'
end of both the feline and the human DNA stretch
(see Fig 4) was followed by a sequence characteris
tic for a splice donor site (25) These data suggested
that these stretches overlapped the 3' region of a
new human and feline c-fes/fps exon The 3'
boundary of exon 1 and the 5 ' end of exon 2 in hu
man and feline DNA are compared in Figure 4 The
5' boundary of exon 1 remains to be established
but, based upon the size of the polyadenylated
mRNA detected in KG-1 cells, one can roughly esti-
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mate the first c-fes/fps exon аь about 200 nucleo
tides.
The location of the 3' end of ihefur transcrip
tion unit in relative close proximity offes/fps exon
1 (see Fig. 5) raised also the question as to whether
the promotor of the/es/fps transcription unit was
located between fur exon Ζ and /ei///?* exon 1.
Searching for sequences typical for promotor
regions revealed a sequence that is m good agree
ment with а СЛТТ box (6), namely the
GGCCATTCT sequence at position 3093-3101 in
Figure 4 Limited sequence data available from fe
line c-fes/fps indicated that the GGCCATTCT se
quence was also present at a similar position in the
teline DNA. However, no sequences resembling the
consensus sequence of a TATA box (6) could be
identified. The potential CATT box would be in an
appropriate position relative to the 5' end of the
transcription unit to accommodate a c-fes/fp·; tran
script of 3 0 kb as found in KG-1 cells More data
arc required to locate the 5' end of the protooncogene and to identify the DNA sequences that
control its expression. The observation that in man
and cat the linkage of the fur anûfes/fps transcription units has been conserved during evolution is
interesting because it could have functional implications and, therefore, be instrumental in elucidating regulation of expression of c-fes/fps
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Evolutionary conserved close linkage of the c-fes/fps proto-oncogene
and genetic sequences encoding a receptor-l ike protein

Anion J.M.Kocbruek, Jaik A.Sihalkcn',
Jaik A.M.I.eunissfn, Carla Onnekink, Henri P.J.
Bloeiners and Wim J.M.Van de Ven
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Recenth ие described thai genetic sequences in the immediateh upstream region of the K-fes/fpi proto-oncogene,
designated fur, constituted a transcription unit for a 4.5-kb
niRNA. Here ие present characteristics of the genetic
nrgani7ation of fur and some features of its putali\e transla
tion product tthich ие call furin. The nucleotide sequence
of a 3.1-kbp/ur-specific cDNA isolated from a human cDNA
libran revealed an open reading frame of 1498 bp from
which the 499 carbox>-terminal amino acids of the primarj
fur translational product could he deduced. Computer
anal) sis indicated that furin contained a possible transmem
brane domain и hich resembled that of class U MHC antigens.
Furthermore, a cjsleine-rich region »as present. Significant
homology, especially with respect to the topography of cys
teine residues, »as found betyyeen the cysleine-rich regions
of the human insulin receptor, the human epidermal growth
factor receptor and furin. brum the data presented here »e
deduce that fur may encode a membrane-associated protein
yyith a recognition function.
Ke\ words fur gene t / « ф л prolo4)ncogene nudeotidc se
quence receptor
Introduction
In J rctenl study *hich Wds directed towards the elucidation of
the geniMic organization of the V end of the fcslfp\ pioto
oncogene we lound that the genomic OVA immediately upstieam
of the human and feline v-fi'\ifp\ homologous regions showed
extensive homology over a DNA stretch оГ - 9 kbp (Roebroek
ci «/ 1986) This 9-kbp DNA was designated fur (for /pt/Jpt
upstream region) and encoded a 4 5-kb mRNA in both species
From nucleotide sequence analysis of an oligo(dT)-primcd
2 2-kbpyi/r-spccific cDNA isolated trom a human cDNA library
it appeared that^r was characterized at us 3' end by a non-coding
region ot at least 1600 bp Furthermore it was shown that human
fur and L-fes fps genetic sequences were separated by < 1 1 kbp
The direction of transcription of fur and fes/fps was the same
(Roebroek et al . 1986)
The conserved close proximity of^ur xofa/fpì is interesting
and could be more than incidental It could have implications
for the expression of these genetic sequences or be indicative
ol a functional relationship between the translational products of
the two transcriptional units The translation pnxluct of the clt'\lfp\ proto oncogene was identified in mammalian and амап
cells as a 92 000 and 98 000 mol wt protein respecmely FxIRL Press Limned Oxford

pression was restricted mainly to cells from hematopoietic origin
(Barbacid et al , 1980, Mathey-Prevot et al . 1982. Slamon et
al 1984. Feldman el al, 1985, McDonald e! al. 1985) The
protein appeared to possess tyrosine-spcciFic protein kinase ac
tis ity which was assigned to a domain at the carboxy terminal
portion of the protein However, the precise function of the protooncogene pnxluct is not yet known It was suggested that the
fes/fps protein could represent a receptor (Feldman et al 1985)
just like some other proto-oncogenes which encode proteins with
tyrosine specific protein kinase activity and receptor charac
teristics These include, for example, the c-fms proto-oncogene
which is homologous or identical to the gene encoding the recep
tor for the mononuclear phagocyte growth factor, CSI 1 (Sherr
et al . 1985) or the c-eri>B proto oncogene which is thought to
encode the epidermal growth factor receptor (Ullrich et al ,
1984) A consensus is emerging that receptors in general con
tain protein domains also found in a number of different pro
teins Exon shuffling is mentioned as a mechanism by which the
generation of receptors could be explained (Sudhof et al, 1985)
In the case of the с fes/fps protein, however, nucleotide sequence
data ot the human gene (Roebroek el al , 1985) revealed a prolem kinase domain but no other receptor features In light of these
considerations characterization of fur and us translational pro
duct could be of importance
Merc we present evidence that a large open reading frame in
the 4 5-kb fur transcript could encode a protein with receptorlike features
Results
Topographs of the fur transcription unit
In a recent study (Roehr(x:k et al . 1986) we found that the DNA
region immediately upstream of the fes/fps proto-oncogene in man
and cat shared homologous genetic sequences and that this region
was transcriptionally active in human KG-f myeloid cells We
reponed that in human DNA the transcribed genetic sequences
were dispersed over at least the entire 9 2-kbp Hpal/hcoRl DNA
fragment that is depicted in Figure 1 To investigate whether ad
ditional human sequences further upstream would hybridize with
topographically corresponding feline sequences, we have now
used an £coRI/£coRI DNA fragment of - 20 kbp This fragment was located immediately upstream of the 5' end of the
13-kbp £coRI/¿coRl DNA fragment that contained the human
y-fes/fps cellular homologue (Figure 1) (J R Stephenson, personal
communication) Comparative Southern blot analysis with the
insert ot the previously described feline cosmid clone cos-1
(Verbeck et al , 1985), indicated that homology between man
and cat in the fes/fps upstream region extended - I kbp further
upstream beyond the Hpal restriction endonuclease cleavage site
(Figure 1) (data not shown) The observed diversion of human
and feline genetic sequences upstream of the Pstl cleavage site
could mark the position of the 5' border of the fut transcription
unit Support for this assumption could be derived from the
preliminary finding that within the 10-kbp fiir region, the 2 4-kbp
HpalBamHl DNA fragment (Figure 1) showed promoter ac
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tisity (70% of the activity of the promoter in the LTR of Rous
sarcoma ν irus) in a chloramphenicol accty I transferase assay (data
not shown)
To characteriie further ihc genetic organiiauon offiir, we con
structed a cDNA library in Xgtl 1 with poly(A) selected RNA
from KG-1 cells Using the 0 7-kbp XhohXhol DNA fragment
as a molecular probe (Figure I), a 3 l-kbp/ur-specific cDNA
was isolated The nucleotide sequence of the 3 1-kbpcDNA clone
was determined and from this it appeared that up to the poly(A)addition site, the cDNA insert was 3078 bp long and included,
hirthemiorc, a short poly(A) stretch at its 3' end (Figure 2) When
the 3 I -kbp cDN A clone was used as a molecular probe in Nor
thern blot analysis, the previously described 4 5-kbyùr mRNA
was detected as the only transcript (data not shown)
To elucidate the genomic organization of the sequences corresponding to the molecularly cloned fitr specific cDNA, the
nucleotide sequence of the genomic DNA regions that hybndiz
ed to the 3 1-kbp cDNA probe was also determined (Figu/e 2)
Comparison of the cDNA and the genomic nucleotide sequences
revealed that the 3 I -kbp transcribed sequences were distributed
over eight exons within 5 4 kbp of genomic DNA (for a
schematic representation sec also Figure 1) We have labelled
these exons from 'S to Z' All exons were flanked by splice
junction consensus sequences In the nucleotide sequence ol the
3 I kbp cDNA clone, we looked for the presence of a large open
reading Irame In a study on a previously described 2 2-кЬруйгspccific cDNA clone we found numerous stop codons in all ihree
reading frames (Rocbrock el al, 1986) However, in the 1 1-kbp
cDNA clone, we found an open reading frame of 1498 bp star
ting at the 5' end of the clone (Figure 3) The identification of
the open reading frame in the transcribed genetic sequences in
the fiir region *as important, since it provided information about
the possible function of its putative translation product

complete size and amino acid sequence remains still to be
established For reasons of convenience, we have dubbed the
putative jur translational product "funn' A computer program
using the algonthm described by Kyte and Doolmlc (1982) was
used to display the hydropathy of the carboxy-terminal portion
otfijrm(Figure 3B) Such analysis revealed a highly hydrophobic
domain (amino acid residues 418 4S0) indicating that it might
function as a transmembrane domain This putative transmembrane domain was located - 5 0 amino acid residues Irom the
carboxy-terminus of funn Furthermore, screening ot the PIR
and PGtrans databases showed that this domain was highly
homologous to the transmembrane domain of class II MHC antigens (Schennmg et al , 1984) The homology was 42% in the
stretch extending from residues 422 to 445 conservative amino
acid substitutions not included When these were taken into account Ihe homology was 67% (Figure 3C) These alignment data
supported the possibility that the ammo acid stretch 422-445
might function as a transmembrane domain

A further characteristic feature of funn was the presence of
a cystcinc-nch region (extending from amino acid residue 261
to 410) Recent studies on the structure of receptors indicated
that cystcinc-nch domains seem characteristic for certain types
of receptors (Coussens et al, 1986) Screening of the PIR and
PGtrans databases with the deduced funn sequence revealed a
strong homology between its cystcine-nch region and that ot the
human insulin receptor (Ullrich et al, 1985) and those of the
human epidermal growth factor receptor (Ullrich et al, 1984)
The overall homology between funn and the human insulin receptor in this stretch was only 20% but the cysteine topography was
very similar The position of nine out of 12 cysteine residues
of funn in that region appeared to be the same as in the human
insulin receptor The same topographical conservation of cysteine residues was also found in an alignment between funn and
both of the cysteine rich regions of the human epidermal growth
Computer analysa о/ihe putativefarIramhnonal produci reveal factor receptor The overall homology between the cysteine-nch
regions of these two proteins, however, was lower than between
ed receptor-like iharactemncs
funn and the human insulin receptor In Figure 4, the alignments
The amino acid sequence was deduced from the nucleotide se
of the cysteine-nch regions of fiirin, the human insulin receptor
quence of the 1498-bp open reading frame (Figure ЗА) It should
and the amino-terminal cystcinc-nch region of the human epiderbe emphasized that this sequence represents only a carboxymal growth factor receptor arc depicted with cysteine residues
terminal portion of the putative^/ùr translational product, whose
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GGCCTCATCTCCTACAAGGGœTGCCCCCTGAAGCCTGGCAGGAœACTœCCGTCTGACTCAGAACAGGACGAGGGCCOGaœ

j

20

3210

TGATCAGCCCACrDCCCACCCCCTCAAœCAATCCCCTCCTTGGGCACTTTTTAATTCAœ

ЗЗбО

«UCTtTTTTCCCATCrTACCCTCaOOCCCACCTGGCCACCTtMGCTtKOCCCA(XUCCAOC

Э^ О

GtAAIXI I lACCGCAOCTTGCCCCCGCCCCOCCCCCAOCCACAm іи.ІЦ.СМСТСАА(аТОСССА(ЖССТТОСПСТВЯИАТТССТСАСССАССССОСАОСТСТТССССТТС^

3600

СССТСТАААтеААТААТССПЖСАТССАСЯКАСТСатаИГТССССТАССАСАТАТСТСАІИЖАССАООССАССТСТССАА

3720

ACTCTTGGCGOCAÍXAGCCATClTACXUAGOGACCAAGaCAAGGCAaGTCCCTOCAGGTCTGCACT^

3840

CACCACCACTGCCCACCAQOCTagGCAgCMGGCCGAAULTCllHKTGAACCCTCTÎgTGÎlblLClbACCAÎXCTCCœTÎre

3960

ГСС(ГГеттоЖАТСТСАСО<КСТтТСАССАТАТАП1ТиАСП

111 lAATCGCGCTAGCAGCTGCACTACCCACOT

Ч20С

TCTCACACCCACCGTCCCKCCTGCTCCTCCCTGÍKTKCCTGGCCCTGACXmTTGGGGGCTGCAGCATUTT^

4320

GCCAG(KGGGCTCAAGGAAAaGGGqTHCAGTGGGAaHHKAGOCTTHCAnngTUirn;AACT0GGGCTC«CATMC0CC^

ОЧЧО

ССАОСТ(ХГгеССАСТСАССС(ХСССиСАСТСТССССТОСТССАСААА0САСТСАССТІЯСАТСССССССТСАААССТ^

UbbO

CAGTCCCCTCCCATCTGCCAGTCCCCU I I U M Г [иіАСССТАКСАТТССТССТАИХАСССАТСГССССАОСИаШКССССТССТСТСССАТСССССТОСССТССТСОССАДС^
lA l

11 ruiAAGATACTGCOnWilGCACAGTCAl
exZ

11111 I L I І^ІААТТТААДСАСХЖССАССАТТОСТІХТТСТАТТТААТССАСАТСАСАТААТСТТТАСАСиТТІГААЛСТСАГГАА

4690
«BOO

<-

ACGTGCAGACTATGCâAACCAGgoccagtctccagtgtggtarrgttBctfctgcatrgc'aBrtgaBgatagggggccagttaggcctacacagtggcctgcotgcctggatgtgggccc

4920

aagtcagadBgccaaagtcctccaaggggcgggaggalgcgccagcccctagtggaggagctggtgcccctggggtggggcLggtgacccctggtcctcaBgagclBagcactaaaotcc
cajagtcctgglttccagcagLgtgaagaactgggccLatt.gtgtcttcctgggctgaag!:gatctggtcgccacaggctataBggctgaggcctaaBglggagBeaggCGt.gactgaat
caagatgacttcitgLgggdagcctgagtcccaaa^ggaaaartccac-gcctgtccgctccccaacccctgccccttgatttccccaggLctcccLtgggacaggaag-cootgcctggg
ggtaggdBnitggggacaaaarcactaggatctgtaiccgagaagcagCctctgttogggatatttacttggaaatttiatlcaaaLggaagctggcgcctgagcctctccttagggaat
EcoRI

5010
5160
5200
5400

Fig. 2 Nucleotide sequence of a ^ 4 kbp fur gennmu. DNA fragment extending from a SauiA restrii-tion endonu«.lea« cleavage sue to an LtoRl cleavage
sue The positions oí the exons as based upon Lonipansnn with the 1 1 kbp cDNA Mrquente are indicated by arrows Γχοη sequences are depicted m capital
letters Ptissible 5' splice jum.lions of exon S arc underlined ТЫ- pol\aden>latn>n signal is indicated b) a dotted line
stop uxiim a triangle (A) indicates the ptisition of the pi>l>adcn>lation sues

An asterisk (*) marks the position of the
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It should be noted that in Figure 4 only the amino-

Discussion

termmal cystcinc-nch region of the human epidemial gro\wh lactor

receptor is shown because of its greater overall homology

Here we provide evidence that Iheyi/r genetic sequences in the

with the cysteme-rich region of the human insulin receptor The

immediately upstream region of the fesljps proto-oncogene en

overall homology between the cysteine-nch regions ol the human

code a prolein with receptor like features

insulin receptor and the epidermal growth tactor is sigmllcantly

the presence ol a cysteine rich region and a transmembrane do-

higher than between these domains in tunn and these proteins

mam in the putative translation product ofyur

(Figure 4)

mains appear widely

4 2

This is based upon

Such protein do

distributed among receptor proteins

A

Linkdge of cfes/fps Ιυ л putain e receptor gene
consensus is emerging that receptors bung multifunctional pro
teins contain multiple domains each with its own function A
good example is the human low density lipoprotein (11)1 ) recep
tor which contains one domain that is homologous to the precursor
of ihi. epidermal growth tactor one domain that contains se
quences homologous to complement component C9 and is located
in a cysteine rich region one domain where О linked sugars are
clustered and a transmembrane domain (Sudhof et al 1985
Yamamoto et ui 1984) As a likely mechanism for the genera
lion ol sueh a mosaic ol exons shared with different proteins
transposition of genetic sequences during evolution was suggested
(Sudhof et al 1985) A number of other receptors have been
characterized including the human insulin receptor (Ullrich et al
1985) which exhibits some homology to the с ros proto-oncogene
(Fseckameyer and Wang 1985) the human epidermal growth
factor receptor (Ullrich et al 1984) which is related to the
с (rbB proto oncogene the human oestrogen receptor (Yamamo
to 1985) and the glucocorticoid receptor (Hollenberg et al 1985)
both related to the ν erbA proto oncogene (\Vcinbcrgcr et al
1985 Green et al 1986) and the с fiìwCSF 1 receptor (Shcrr
et al 1985) Some of these receptors also possess cysteine rich
regions and several different types of sequence motifs in such
regions are now described For example the cysteine rich region
at the amino terminus of the LDL receptor is 322 amino acid
residues long and is composed of eight repeats of about 40
residues which can be aligned in such a way that the cysteine
residues are in corresponding positions The whole region con
tains 54 c\ steine residues (Yamamoto et al 1984) In contrast
the cysteine rich region of the oestrogen receptor spans 61 amino
acids and contains nine cysteine residues (Green et al 1986)
The differences in the motifs may reflect differences in biologi
cal function The cysteine rich region of the LDL receptor is
thought to contain the 11)1 binding site (Yamamoto it al 1984)
The cysteine rich region of the oestrogen receptor is rich in
positively charged amino acids and may therefore bind to nucleic
acids (Green et al 1986) It is possible that receptors can be
classified on the basis of characteristics of their cysteine rich
regions Computer analysis indicated that the cysteine rich region
in the putative translation product οι fur exhibited significant
homologv with similar regions in the human insulin receptor and
the human epidermal growth factor receptor This might implicale
that funn belongs to the same family of receptors as these and
acts in a similar way
The presence of a potential transmembrane domain in funn
was also of interest The fact that an unknown ammo terminal
portion of funn still remains to be characterized leaves open the
possibility that additional transmembrane domains arc present
Several proteins that span the membrane several times have been
identified and include tor example eukaryotic visual rhodopsin
(Ovchinmkov 1982) the gene product of the mas cellular on
cogene (Young et al 1986) and a protein encoded by a transfer
ming gene of Epstein —Barr virus (Fennewald et al 1984)
Sequences flanking the strongly hydrophobic region of funn give
further structural support to the possibility that it represents a
transmembrane domain As can be seen in Figure ЗА the
hydrophobic region is preceded by the sequence Pro Ser (posi
tions 415—416) The transmembrane domains in the human
epidemial growth factor receptor (Ullnch et al 1984) the human
insulin receptor (Ullrich et al 1985) and the LDL receptor
(Yamamoto et al 1984) are also preceded by this sequence In
addition immediately downstream of the transmembrane domains
rather basic amino acids are found in all lour cases Further
more it should be noted that as far as the position of the

transmembrane domain is concerned funn resembles the L DL
receptor in that its transmembrane domain is located at the
carboxy terminal portion ot the protein In this respect it is of
interest to note that the LDL receptor belongs to a class of recep
tors that carry their ligands into cells after clustering in clathrin
coated pits (Sudhol et ai 1985)
An intriguing leaturc of^Mr is its conserved close proximity
to /i \/Jp\ proto oncogene sequences From nucleotide sequence
data we now know that the feline fitr transcription unit is situated
as closely to tfts/jps as in the human locus < 1 1 kbp (data
not shown) Piati et al (1985) have shown that m chicken cells
the (.fis/fps upstream region encoded a 4 9 kb mRNA It is
possible that this 4 9 kb transcript is related Ю^нг If substan
Hated this would be a further argument in support of a
topographical conservation of^wr and fe\/fps during evolution
It is not yet clear whether _/u/- and fe\/fps belong to the same
locus or represent independent genes Nucleotide sequence data
on the DNA region downstream of the 3 non coding cxon of
fur and the 5 feslfps exon sequences failed to identify unam
biguously a promoter region in this DNA area (Roebroek O al
1986) It cannot therefore yet be excluded that the promoter
region for the fetfys sequences is located somewhere further
upstream It is tempting to speculate that_/w/" and fesffpi transía
tion products arc functionally related and together constitute a
receptor similar in its mode of action to the human insulin receptor
and human epidermal growth factor receptor In such a model
the cfes/jps tyrosine specific protein kinase domain would be
linked to a _/wr-derived hgand binding domain In the human
epidermal growth factor receptor these domains arc present in
a single polypeptide and in the human insulin receptor in two
polypeptides derived from a single precursor molecule The dit
ferential expression pattern oïfur (Roebroek et al 1986) does
not seem to provide immediate support tor this possibility
However the mosaic nature of the structural organization of
receptors with domains shared with different proteins could im
ply that they are multiftinctional An example is the epidermal
growth factor precursor which may be a receptor for an unknown
hgand in addition lo being the precursor for the epidermal growth
factor (Gray tt al 1983 Pfeffer and Ullrich 1985) Elucida
lion of the function of funn could resolve the question as to
whether a functional relationship exists between fur dtidfes/Jps
Since truncated forms of ihcfes/fps protein possess transform
ing capabilities elucidation of the function of fiirin may also shed
light on the mechanism of cell transformation by с fes/fps-úerweá
oncogenes
Materials and methods
Cd! Une and cosmtd clones
The pcrnuncni KG 1 human tell line which wdi established from bom, marmw
ct.]Is ol j patient wuh crvthrolcukacniu that developed into acute m>LluginuUb
leukaemia (Koefflu and Golde 1978) was kindly pmvidtd b> Dr Η Ρ KOLÍ
Пег [eolation оГ the human vfeijp·, eelluUr homologue has been described
рге ишь1> (Groffcn *·/ tu 1982) The subclone in pSP64 oí the Π kbp
EtoRl £i(>RI DNA fragmem which contains all ν fesffps homologous sequences
has been ikstnbcd (Roebroek a al 198^) A 20 kbp EioK\ E<<>RI DNA frafc.
meni which llankixl the 13 kbp ¿xoRI/f íoRt DNA fragment at Us S end (J Grot
fen) was subcloncd m pUC18 (data not shown) The feline ν fe<,/fp\ cellular
homologue was isolated Irom a feline cosmid librar} (Verbeek el al 1985)
D\A probe\ and h\bridt^aiit>n
Probes were isolated and labelled as described before (Van den Ouweland et al
198M Hybridization experiments on nitrocellulose membranes were pcrlormcd
as described previously (Van den Ouweland el a! ]9HS) and for h>bridi7ations
on nylon membranes (Hybond N Amersham UK) the method ol Church and
Gilbert (1984) was used The nylon membranes were dehybndi/ed as described
by Roebroek er al (1986)
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and \imlieni

hlt/t analwis

Toul t-Lllular RNA from a number of cell Ііпсч was iM)latcd using the lithium-urea
prix-cdure described h> Ли1Гга> and Rougeon (ІУ80) Ten mn.roKrams of
olii:o(tfTR(.llulo.se elected mRNA weie glvoxaljlcd and \\je traetionated m I 0 4
agarose eels and transferred to Hybond N (procedure as rctommended bv
Amersham)
Счп піаюп and screening of ί £ > Ή

librar,

With pols (A) selected RNA from KG I cells an oligo<dT) primed с DNA library
was constructed in Xptl 1 as described by Huynh ti al ( ICSS) The cDNA rcac
lion ssa> modified according to Cjubler and Hoflman (1981) The lirsl strand rcac
tion *аь modifiexj by denaturing the template RNA рпог to the first strand syntheses
with methyl mercuric hydroxide By this procedure the ascragc length ol lina
strand reaction products was increased by -ΤΟΐϊ About 4S() (KK) plaques ob
tameel upon infection of ^henfhia
coli Y1(W() (Huynh rial
198^) were screened
as deberibed by Hanahan and Mcselson (198U)
D V 4 vfí/Hí ut e uiiiih vi s
DNA Iragmentb wire mbcrted into the polylmker region of MMmpH I I (Mess
in|. and Vieira 1982) All of the D N \ sequences were delemiined by theditkoxy
sequencing method as described bv Sanger tí al (1977) All pans of the reported
DMA sequence were obtained from both strands ol the cloned DNA The gel
readings were recorded edited and compared using the Staden programs (Staden
1982)
Computer апп1мі\
Protein ч^испсс homology was studied with the protein ^querce database (release
5 0) of the Protein Identification Resource (PIR) of the National Biomedical
Research houndanon and with PGtrans protein data base (release 3^ 0) (Clavene
and Sauvaget ]W>) of the Pasteur Institute Pans UNA sequence analysis was
perlormed with I*MBL nucleotide sequence data base (release 7) Computer
analysis was perfonried on a V \X I I 780 computer with programs according
to 1 ipman and Pearson (1985)
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ABSTRACT
The recently discovered fur gene immediately upstream of the
human c-fes/fps proto-oncogene codes for a membrane-associated
protein with receptor characteristics. By Northern blot analysis
of poly(A)-selected mRNA from liver of man, monkey, rat, cat and
chicken, an mRNA species of about 4.5 kb could be identified in
all species indicating evolutionary conservation of fur genetic
sequences. This was further substantiated by nucleotide sequence
analysis of the chicken genomic DNA region that contains the last
two exons of the fur gene which encode the cysteine-rich region
and the transmembrane domain of the fur gene product. The
topography of the cysteine residues in the cysteine-rich regions
of the fur gene products of man and chicken was identical.
Furthermore, Southern blot analysis revealed that the close
physical linkage of fur and the c-fes/fps proto-oncogene observed
in the human and cat genome also existed in the chicken genome.

INTRODUCTION
The fur gene codes for a membrane-associated protein with
receptor characteristics such as a transmembrane domain and a
cysteine-rich region (1). The topographies of the cysteine
residues in the cysteine-rich regions of the deduced fur gene
product, the human epidermal growth factor receptor (2) and the
human insulin receptor (3) are similar (1). The physiological
function of the fur gene product remains to be established. mRNA
transcripts of fur were found in specimens of a number of tissues
and of these, liver and kidney exhibited the highest levels of
expression (4,5). In specimens of brain, spleen and thymus, the
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presence of fur transcripts could readily be detected. In heart
muscle, lung and testis, however, expression of fur appeared to
be very low (5). In contrast to normal lung tissue, analysis of
specimens
of
primary
human lung carcinomas of different
histopathological types revealed a highly selective and strong
elevation of fur expression in non-small cell lung carcinomas but
not in small cell lung carcinomas (5).
The fur gene transcript is a 4.5 kb mRNA and its coding
sequences are distributed over a DNA region of at least 10 kbp
(1). In the human genome, the position of the poly(A)-addition
site of the fur mRNA was found at about 1.1 kbp from the 5'-end
of the c-fes/fps proto-oncogene (1). The human c-fes/fps protooncogene encodes a 92 kDa protein (NCP92) and its expression is
restricted mainly to hematopoietic cells of the macrophage/
monocytic lineage (6,7,8). In chicken, the c-fes/fps-encoded
protein is NCP98 (9). At their carboxy-terminal portions, the cfes/fps-encoded proteins contain a protein kinase domain which
provides these proteins with a protein kinase activity with
specificity for tyrosine residues (6,7,8). From nucleic acid
sequence data of c-fes/fps, no clues could be obtained to
establish the precise physiological function of the protooncogene (10).
The observation that in the human and feline genome fur and
c-fes/fps are closely linked could indicate that a selective
pressure exists
that preserves
this physical linkage. To
investigate this, we studied the two genes in the human and
chicken genome. Here, we present data that show that fur genetic
sequences as well as the physical linkage of fur to the c-fes/
fps proto-oncogene are conserved during evolution for at least
200 Myr. Implications of these findings will be discussed.
MATERIALS AND METHODS
DNA probes and hybridization.
Probes were isolated and labelled as described before (11).
Low stringency hybridization
experiments
on nitrocellulose
membranes were performed as previously described (12) and for

48

nylon membranes (Hybond Ν, Amersham, UK) the method of Church and
Gilbert (13) was used. Recombinant DNA clone pH7 contains a 7.7
kbp Hindlll/Hindlll DNA fragment which represents the DNA region
in the chicken genome immediately upstream of c-fes/fps (14).
mRNA isolation and Northern blot analysis.
Total liver
RNA was
isolated using the lithium-urea
procedure described by Auffray and Rougeon (15). Ten micrograms
of oligo(dT)-selected mRNA were glyoxylated and size fractioned
on 1% agarose gels and transferred to Hybond N (procedure as
recomended by Amersham).
DNA sequence analysis.
DNA fragments were ligated into the polylinker region of
M13mp8-19. All of the DNA sequences were determined using the
dideoxy sequencing method as described by Sanger et al. (16). The
reported DNA sequences were obtained from both strands of the
cloned DNA. The gel readings were recorded, edited and compared
using the Staden programs (17).

RESULTS AND DISCUSSION
Northern blot analysis of fur expression in liver of a
distantly related species.

number of

In a first approach to study the fur gene in distantly
related species, we performed Northern blot analysis of poly(A)selected RNA (Fig. 1 ) . Species investigated included man, monkey,
rat, cat and chicken. The points of evolutionary divergence of
these species are schematically presented in Fig. IB. As source
for RNA isolation, liver was selected because of the high fur
expression in this tissue (4,5). A 3.1 kbp human fur cDNA clone,
representing the genetic sequences of eight exons at the 3'-end
of the human fur gene, was used as a molecular probe (1). Initial
experiments had indicated that hybridization had to be carried
out at conditions of low stringency to enable detection of a
hybridization signal with chicken RNA.
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Fig.l A:
Northern blot analysis of poly(A)-selected mRNA from
liver tissue of man (lane 1 ) , African green monkey (lane 2 ) , rat
(lane 3 ) , cat (lane 4) and chicken (lane 5 ) , using a 3.1 kbp
human fur cDNA fragment as a molecular probe. B: Evolutionary
relation between the species studied in Fig 1A.
As can be seen in Fig.
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detected in liver tissuespecimens of all species. The transcripts
in rat and chicken were slightly
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conserved during evolution over a period of at least 200 Myr.
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Fig.2 A:Southern blot analysis of high molecular weight genomic
DNA
from human liver (lane 1 ) , chicken liver (lane 2), Drosophila (lane 3) and recombinant DNA clone pH7 (lane 4). DNA was
digested with restriction endonuclease Hindlll and the 3.1 kbp
human fur cDNA fragment was used as molecular probe. As molecular
weight markers lambda DNA digested with restriction endonuclease
Hindlll was used. B:Comparison of the human and chicken fur loci.
At the top and the bottom of the figure, schematic restriction
maps of the human and chicken fur gene are shown. Solid boxes
represent coding exons, the open box the non-coding part of an
exon. In the middle part of the figure, human fur genomic and
cDNA
probes are depicted as labelled boxes. Boxes depicted
immediately below them and labelled correspondingly represent
homologous DNA regions in the chicken fur region. Boxes labelled
with "- -" indicate that no hybridization was observed with this
probe. A= Aval, Ac= Acci, Al= Alul, B= BamHI, H= Hindlll, Hp=
Hpal, P= PstI, Sm= Smal, Xb= Xbal, Xh= Xhol. A restriction
cleavage site placed between brackets (), indicates that similar
restriction cleavage sites in the DNA region are not shown.
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Close physical linkage of fur and fes/fps in the chicken genome.
In a previous study (1), we established the close physical
linkage of fur and c-fes/fps in the genome of man and cat. To
determine whether such a linkage is also present in species more
distantly related to man, we analyzed the DNA region immediately
upstream of chicken c-fes/fps. Southern blot analysis of genomic
DNA of chicken revealed that with the human 3.1 kbp fur cDNA
probe a single Hindlll/Hindlll DNA restriction fragment of about
7.7 kbp was detected (Fig. 2A, lane 2). This indicated that, as
in the human genome (Fig. 2A, lane 1 ) , the chicken genome
contains only one fur locus. Analysis of genetic sequences from a
16 kbp DNA fragment that was molecularly cloned from the chicken
genome and included the c-fes/fps locus (14) showed that it
contained sequences homologous to the human fur cDNA probe. These
homologous sequences were found in a 7.7 kbp Hindlll/Hindlll DNA
restriction fragment immediately upstream of the c-fes/fps locus
(Fig. 2A, lane 4). The 3'-end of the 7.7 kbp DNA fragment was
located about
300 bp from the 5'-end of c-fes/fps (14).
Hybridization analysis of the 7.7 kbp DNA fragment with a number
of human fur-specific cDNA and genomic probes revealed the
colinearity of the genetic organization of fur in both species.
In Fig.
2B, these experiments are summarized. These data
establish the close physical linkage of fur and c-fes/fps in the
chicken genome.
Characterization of
sequence analysis.

the

З'-end

of

chicken

fur by nucleotide

Nucleotide sequence analysis of the human fur gene revealed
that the last two fur exons coded for a cysteine-rich region and
a transmembrane domain (1). Based upon these characteristics, we
hypothesized that the fur gene product could be a receptor,
whereby the cysteine-rich region
could be
involved in a
recognition function. If that is the case, the topography of the
cysteine-residues is most likely conserved. To test this, we
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determined the nucleotide sequence of the chicken genomic DNA
region that contained the last two fur exons, exon Y and Ζ (1). A
Smal/Hindlll restriction fragment of chicken fur genomic DNA
appeared to contain these exon sequences, and when used in a
Northern blot hybridization under high stringency conditions, a
4.3 kb mRNA could be detected in chicken liver RNA. The
nucleotide sequence of exon Y and a portion of exon Ζ is
presented in Fig.3.

1

301

agctgctatg gcttgggggg gctctgaggt ggccttttcc ccacaaccct gtotgtgctt gttcatggag gtgtccccgt ggcccccgtg cagcctgtgg
<- exY
tggtgttggt gcccaccctc cctgtaggag gtocacgggt goactgctgg tgctcactcc atgttgttcc agGCACACTG ACCAAGTTCA CGCTGGTGCT
exY ->
GTACGGGACG GCCACTGACC CCCCTGGGCT CTCCAATCAG CTGGAGAGCA GTGGCTGCAA GACCTTGACC CCCAGCCAGA CCTGCGTCGg tgagtgoagg
<- exZ
ctoccatggg agggtgggcg tgcagatgat gcococggco cogtgctgac coatctotcc tgcagTCTGC GAAGAGGGAT ACTACCTGCA CCAGAAGAGC

101

TCCCTGAAGC GCTGCCCCCC TGGCTTCGCA CCTGGAGTGC AGAACACACA CTACAACCTG GAGAACAGCA TGGAGCCCAT CGCACCCCAG CTCTGCCTGC

101
201

501

CCTGCCACCC CTCCTGCGCC ACCTGCACGG GGCCCGGCCC CAATCAGTGC CTGACCTGCC CCGCACACTC CCACTTCAGC AGCTTGGACC TCTCCTGCTC

601

CCACCAGACG CAGAGCAGCC GTCCGTCGCC CGCCCTGGTG GAGGGCGAGG GGCAGTCTGA GGCCCCTCC' CCAGCCAACC CGCTCGTCCT CATCGCCAGC

701

CTCAGCTCCG TTCTCATTGT ГСГТГАТСТТС ATCACCGTCT TCCTGGTGCT GCAAGTGCGC TCCGGGTTCA GGCTGCGGGG CGTGAAGGTC TACGCCCTGG

801

ACAGCGGCAT CATCTCCTAC AAGGGGCTGC CCTCCGACAT CTGGCAGGAG GAGGGCCCTT CGGAGTCGGA CATTGAGGAG TGCGAAGTGC ACAATGAGAG

901

GACTGCCTTC ATCAGAGACC AAAGTGCCCT TTGATGAGCC CTCTGCCCCT CCCTCCTCCT CCTGGCACCG CGGGGCAGGG GCAGATGAGG CCGAGGGGCC

1001

TGGACTCTGC TCCCGTCCCC CTCCGCGGCA TTCTGGGCTC CCCACTGCTG GTACCGTCCT CAGCCCTGTG GTGTCCCCGT CCCGGACCAT CTCTCACAGC

1101

CTCGTGTCCA TGCTGTGCCC TGTGCTGGTG TCTGGCCAGA CCCTGGTGCT GGCTTTGTGC TGGCAGCTGC GTTCCTTCCC CTGGGCCGGC GGTTGCTGGG

1201

GGCCACACGT GGCTGCGGGG ATGGGGGCCG OGCGCCCTTG TTGGTGTTGC CCTGACTGGG CTACCTGAGG CTCCCCGCCG CCTCCCCAGG GCCTGTCTGC

1301

CTCCACCCGT GCCCTTCAAC AGCAATAATG GCCAGGCCTC AGCCCCCTAC CTCCTTGCCC ACTGCTGCCT GTCCCACCAC AGCCACCTGC AGCGCGGATC

1401

GGAGCCCAGT GATGGAGGGT GTGGGCATAG CAACGCCTTC CCCTGCGCCC AAGGCTGTGC CCTCAGTGTA GGGAGGGCCC CCTGCTCAGC AGCAGCCCCT

1501

GTTCTGCCCC GGG

*

Fig. 3 : Nucleotide sequence of the 1.5 kbp Alul/Smal DNA
restriction fragment of the chicken fur gene (see Fig.2B). The
arrows mark the positions of the exon boundaries. The asterisk
(*) indicates the position of the stop codon.
Comparison of this sequence with that of the corresponding human
DNA region confirmed predicted structural similarities between
the fur genes of the two species. As expected, sequence homology
downstream of the postulated stop codon (asterisk in Fig. 3) was
significantly lower than upstream of it.
Comparison of the amino acid sequences deduced from the
nucleotide sequence data of human and chicken exon Y and Ζ
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(Fig.4) revealed a sequence homology of 82 %.
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Fig. 4 : Alignment between the chicken and human C-terminal
portion of the fur translational product. The cysteine-rich
region is underlined with a solid bar, the putative transmembrane
domain with a dashed line. Amino acids are given in the
conventional one letter code.
In the chicken gene product, a deletion of 10 amino acids between
the cysteine-rich
region and the transmembrane domain was
observed. Furthermore, the chicken fur product had an insertion
of two amino acid residues at two locations ( Fig. 4) as compared
to the human fur product. The topography of the cysteine residues
in the cysteine-rich region, however, was identical in the two
species.
The data presented in these studies show the conservation of
particular receptor characteristics of the fur gene product as
well as the physical linkage of fur and the c-fes/fps proto
oncogene during an evolution for at least 200 Myr. Conservation
of the transmembrane domain and the topography of cysteine
residues in the cysteine-rich region support our hypothesis that
fur encodes a receptor. The fact that the two genes remained
linked during such a long period in evolution could merely be a
consequence of the presence of only a very small intergenic
region that can be genetically altered without affecting key
functions of either of the two genes. Alternatively, it could
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also indicate that a selective pressure exist against physical
separation. One could imagine, for instance,
that genetic
elements that control expression of these genes are in fact
located within the intron-exon boundaries of each other. Because
of the conserved close proximity of a gene encoding a receptor
and a gene encoding a tyrosine-specific protein kinase, it is
also
tempting
to
speculate
that there is a functional
relationship. A simple functional relationship in which the cfes/fps gene product provides the fur-encoded receptor with the
kinase activity that is often observed in receptors as an
integral part of their structure is, however, not very likely in
light of the different expression patterns of the two genes.
ACKNOWLEDGEMENTS
We thank Dr. P. Duesberg for generously providing clone pH7,
Jack Leunissen for cumputer asssistance and C. Schoenmakers for
DNA sequence analysis. This work was supported by the Netherlands
Cancer Foundation, Contract No. NUKC 87-13, and the Netherlands
Kidney Foundation, Contract No. C-85.531.

55

REFERENCES
Roebroek, A.J.M., Schalken, J.A.,
Leunissen, J.A.M.,
Onnekink, C ,
Bloemers, H.P.J., and Van de Ven, W.J.M.
(1986) EMBO J., 5, 2197-2203.
Ullrich, Α., Coussens, L., Hayflick, J.S., Dull, T.J., Gray,
Α., Tam,
A.W., Lee, J., Yarden, Y., Libermann, Τ.Α.,
Schlessinger, J., Downward,
J., Mayes, E.L.V., Whittle,
N., Waterfield, M.D., and Seeburg, P.E. (1984) Nature,
309, 418-425.
Ullrich, Α., Beil., J.R., Chen, E.Y.,
Herrera, R.,
Petruzelli, L.M.,
Dull, T.J., Gray, Α., Coussens, L.,
Liao, Y . - С , Tsubokawa, M., Mason,
Α., Seeburg, P.E.,
Rosen, O.M., and Ramachandran, J. (1985) Nature, 313, 756761.
Roebroek, A.J.M., Schalken, J.Α., Bussemakers, M.J.G., van
Heerikhuizen, H., Onnekink, С , Debruyne, F.M.J., Bloemers,
H.P.J., and Van de Ven, W.J.M. (1986) Molec. Biol. Rep.,
11, 117-125.
Schalken, J.A., Roebroek, A.J.M., Oomen, P.P.C.A., Wagenaar,
Sj.Sc, Debruyne, F.M.J., Bloemers, H.P.J., and Van de
Ven, W.J.M. (1987) J. of Clin. Invest., In Press.
Feldman, R.A., Gabrilove,J.L., Tam, J.P., Moore, M.S., and
Hanafusa, H. (1985) Proc. Natl. Acad. Sci. USA, 82, 23792383.
McDonald, I., Levy, J., and Pawson, T. (1985) Mol. Cell.
Biol., 5, 2543-2551.
Barbacid, M., Beemon, K., and Devare, S.G. (1980) Proc.
Natl. Acad. Sci. USA, 77, 5158-5162.
Mathey-Prevot, В., Hanafusa, H., and Kawai, S (1982) Cell,
28, 897-906.
Roebroek, A.J.M., Schalken, J.Α., Verbeek, J.S., Onnekink,
С,
Bloemers, H.P.J., Van de Ven, W.J.M. (1985) EMBO J.,
11, 1197-1203.
Van den Ouweland, A.M.W., Breuer, M.L., Steenbergh, P.H.,
Schalken,
J.Α., Bloemers, H.P.J., Van de Ven, W.J.M.
(1985 Biochim. Biophys. Acta, 825, 140-147.
Schalken, J.A., Van den Ouweland, A.M.W., Bloemers, H.P.J.,
Van de Ven,
W.J.M. (1985) Biochim. Biophys. Acta, 824,
104-112.
Church, G.M., and Gilbert, W. (1984) Proc. Natl. Acad. Sci.
USA, 81, 1991-1995.
Pfaff,S.L., Zhou, R., Young, J.C., Hayflick, J., and
Duesberg, P.H. (1985) Virology, 146, 307-314.
Auffray, Ch., and Rougeon, F. (1980) Eur. J. Bioch.,107,
303-314.
Sanger, F., Nicklen, S., Coulson, R.A. (1977) Proc. Natl.
Acad. Sci. USA, 74, 5463-5467.
Staden, R. (1982) Nucl. Acids Res., 10, 2951-2961.

CHAPTER 5

fur GENE EXPRESSION AS A DISCRIMINATING MARKER
FOR SMALL· CELL AND NON-SMALL CELL LUNG CARCINOMAS

Jack A. Schalken, Anton J.M. Roebroek, Paul P.C.A. Oomen,
Sjoerd Sc.Wagenaar, Frans M.J. Debruyne, Henri P.J. Bloemers
and Wim J.M. Van de Ven.

Journal of Clinical Investigation, In Press.

fur GENE EXPRESSION AS A DISCRIMINATING MARKER
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Sjoerd Sc.Wagenaar, Frans M.J. Debruyne, Henri P.J. Bloemers
and Wim J.M. Van de Ven.
ABSTRACT
The recently discovered fur gene encodes a membraneassociated protein with a recognition function. To further
characterize the gene, we studied its expression by Northern blot
analysis using poly(A)-selected RNA from a variety of organs of
African green monkey and rat. The fur gene appeared to be
differentially expressed, relatively high levels of fur mRNA
being present in specimens of liver and kidney, low levels in
brain, spleen and thymus, and very low levels in heart muscle,
lung and testis. mRNA levels in specimens of human lung tissue
without neoplastic lesions were also very low. Similar analyses
of primary human lung carcinomas of different histopathological
types revealed a highly selective and strong elevation of fur
expression in non-small cell lung carcinomas but not in small
cell lung carcinomas. These results indicate that fur expression
can be used to discriminate between these two types of human lung
cancer.
INTRODUCTION
Recently, we have described a new gene which we designated
fur (1). The gene was discovered when the regions immediately
upstream of the human and feline fes/fps proto-oncogenes were
compared by Southern blot and heteroduplex analysis in an attempt
to define more precisely the 5' ends of these proto-oncogenes.
The fur transcription unit appeared to be distributed over a DNA
region of about 10 kbp and to code for an mRNA of 4.5 kb. The
poly(A) addition site of the fur messenger was found in very
close proximity of the fes/fps proto-oncogene (1).
Nucleotide sequence analysis of fur-cDNA clones showed that
the 3' end of the fur transcript was characterized by a noncoding
region of about 1.6 kbp (1, 2). Furthermore, it appeared from
analyses of a 3.1 kbp cDNA clone that fur contained an open
reading frame of at least 1500 bp. In the amino acid sequence
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deduced from it, a hydrophobic region was present at a position
of about 50 amino acid residues from the carboxy terminus. This
potential transmembrane domain was very similar to the ones found
in some proteins encoded by Class II genes of the major
histocompatibility complex (MHC). Upstream of the transmembrane
domain, a cysteine-rich region was present. Cysteine-rich regions
appear widely distributed among receptor proteins and, in some
cases, may be involved in ligand binding; they are found in the
human insulin receptor (HIR) (3), the human epidermal growth
factor receptor (HER) (4), the glucocorticoid receptor (5), the
oestrogen receptor (4, 6) and the low density lipoprotein
receptor (7). Significant homology, especially with respect to
the topography of cysteine residues, was found between the
cysteine-rich regions of HER, HIR and furin, the putative
translational product of fur (2). A transmembrane domain adjacent
to a cysteine-rich region as in furin, is more often observed in
receptors (3-8). The characteristics described above make furin a
likely candidate for a receptor for an as yet unknown ligand.
Because of the structural properties of furin, it was of
interest to study the expression pattern of fur in normal and
neoplastic tissue. In the present report, we describe the results
of such a study in which we used poly(A)-selected RNA from
specimens of a number of different organs of African green monkey
and rat, as well as from normal lung tissue that was free of
neoplastic lesions and from human lung carcinomas of different
histopathological types.
MATERIALS AND METHODS
Lung carcinomas
Lung carcinoma specimens from 49 patients were selected from
the files of the Pathology Department of the St. Antonius
Hospital, Nieuwegein, The Netherlands. Surgical specimens were
presented fresh and sterile to the pathologist immediately after
extirpation and tumor tissue was quickly frozen in liquid
nitrogen and stored at -70oC. Tumors were characterized by
routine
microscopical
and histopathological techniques and
classified according to the criteria of
the World Health
Organization (9) as small cell lung carcinoma (SCLC) (9 cases) or
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non-small cell lung carcinoma (NSCLC) (40 cases). All SCLCs were
examined by electron microscopicy to confirm the presence of
neuro endocrine granules. The NSCLCs could be classified as
squamous cell carcinomas (19 cases) and adenocarcinomas (21
cases).
Specimens of normal tissue
Specimens of normal tissue were obtained from cat, rat,
mouse and monkey. Specimens were quickly frozen in liquid
nitrogen immediately upon removal from the animal and stored at
-70°C.
DNA probes and hybridization
DNA probes were isolated and labeled as described (10). To
study fur expression, a 3.1 kbp fur-cDNA probe was used which was
isolated from an oligo(dT)-primed cDNA library (2) from KG-1
cells (11). The 0.95 kbp fes/fps-specific cDNA probe was descri
bed before (1) and included the genetic sequences of the last
five exons of c-fes/fps (12). To assay the presence of actin
transcripts, pAct-1 a hybrid molecule of pBR322 and 1.2 kbp of
actin-specific cDNA sequences of hamster origin (13) was used.
Hybridization
experiments
on nitrocellulose membranes were
performed as described previously (10). For hybridizations on
nylon membranes (Hybond-N, Amersham) the method of Church and
Gilbert (14) was used. The Nylon membranes were dehybridized by
incubation in 5 mM Tris-HCl (pH 8.0), 2 mM EDTA and 0.1 χ
Denhardt's solution (1 χ Denhardt's solution contains 0.02 %
(w/v) bovine serum albumin, 0.02 % (w/v) polyvinylpyrrolidone and
0.02 % (w/v) ficoll) at 65 0 C for 2 hr. Each dehybridization was
checked by autoradiography. Blots could be used several times
without significant loss of signal.
mRNA isolation and Northern blot analysis
Total cellular RNA was isolated from normal and malignant
lung tissue using the lithium-urea procedure described by Auffray
and Rougeon (15). Ten \ig of oligo(dT)-cellulose purified mRNA was
glyoxalated and size fractionated on 1.0 % agarose gels and
transferred to Hybond-N (procedure as recommended by Amersham).
RESULTS
Differential expression of fur in normal
rat
We have studied
discovered fur gene in

tissues

of monkey and

the expression pattern of the recently
normal tissues of different histological
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types by Northern blot analysis. For this study, a suitable fur
probe was selected. In Fig. 1, characteristics of the fur gene
are summarized. With a combination of genomic probes representing
a major portion of the fur transcription unit (probe 1, 2, and 3 ;
see Fig. 1) the 4.5 kb fur could be detected in poly(A)-selected
RNA from the human cell line KG-1. However,
a smear of
transcripts of lower molecular weight was always observed (Fig.
1, lane 1 ) . When a 3.1 kbp fur cDNA clone (Fig. 1) was used, a
clear and distinct band was obtained instead (Fig. 1, lane 2 ) .
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Fig.l : Schematic representation of characteristics of fur. At the
top of the figure, the position of fur relative to the fes/fps
proto-oncogene in the human genome is depicted. The three
numbered bars represent fur genomic probes. The 4.5 kb fur mRNA
is shown below the human genomic region followed by a 3.1 kb fur
cDNA clone, which was used as a probe. At the bottom of the
figure, the deduced fur translational product is represented as a
bar. CRR: cysteine-rich region,- TM: transmembrane domain. Under
the bar representing the genomic DNA of the proto-oncogene an
0.95 kbp fes/fps cDNA clone (3) is shown. At the right site of
the figure, a Northern blot analysis of poly(A)-selected RNA from
KG-1 cells is shown. Probes included a combination of genomic
probe 1, 2, and 3 (lane 1 ) , the 3.1 kbp fur cDNA clone (lane 2),
the 0.95 kbp fes/fps cDNA clone (lane 3) and the v-fes-specific
Sj probe (16) (lane 4 ) . Molecular weight markers include lambda
DNA digested with restriction endonuclease Hindlll. E,EcoRI,·
Hp,HpaI,· P,PstI; Xh,XhoI.
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As can be seen in Fig. 1, this cDNA clone represented about 70 %
of the 4.5 kbp fur and contained the genetic sequences that
encode the transmembrane domain and the cysteine-rich region.
The smearing effect observed with the combined genomic probes was
probably due to repetitive sequences most likely located in the
5' region of fur (data not shown). To study the fes/fps
transcripts, an 0.95 kbp fes/fps-specifie cDNA was used (Fig. 1,
lane 3) instead of the v-fes-specific S^ probe (16) (Fig. 1, lane
4).
The fact that the fur cDNA probe was of human origin as well
as the fact that the availability of specimens from a number of
different human organs was rather limited led us to test the
evolutionary conservation of the fur gene to select an appropriate alternative. This was performed by Northern blot analysis of
poly(A)-selected RNA from kidney specimens of mouse, monkey, man,
rat and cat (Fig. 2 ) . Although some variation in the signal
strength couli be observed, the fur gene seemed fairly well
conserved during evolution and could be detected in all these
species under hybridization conditions of high stringency.
1
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Fig. 2:
Northern blot analysis of
poly(A)-selected RNA (20
ug amounts) isolated from
kidney of mouse (lane 1 ) ,
monkey
(lane
2 ) , man
(lane 3 ) , rat (lane 4)
and cat (lane 5).
Molecular weight markers
are the same as described
in the legend to Fig. 1.
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not shown).

Based upon these observations, we chose to test fur expression in
various tissues of African green monkey and rat.
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Fig. 3: Expression of fur and fes/fps in a number of tissues of
an African green monkey and Hela cells. A: Northern blot analysis
was performed with poly(A)-selected RNA (20 \ig amounts) of liver
(lane 1 ) , spleen (lane 2 ) , brain (lane 3 ) , thymus (lane 4 ) , lung
(lane 5 ) , testis (lane 6 ) , heart muscle (lane 7 ) , kidney (lane
8 ) , and Hela cells
(lane 9 ) . As a molecular probe, the 3.1 kbp
fur cDNA was used. Upon autoradiography, the blot was screened
with the 0.95 kb fes/fps cDNA. Molecular weight markers as in
Fig. 1, B: Northern blot analysis of the same blot as used in
part A of the figure with an actin-specific probe.
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In an attempt to compare similar amounts of poly(A)-selected RNA,
we used O.D.260 and ethidium bromide staining to estimate RNA
concentrations.
Results
of
Northern
blot
analysis
of
poly(A)-selected RNA from a number of tissues of African green
monkey are summarized in Fig.3.Relatively high levels of fur
transcripts were found in RNA from liver and kidney. Lower levels
of fur expression were observed in brain, spleen and thymus, and
very low levels in heart muscle, lung and testis. Expression of
fur was also found in some established cell lines (data not
shown), for instance in KG-1 cells (Fig. 1, lanes 1 and 2) and in
Hela cells (Fig. 3, lane 9). It should be emphasized that the
autoradiograph shown in Fig. ЗА was exposed 24 hr (using Kodak
XAR-5 and two Dupont Lightning Plus Intensifying Screens). In
part В of Fig. 3, levels of actin transcripts in the various
samples are shown (hybridization of the same Northern blot) as an
additional control experiment. Exposure in this experiment was
for 4 hr. A similar expression pattern of fur was observed with
RNA from various rat tissues (data not shown). These experiments
indicate that the fur gene exhibits a differential expression
pattern. At present, it is not clear whether the weak hybridizat
ion signals observed with specimens of some organs were due to
low levels of fur transcripts in the tissue-specific cells of
these specimens or to the presence of cells of hemopoietic origin
which exhibit relatively higher levels of fur expression. In situ
hybridization or immunofluorescence analysis could resolve this
matter and establish in detail which cell types contain the fur
transcripts or its translational product.
When the same blots were assayed for the presence of fes/fps
related sequences without prior dehybridization, a hybridization
signal at 3.0 kb was observed only in spleen samples (Fig. ЗА,
lane 2 ) . This observation is in agreement with previous reports
indicating expression of fes/fps to be restricted mainly to
hemopoietic cells of the myeloid lineage (17-21; see also Fig. 1,
lanes 3 and 4). It should be noted that in Fig. 3 the fur and the
fes/fps-specific hybridization are superimposed, in which the
fur-signal is the result of the first hybridization.
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Expression of fur in human lung carcinomas
The observation that fur is expressed at very low levels in
tissues like heart muscle, lung and testis, led us to extend our

10

kb

4.3

2.3 —
2.0 —

В
2.32.0-

mmmm

Fig. 4: Expression of fur in normal and neoplastic lung tissue.
A: Northern blot analysis was performed with poly(A)-selected RNA
(20 ug amounts) of normal lung tissue of man (lane 1 ) , cat (lane
2), rat (lane 3 ) , and monkey (lane 4), two human SCLCs (lanes 5
and 6), two human adenocarcinomas (lanes (7 and 8) and two human
squamous cell carcinomas (lanes 9 and 10). As a molecular probe,
the 3.1 kbp fur cDNA was used. B: Control for the amounts of RNA
on Hybond-N paper. The same blot as used in part A of the figure
was used in an hybridization analysis with an actin-specific
probe.
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studies to naturally
incidence in man, lung
for such a study.

occurring tumors. Because
carcinomas were an obvious

of its high
first choice

We have studied 9 cases of SCLC and 40 cases of NSCLC. The
latter included 19 cases of squamous lung cell carcinoma and 21
cases of adenocarcinoma. For control experiments we used specim
ens of lung tissue without neoplastic lesions from man, cat, rat
and monkey.In Fig. 4A, the results of a Northern blot analysis of
similar amounts of poly(A)-selected RNA from the various types of
lung carcinomas
and the various control lung tissues are
presented. It should be noted that conditions were the same in
all experiments and that exposure of the film was 10 hr (using
Kodak XAR-5 and two Dupont Lightning Plus intensifying screens).
Normal lung tissue of man (lane 1 ) , cat (lane 2 ) , rat (lane 3 ) ,
and monkey (lane 4) exhibited very low levels of fur expression
(see also Fig. 3 ) . Similarly, in SCLCs fur expression was also
just above the detection level under these conditions. In the
NSCLCs, however, strongly elevated levels of fur transcripts were
observed (lanes 7-10). We estimated these to be about ten to
twentyfive times higher than that in control lung tissue or SCLCs
Human Lung
tissue

Total numbers οΓ
specimens tested

fur expression
level
++

*

+#

control

SCLC

9

0

1

8

Squamous cell carcinoma

19

14

2

3

Adenocarcinoma

21

18

2

1

Control lung

5

0

0

5

Table 1: Fur gene expression in human lung carcinoma specimens.
, indicates a level of fur expression of lOx to 25x higher than
the level observed in
control lung
tissue specimens, as
determined by densitometric measurements.
*, indicates a level of fur expression of approximately 5x higher
than the level observed in control lung tissue specimens, as
determined by densitometric measurements.
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and about five- to tenfold higher than in liver and kidney. No
major differences in the levels of fur expression in squamous
cell carcinomas and adenocarcinomas could be observed. In part В
of the figure, the actin hybridization pattern of the same blot
as used in part A is presented to indicate the relative amounts
of actin mRNA on the blot. In Table 1, the results of all lung
carcinomas are summarized. In most NSCLC cases, levels of fur
expression were 10 times to 25 times higher than in specimens of
control lung tissue. In 4 cases, fur mRNA levels were approxi
mately 5 times higher than
control levels and in 4 other
cases no elevation of fur transcription was observed. In the
specimen of one of the 9 SCLC patients, fur levels were elevated
to some extent. The eight others were all very low.
The same Northern blots were also used to study expression
of the fes/fps proto-oncogene. Expression of the proto-oncogene
appeared to be low in all lung tissues tested, although some
elevation of expression could be observed in some of the lung
tumors tested (data not shown). The presence of low levels of
fes/fps in lung tissue is already reported by others (17-21).
However, it is not clear at the moment to which cell types the
fes/fps expression should be attributed to. It is possible that
the somewhat elevated levels of fes/fps transcription in lung
carcinomas was due to
the increased
numbers of alveolar
macrophages which are known to be present in these tumors. In
situ hybridization or immunofluorescence analysis should clarify
this issue.
DISCUSSION
The fur gene possesses two remarkable characteristics. First
of all, its receptor-like structural features, - the presence of
a transmembrane domain and a cysteine-rich region -, and,
secondly, its evolutionary conserved location in the region
immediately upstream of the fes/fps proto-oncogene. The fact that
genetic sequences with coding potential for a protein with
receptor-like characteristics
remained closely linked to a
proto-oncogene that encodes a tyrosine-specific protein kinase is
interesting, since it raises the possibility of a functional
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relationship.
The
expression
pattern
of
the
fes/fps
proto-oncogene is known to be restricted to the myeloid lineage
of hemopoietic cells (21). Analysis of the expression pattern of
fur could, therefore, provide insight in a potential relationship
between fur and the proto-oncogene. The differential expression
pattern of
fur described
in this
paper, however, shows
differences in regulation of expression of fur and fes/fps
implicating a functional role of the fur gene product that is not
necessarily linked to the proto-oncogene product.
The observation that expression levels of fur transcripts in
most lung tumor specimens of patients with primary adenocarcinoma
or squamous cell carcinoma were strongly elevated compared to
specimens of control lung tissue or SCLC was of particular
interest. At the moment, it is not clear how to explain the
strong elevation of fur expression in NSCLCs. As a possible
explanation, gene amplification was considered. Southern blot
analysis of a number of adenocarcinomas and squamous cell
carcinomas, however, indicated that this was not the case (data
not shown). It cannot be excluded that the enhanced transcription
of fur in NSCLCs should be explained by properties of the fur
promoter region itself. Preliminary analysis of the presumed fur
promoter region in a chloramphenicol-acetyl-transferase-assay
(CAT-assay) revealed strong promoter-like activity. However, it
is also possible that the tumor cells in the NSCLCs arise from a
differentiating cell type that expresses fur somewhere along its
differentiating pathway and at the same time is low abundant in
control lung tissue. Becoming abundant in the NSCLCs could be an
explanation for the observed increase in fur expression. In such
a model, the few cases that did not exhibit elevation of fur
expression could also be explained. Resected small cell lung
carcinoma specimens are very uncommon, representing the minority
of all cases. Thus, SCLC's amenable to surgical resection may be
biologically different from SCLC's present in the standard
unresectable manner. With respect to fur gene expression, we did
not see such a biological difference in the nine SCLC cases we
studied. Only one of them exhibited a slightly elevated level of
fur transcripts. Of the nine SCLC specimens, four were obtained
by surgical resection. Diagnosis of these four cases was based
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upon histology,
cytology, immunohistochemistry and electron
microscopy. Survival rates of the patients varied between 6 and
24 months (average: 12.7 months). Tumor specimens of the remaining five cases were obtained during autopsies which were performed within 1 hr of the patient's death. Diagnosis of one of these
cases was based upon histology and immunohistochemistry (survival: 3 months). Diagnosis of the remaining four cases was based
upon histology only. Survival rates of these four cases varied
between 3 weeks and 8 months (average: 3 months). In accordance
with the diagnoses, all nine cases exhibited a biological
behavior of small cell undifferentiated lung carcinoma.
The differential expression pattern of fur in SCLC and NSCLC
also implied that fur gene expression could be used as a
discriminating marker in studies on human lung cancer. At
present, SCLC cells can be identified using a
number of
biomarkers (for
a review see reference 22). For example,
gastrin-releasing peptide is shown to be a suitable marker for
SCLC cells (23). A similarly useful marker for NSCLCs, which
account for about 75-80 % of all cases of primary lung cancer, is
not available at present (22). The identification of fur as a
potential marker for NSCLCs could, therefore, be of importance
for lung cancer diagnosis. Analysis of the fur gene sofar (1, 2)
revealed promising characteristics of the gene and its product.
First of all, evidence that furin represents a cell surface
receptor is in favor of relatively easy accessibility of the
protein. Moreover, the fact that in NSCLCs the levels of fur
transcripts are selectively and strongly elevated may further
facilitate furin detection. Both these characteristics could make
the fur gene a valuable object for the development of reagents to
detect NSCLC in an early stage.
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ABSTRACT
To identify genes whose expression is down-modulated in the
process of metastasis, gene expression was analyzed in cell lines
derived from Dunning R-3327 rat prostatic tumor sublines. A cDNA
library from the anaplastic non-metastasizing subline AT-1, was
used for a differential hybridization analysis, using probes
derived from mRNAs of the AT-1 and the metastasizing MAT-LyLu
subline. In this way 14 cDNA clones were isolated representing 6
differentially expressed genes. The expression levels in a panel
of tumor sublines, measured with these cDNA clones were tested
for correlation with the anaplastic non-metastasizing phenotype.
One cDNA clone, designated pSE-1, whose expression was high in
all tested sublines with that phenotype, appeared to represent
the gene for fibronectin. To further investigate the downmodulation of this gene, we studied its expression in AT-2
(anaplastic, non-metastasizing tumor) and lines derived therefrom
that exhibited a high metastatic potential after transfection
with the v-Ha-ras oncogene. In the genetically manipulated
metastasizing tumor
sublines, fibronectin mRNA levels were
approximately 4-8 fold lowered compared to the non-metastasizing
parental AT-2 line.
INTRODUCTION
The metastatic capacity of prostatic cancer cells determines
in many cases the clinical prospect of the patient. In the case
of truly localized tumors the patients can be cured by radical
prostatectomy (1), however, disseminated prostatic cancer demands
further systemic
treatment, mostly
androgen ablation. The
observed initial response after
this
therapy
is usually
temporarily, because of growth recurrance of cells unresponsive
to androgens. This makes the disease refractory to any further
treatment (2). Progress in the development of diagnostic methods
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to accurately predict the metastatic ability of an individual
primary prostatic tumor, is hampered by the lack of knowledge
concerning the specific phenotypic characteristics of prostatic
cancer cell populations.
An approach to molecularly define such characteristics is to
isolate cDNA clones, that are representative for genes that are
differentially expressed in specific cancer cell populations. The
so-called subtraction or differential hybridization assay is a
method to identify such clones; in this approach a cDNA library
is constructed of the mRNA population of cancer cells at one
stage of the carcinogenic process. Such a library is screened
with probes derived from stage-specific mRNAs. This approach
appeared to be very useful in a study on cell cycle genes (3) and
genetic elements that are induced after epidermal growth factor
stimulation (4). Imperative for this approach, however, is that
the stages that are compared are developmentally not too far
apart, to eliminate trivial differences. A tumor model system for
prostatic cancer that meets most demands for a subtraction
hybridization analysis is the system derived from the Dunning R3327 rat prostatic tumor (5). It consists of a number of sublines
that differ widely in their histology, growth rate, androgen
sensitivity and metastatic abilities. An additional advantage of
this system is that from a number of the in vivo tumor lines, in
vitro cell lines were derived that retained the phenotypic
characteristics. This was established by injection of cells in
adult male Copenhagen rats (6). These cell lines also enable in
vitro manipulation of phenotypic characteristics that can be
assayed in vivo.
In this study, we describe a differential hybridization
experiment of an AT-1 cDNA library, using probes derived from
AT-1 and MAT-LyLu (anaplastic, metastasizing line) mRNAs. cDNA
clones from differentially expressed genes were isolated and
characterized. One of them appeared to code for fibronectin. The
down-modulation of fibronectin was also observed in prostatic
cancer sublines that appeared to be highly metastatic after
genetic manipulation.
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MATERIALS AND METHODS
Dunning R-3327 rat prostatic tumors
The parental tumor from which all the rat prostatic tumor
sublines were derived, is the original R-3327 tumor described by
Dunning (7). To denote differences in the history of the original
R-3327 tumor passaged at several institutes, the tumor line
serially passaged at Johns Hopkins Hospital (Baltimore, Md) was
termed R-3327-H. The tumor line passaged at the Papanicolaoi
Cancer Research Institute (Miami, Fl) was termed R-3327-P (5).
The phylogeny of the Dunning sublines that were used for this
study is described in Fig.l.

o.-aqpT

,
HORMONE DEPENDENT/
SENSITIVE

HELL DIFFERENTIATED
HORMONE INDEPENDENT
ANAPLASTIC
NON-METASTASIZING

MAT-LyLu

HfiT-Lu

PAT-e

HORMONE INDEPENDENT
ANAPLASTIC
METASTASIZING

Fig.l: Schematic representation of the origin and relationship of
the Dunning R-3327 sublines that were used in this study. The
dashed lines divide the outline in groups of tumors with common
phenotypic characteristics, indicated in the right part of the
figure (for references, see text).
The Ρ and the Η tumor are well differentiated tumors that
grow in response to androgens. The sublines AT-1, AT-2 arose from
the Dunning R-3327-H and PAT-1 from the R-3327-P line passaged at
Johns Hopkins Hospital (5). The CUB line was derived from the Η
line at Dr. Shimazaki's laboratory (Cheba University, Japan, 8 ) .
All these lines arose within one passage and are anaplastic,
hormone-independently growing
tumors with a low metastatic
ability (5), i.e. less than 10% of the animals inoculated with
tumor sublines develop distant metastases. MAT-LyLu (9) and MATLu (10) both arose from the AT-1 tumor. PAT-2 and AT-3 arose from
the P- and Η-line, respectively. In rats, these last four
sublines grow as anaplastic tumors with a high metastatic
ability, i.e. more than 90 % of the animals inoculated with these
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tumor sublines develop distant metastases (5).
Each of the tumor sublines described above is routinely
passaged by innoculating male inbred Copenhagen (Cop) rats
(Harlan Sprague-Dawley, Indianapolis, In) subcutaneously in the
flank with a 25 mg trocar piece of the respective tumor subline
as described before (11). Tumor
samples were frozen in liquid
0
nitrogen and stored at -80 C .
Metastatic ability
of in vitro sublines was assayed by
6
inoculating 1 χ IO
cells subcutaneously in the flank. The
animals were sacrificed after 42 days and examined for distant
metastases, i.e. in lymf-nodes and lung (5); Metastasizing
capacity was called low, when less than 10% of all animals
inoculated developed distant metastases. A subline was termed
highly metastatic when more than 90% of all animals inoculated
developed distant metastases.
Cell lines
The established MAT-LyLu and AT-1 cell lines were derived
from the MAT-LyLu and AT-1 rat prostatic tumors (6). The cells
were cultured and harvested as described before (6).
mRNA isolation and Northern blot analysis.
Total RNA from tumors and cultured cells was isolated using
the lithium-urea procedure described by Auffray and Rougeon (12).
Ten ug of oligo(dT)-selected mRNA was glyoxylated and size
fractioned on 1% agarose gels and transferred to Hybond N
(procedure as recommended by Amersham).
Construction and screening of cDNA libraries
An AT-1 oligo(dT)-primed cDNA library was constructed in
pUC-18, using EcoRl linkers (13). The cDNA reaction was performed
according to the method of Gubler and Hofman (14). Transformation
on competent HB101 was performed as described before (15). The
library was screened acccording to the method of Hanahan and
Meselson (16) with radioactively labeled first strand products of
a reverse transcriptase reaction using 2 ug poly(A) mRNA. The
first strand reaction was performed in 50 mM Tris-HCl (pH=8.3), б
mM МдСІ2, 40 mM32 KCl, 0.5 mM of unlabeled deoxyribonucleotides and
50 uCi of (a- P) dATP (> 3000 Ci/mM) was used. After annealing
of 4 \ig 0of hexamer random primers (P.L. Pharmacia) by incubation
at 65 C (5 min.) and subsequent quenching of the reaction
mixture in ice (5 min.) first strand reaction was initiated by
adding 25 U of reverse transcriptase (Beard, Life Sciences). The
specific activity thus obtained was 0.5-1.0 χ 10^ dpm/ug template
RNA. Hybridization
was performed as described before (17) using
1-2 χ 10 6 cpm/ml hybridization mixture.
DNA probes and hybridization.
Probes were
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isolated and

labeled as described before (17).

Hybridization experiments on nylon membranes (Hybond N, Amersham,
UK) were performed according to the method of Church and Gilbert
(18).
DNA sequence analysis.
DNA fragments were ligated into the polylinker region of
M13mp8-19. All of the DNA sequences were determined using the
dideoxy sequencing method as described by Sanger et al. (19). The
reported DNA sequences were obtained from both strands of the
cloned DNA. The gel readings were recorded, edited and compared
using the Staden programs (20).
Computer analysis
DNA sequence analysis was performed with the EMBL nucleotide
sequence data base (release 11). Computer analysis was performed
on a VAX 11/780 computer with programs according to Lipman and
Pearson (21).
RESULTS
Construction and differential screening of an AT-1 cDNA library
The first step in our study to identify genetic elements
that were down-modulated in metastasizing prostatic cancer cells,
was the construction of a cDNA library of the non-metastasizing
AT-1 tissue culture cell line. This resulted in a cDNA library
with a complexity of 5000 recombinant clones. After plating the
cDNA library, two sets of replica filters were prepared for in
situ colony hybridization. These were differentially screened
with probes derived from mRNAs of AT-1 or the metastasizing MATLyLu tissue culture cell lines. Such probes were synthesized as
highly radioactively labeled first strand products in a reverse
transcriptase reaction (see
Materials
and
Methods). Upon
comparison of the resulting two sets of autoradiographs, 21
candidate cDNA clones were selected for further screening based
on the criterium that a high signal was found after hybridization
with the AT-1 mRNA derived probes, and a lower or no signal at
all with MAT-LyLu mRNA representing probes. Upon a similar
screening of Southern blots of the 21 recombinant DNAs, 14 met
the selection criteria. Further hybridization analysis indicated
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that the cDNA inserts could be classified in six groups based
upon homology.
Furthermore, it
appeared from differential
hybridization of the Southern blots that expression of the genes
corresponding to most of these clones differed only slightly
between AT-1 and MAT-LyLu (about two fold). A group of four
homologous clones, however, represented a gene whose expression
was approximately ten-fold lower in the MAT-LyLu cell line than
in AT-1. These 4 clones, pSE-1, -2, -6 & -7, contained cDNA
inserts of 2.2, 0.8, 2.0 and 2.1 kbp respectively. pSE-1 was
selected for further studies.
Expression of pSE-1 in Dunning R-3327 sublines
The pSE-1 clone was further investigated to establish
expression characteristics of the corresponding gene. Therefore,
Northern- and dot blot analysis was performed of mRNAs of the
AT-1 and MAT-LyLu in vitro cell lines using radioactively labeled
pSE-1
(Fig.2).
The
Northern
blot
analysis
shows that
predominantly a large mRNA species, namely 8.5 kb, was recognized
using this cDNA probe. The additional bands that were visualized
are most likely degradation products (data not shown).
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Fig.
2
A: Northern blot
analysis
of
the
tissue
culture cell lines AT-1 (Lane
1) and MAT-LyLu (Lane 2 ) ,
using pSE-1 as a molecular
probe. 5 ug of poly(A) + mRNA
was loaded on each lane. As
molecular
weight
marker
lambda
DNA
digested with
restriction
endonuclease
Hindlll was used. B: Dot blot
hybridization of
the same
samples
as
described
in
Fig.2A, using the pSE-1 clone
as molecular probe. Samples
are
two-fold
serial
dilutions;
the
first dot+
contains
500
ng poly(A)
mRNA.

Furthermore, it was found that the level of expression measured
with pSE-1 is about 8 fold lower in MAT-LyLu than in AT-1 cells.
Similar Northern blot screening of a panel of in vivo
Dunning R-3327 sublines (Fig.3) revealed that the differential
expression as measured with pSE-1 in the in vitro cell lines of
AT-1 and MAT-LyLu, was also evident in the original tumors
(Fig.3, Lanes 3 and 5 ) . However, the difference in the mRNA
appeared to be not as high as in the cell lines, and was
estimated to be 4 to 8 fold. Both the dot blot and Northern blot
analysis of the pSE-1 related mRNA in this panel of tumors
revealed a striking correlation between the level of expression
and the anaplastic, non-metastasizing phenotype.

Fig. 3 A: Northern blot analysis of a panel of in vivo Dunning R3327 sublines: Lane 1, H; Lane 2, P; Lane 3, AT-1,; Lane 4, AT-2,·
Lane 5, MAT-LyLu;
Lane 6, MAT-Lu; Lane 7, CUB; Lane 8, PAT-1 (5
+
ug of poly(A) mRNA was loaded on Lane 1 through 7, 2.5 ug was
loaded on Lane 8 ) . As molecular weight marker lambda DNA digested
with restriction endonuclease Hindlll was used. B: Dot blot
analysis of the same samples as described in Fig.ЗА, using pSE-1
as a molecular probe. Samples are + two-fold serial dilutions; the
first dot contains 500 ng poly(A) mRNA.

Both the well differentiated tumors H and Ρ (Fig.3, Lanes 1 and
2), as well as the highly metastatic sublines MAT-LyLu, MAT-Lu
(Fig.3, Lanes 5 and 6) and PAT-2 and AT-3 (data not shown) showed
much lower levels of pSE-1-related transcripts than the four
sublines with the anaplastic, non-metastasizing phenotype, AT-1,
AT-2, CUB and PAT-1 (Fig.3, Lanes 3, 4, 7 and 8 ) . The observed
smears in the autoradiographs (Fig.ЗА) indicate degradation of
the large mRNA (8.5 kb), detected with pSE-1, which is most
likely due to RNA-se activity in the tumor samples. Since the
smears do not extend below 1.0 kb, which might result in non
specific background signals, a dot blot analysis using these mRNA
preparations is valid.
Nucleotide sequence analysis of pSE-1 reveals
with the fibronectin gene

close relationship

The expression characteristics described above are features
of an as yet anonymous gene. A possibility to reveal the identity
of the gene could be provided by nucleotide sequence analysis and
computer assisted comparison with available nucleotide sequence
data. The 2.2 kbp EcoRI insert was subcloned in M].3-mpll and the
nucleotide sequence was determined using the dideoxy method (19).
The sequence was compared with the EMBL nucleotide sequence data
base which revealed an almost perfect match with a part of the
human fibronectin cDNA sequence (22; data not shown). A schematic
representation of the alignment of the sequence data is depicted
in Fig.4. A number of mismatches were found. These are likely due
to the evolutionary distance between man and rat. The fact that
an internal part of the fibronectin cDNA was isolated from an
oligo(dT) primed cDNA libary indicates that either breakage or a
randomly primed start of the cDNA molecule must have ocurred. The
lenghth of the mRNA that is detected with pSE-1, its high
homology with the fibronectin cDNA (92 %) and the fact that up to
now, no fibronectin-related genes (23) were reported indicate
that the insert of pSE-1 is derived from a fibronectin mRNA
species.
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Fig.4 : Schematic representation of the alignment between pSE-1
and the human fibronectin cDNA sequences. The human fibronectin
cDNA is depicted in the upper part of the figure; the position of
the insert of pSE-1 (lower part) is illustrated by showing the
sequence alignments of the 5'- and 3'-end of the insert of pSE-1
with
fibronectin
sequences
(middle part of the figure).
Homologous residues are indicated with a colon (:). R = EcoRI.
Expression

of

fibronectin

in

Dunning

R-3327

sublines

that

exhibited a high metastatic potential after genetic manipulation
We

extended

our

studies

on

the

down-modulation

of

fibronectin expression in metastasizing prostatic cancer cells to
a recently developed sytem in which metastasizing sublines were
obtained after transfection with the v-Ha-ras oncogene. Briefly,
the Dunning R-3327 subline AT-2.1 (a subline with low metastatic
ability) was transfected

with

the

v-Ha-ras

oncogene

that was

coupled to a selectable marker for G-418 resistance in the
pZIPneo vector (25, 26). After inoculation of clonal populations
of G-418
resistant cells
in adult male Copenhagen rats,
metastatic capacity was assayed. It appeared that a series of
four cellular

clones exhibited

a high metastatic capacity (24).
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The parental tumor and sublines with low and high metastatic
capacity that arose after the transfection described above were
used to investigate the levels of fibronectin mRNA expression.
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Fig. 5: Dot blot analysis of in vivo Dunning R-3327 sublines that
were derived
from the
AT-2.1 cell line and clonal cell
populations that arose after transfection with different DNA
constructs (see text). pSE-l/fibronectin was used as a molecular
probe. The first column on the left gives the trivial description
of the tumor. The second column indicates with which DNA the
parental line was transfacted (see text). The results of the dot
blot analysis are depicted in the middle portion of the figure.
The last column summarizes
the
results
of densitometric
measurements of the autoradiograph; as a point of reference,
fibronectin expression in the parental AT-2.1 line is set at 1.0.
The third column describes the metastatic capacity of the tumor
sublines. (*) Metastasizing capacity is called low when after
inoculation of tumor cells (see Materials and Methods), less than
10 % of the animals develop distant metastases. It is termed
high, when after inoculation of tumor cells more than 90% of the
animals develop distant metastases.
The dot blot analysis (Fig.5) clearly indicated that there was a
marked decrease (80-85%) of fibronectin transcripts in the
metastasizing sublines AT-2.1/T 4.2, -/T 4.4, -/T 4.5, and -/T
4.16. The level of fibronectin mRNA in tumor sublines that
retained low metastatic capacity, AT-2.1/T 4.9 and AT-2.1/T 4.13
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was only slightly lower than in the parental AT-2.1 line. These
observations exclude the possibility that the down-modulation
observed in these experiments is merely due to the transfection
procedure. Furthermore it appeared
that
lines
that were
transfected
with
the
vector alone (pZIPneo) exhibited a
fibronectin expression level similar to that of the AT-2.1 line.
DISCUSSION
The objective of this study was to identify genes that were
down-modulated during metastases of prostatic cancer cells, using
a differential hybridization assay. The technique of differential
hybridization has already proven to be a very useful one to
characterize genes that are stimulated during GQ-G^ transition.
Lau and Nathans (3) describe the identification of four mRNAs
that were specifically induced after serum
stimulation of
quiescent cells. Using a similar approach, Matrisian et al. (4)
identified an mRNA, that was induced after both epidermal growth
factor and oncogene stimulation.
The studies described above use model sytems in which
controlled stimulation is
applicated
to
homogeneous cell
populations. Since such conditions are difficult to achieve for
tumors, the application of differential hybridization to cancer
research has been limited up to now. In the case of the Dunning
R-3327 model system, however, a number of tumor sublines are
available
that
are
phenotypically well characterized and
furthermore, corresponding cell lines were derived from most of
the tumor sublines (6).
The pSE-1 clone that was isolated, appeared to contain an
insert that represented an mRNA that was present at high levels
in the non-metastasizing sublines. The revelation that it was
derived from fibronectin mRNA is in good agreement with earlier
findings, that describe the loss of this extracellular matrix
protein upon morphological transformation (30, 31). The loss of
fibronectin,
a
protein
that
is
important
in adhesive
interactions, was thought to be one of a number of factors that
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play a role during metastasis. The loss of cell-adhesion points
in metastasizing BSp73 rat adenomacarcinoma cells (32) and the
decrease of fibronectin in K-1375 melanoma cell variants having
low metastasizing capacity (33, 34) sustains this hypothesis.
Our studies indicate that also in metastasizing prostatic
cancer cells, a down-modulation of fibronectin is evident. Unlike
the previous studies, we present evidence that fibronectin
expression is decreased at the mRNA level. The Dunning R-3327
AT-2.1 subline was
genetically
manipulated,
resulting in
metastasizing lines, that also exhibited a down-modulation of
fibronectin expression. This seems to support the specificity of
the phenomenon.
One of the questions that could not be answered, using this
approach, is whether the processing of the fibronectin mRNA is
different. Alternative splicing of the fibronectin transcript, in
transformed cells, putatively resulting in modified proteins, has
been reported (35, 36, 37) and might be an important effect in
addition to the down-modulation of fibronectin in such cells.
Further analysis, possibly by doing S]^ analysis, might result in
more insight in that phenomenon.
The identification of the fibronectin gene as being downmodulated in metastasizing prostatic cancer cells, using a
differential hybridization assay, confirms the applicability of
this
technique
to
cancer
research.
The most important
prerequisite appears to be a well characterized tumor model
system, like the Dunning R-3327 sublines. The possibility to
manipulate these tumor sublines provides an additional advantage.
The straightforward approach
described
here
is also
promising,
since
it
directly
provides diagnostic tools.
Introduction of DNA probes in standard clinical assays seems
near. In situ hybridization on DNA of viruses is already a
technique with wide clinical application (27). Likewise, in situ
hybridization at the mRNA level, which is already feasible (28),
is thought to become suitable for diagnosis whithin a few years
(29).
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CHAPTER 7

SUMMARY AND CONCLUSIONS/
SAMENVATTING EN CONCLUSIES

SUMMARY AND CONCLUSIONS
This thesis
describes a study on the implications and
possibilities of gene expression for cancer research.
Chapter 1, the general introduction, describes that after the
identification and genomic characterization of proto-oncogenes,
the normal physiological function of these genetic elements came
into the focus of molecular oncology research. A striking
similarity became evident between proto-oncogene products and
proteins involved in the exertion, reception or transduction of
growth signals. This close relation indicates that a straightforward definition for proto-oncogenes is difficult. Moreover, it
appears that, due to the constraints of the methods to identify
such genes, other approaches are needed to study carcinogenesis,
one of them being differential hybridization.
In chapter 2 it is described that upon characterization of the
c-fes/fps upstream region, a new transcription unit immediately
upstream of this gene was identified; it was called fur, for
fes/fps upstream region. This close physical linkage is an
intriguing finding which is not often reported for genes in
higher eukaryotes. The fur gene and its putative translational
product, furin, were further characterized by cDNA cloning and
nucleotide sequence analysis. This is described in chapter 3. The
presence of receptor characteristics, such as a transmembrane
domain and a cystein rich region led us to the conclusion that
fur putatively encoded a receptor. The physical linkage of a
tyrosine-kinase
encoding
gene
(fes/fps) and a gene that
putatively encodes a receptor (fur) led us to speculate about a
functional relation of these two genes. One important aspect of
the physical linkage was the evolutionary conservation of it;
this is described in chapter 4. The physical linkage bewteen cfes/fps and fur is conserved for at least 200 Myr. Expression of
these genes might give more insight in their possible relation.
Therefore, the levels of fur and fes/fps mRNAs were determined
in non-malignant tissues and human lung cancers, which is
described in chapter 5. First, these studies indicated that
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fes/fps and fur were often not co-expressed, which does not seem
to sustain the hypothesis mentioned above. However, a more
complex relation between these two genes might exist. The
development of reagents such
as
fur
specific monoclonal
antibodies is very important for further studies.
An exciting phenomenon, also described in chapter 5, was the
fact that elevated levels of fur transcripts were present in
human non-small cell lung carcinomas. The low abundancy of such
transcripts in normal lung tissue was retained in the small cell
lung carcinomas. Therefore, fur gene expression is a potential
marker for lung cancer diagnosis.
Chapter 6 describes an entirely different approach to study
neoplasia in terms of gene expression, namely differential
hybridization analysis. The aim of the experiment that is
described, was
to identify
genes that are differentially
expressed in metastasizing prostatic cancer cells. A well defined
system of transplantable tumor lines and therefrom derived cell
lines, namely the Dunning R-3327 system, was used for this study.
The gene that was thus identified appeared to be fibronectin. The
down-modulation of fibronectin upon
metastasis was already
described in the literature. Therefore, in this case, the use of
this method did not reveal a new gene associated with cancer
development. However, our study convincingly illustrates the
potential of the Dunning R-3327 system as well as that of the
method of differential hybridization.
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SAMENVATTING EN CONCLUSIES
Dit proefschrift beschrijft een studie met betrekking tot de
betekenis en de mogelijkheden van genexpressie voor kankeronderzoek.
Hoofdstuk 1, de inleiding, beschrijft dat na de ontdekking en
genetische karakterisering van
proto-oncogenen,
de normale
fysiologische functie van deze genetische elementen in het
middelpunt van belangstelling van de moleculaire oncologie kwam
te staan. Een opvallende gelijkenis tussen Produkten van protooncogenen en eiwitten betrokken bij het uitoefenen, doorgeven en
ontvangen
van
groei-stimuli
werd
duidelijk.
Deze nauwe
verwantschap geeft aan dat proto-oncogenen moeilijk eenduidig te
definieren zijn. Ook het feit, dat de methoden die tot nu toe
gebruikt werden, hun beperkingen hebben, laat zien dat andere
benaderingen om carcinogenese te bestuderen nodig zijn,- een
daarvan is differentiële hybridisatie.
In hoofdstuk 2 wordt beschreven dat bij de karakterisering van
de regio
stroomopwaarts gelegen van c-fes/fps, een nieuwe
transcriptie eenheid in de onmiddellijke nabijheid van dit gen
werd ontdekt; het werd fur genoemd, wat staat voor "fes/fps
upstream region". Een dergelijke nauwe fysische verbondenheid is
een intrigerende ontdekking, die nog niet vaak gerapporteerd is
voor genen in het genoom van hogere eukaryoten. Het fur gen en
zijn theoretische translatie produkt, furine, zijn met behulp van
cDNA
clonering
en
nucleotide
seguentie
analyse
verder
gekarakteriseerd.
Dit
is
beschreven
in hoofdstuk 3. De
aanwezigheid
van
receptor
karakteristieken,
zoals
een
transmembraan-domein en een cysteine-rijke regio hebben tot de
conclusie geleid dat fur vermoedelijk voor een receptor codeerde.
De fysische verbondenheid van een tyrosine-kinase coderend gen
(fes/fps) met een gen dat vermoedelijk voor een receptor codeert
(fur) leidde tot de hypothese dat er een functionele relatie
tussen deze genen zou bestaan. Een belangrijk aspect van de
genetische koppeling van deze twee genen, was de evolutionaire
conservatie ervan. Dit is beschreven in hoofdstuk 4. De fysische

97

verbondenheid tussen fes/fps en fur is geconserveerd sinds
tenminste 200 miljoen jaar, zoals bleek uit een studie van het
fur gen van de kip.
Bestudering van de expressie van fes/fps en fur zou meer
inzicht in de mogelijke relatie tussen deze genen kunnen geven.
Derhalve werden de niveau's van fur mRNA's bepaald in niet
maligne weefsels
en in longtumoren. Dit is beschreven in
hoofdstuk 5. Allereerst toonden deze studies aan dat fes/fps en
fur veelal niet samen tot expressie kwamen, hetgeen de eerder
genoemde hypothese niet lijkt te ondersteunen. Er zou echter een
meer complexe relatie tussen deze twee genen kunnen bestaan. De
ontwikkeling van reagentia zoals
fur-specifieke monoclonale
antilichamen is erg belangrijk voor verdere studies.
Een belangwekkend fenomeen, dat beschreven is in hoofdstuk 5,
was het feit dat verhoogde niveau's van fur transcripten aanwezig
waren in niet-kleincellige longtumoren. De niveau's van fur
transcripten in niet-maligne longweefsel was vergelijkbaar met
die in kleincellige longtumoren. De expressie van het fur gen is
dan ook een potentiële marker voor de diagnose van longkanker.
Hoofdstuk 6 beschrijft een volkomen verschillende benadering
van
kankeronderzoek
in
termen van genexpressie, namelijk
differentiële hybridisatie. Het doel van het hier beschreven
experiment was om genen te identificeren die differentieel tot
expressie komen in prostaatkanker-cellen. Een goed gedefinieerd
systeem van transplanteerbare tumorlijnen en daarvan afgeleide
cellijnen, het Dunning R-3327 systeem, is gebruikt voor deze
studies. De cDNA-kloon die aldus aangetoond werd, bleek voor
fibronectine te coderen. De verlaagde expressie van fibronectine
tijdens metastasering was reeds eerder beschreven. In dit geval
hebben we derhalve door middel van deze benadering geen nieuw
gen, geassocieerd met de ontwikkeling van kanker ontdekt. De
studie illustreert natuurlijk wel op overtuigende wijze de
mogelijkheden van het Dunning R-3327 systeem en die van de
differentiële hybridizatie.
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ongeveer

duizend

proteïne kinases
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van

de

Grand

Canyon,

maar

moet

overigens toch als voorbarig

gekwalificeerd worden.
- Hunter, Τ. (19Θ7) Cell, 50; Θ23.
II
Het gebruik van de
het

bestuderen

metastaserende prostaatkanker-lijn

van

tumorgroei, maakt

de

AT-3 voor

invloed van hoge energie schokgolven op

evaluatie

van

averechtse

effecten

van deze

behandeling, zoals het induceren van metastasering, onmogelijk.
- Russo et al. (1987) J. Urol., 137; 338.
III
Vermindering
voldoende

van

om

de

dit

GTP-ase

eiwit

activiteit

te

van

fourneren

ras

met

p21 is m e t

transformerende

eigenschappen.
- Der et al. (1986) Cell, 44; 167
- Lacal et al. (1986) Cell, 44; 609
IV
De

mortaliteit

veroorzaakt

t.g.v.

door

de

tumorcellen; derhalve

prostaatkanker
aanwezigheid

wordt

van

voornamelijk

hormoon-ongevoelige

verdient het aanbeveling meer onderzoek te

verrichten aan deze subpopulatie.
V
Het niet gebruiken

van

enkelstrengs

carrier

DNA

in

het door

Church en Gilbert gepresenteerde hybridisatie-protocol, blijkt in
een aantal gevallen een risicovolle nalatigheid te zijn.
- Church, G.M., and Gilbert, W. (1984) PNAS USA, 81; 1991
- Roebroek, A.J.M. Unpublished observations.
VI
Het
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(p24), veelal
waarschijnlijk
functie.

van
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niet

veroorzaakt

tegen

het

HIV core-antigeen

de ontwikkeling
door

een

van AIDS, wordt

verminderde

B-cel

VII
De essentiële

rol van

fundamentele studies m.b.t. retrovirussen

in de snelle vooruitgang van het
het nut

van dit

AIDS-onderzoek, illustreert dat

soort studies

(en de

financiering) toch wordt

afgemeten aan de toepasbaarheid ervan.
VIII
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dient
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de kans
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in
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