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Preface 

Traditionally, in vitro diagnostics of cancer relies on the microscopic 
examination of tissue sections or cells. Numerous studies based on 
biochemical and immunochemical techniques focused on the meta
bolism, enzymes and structural components of tumor cells. Since 
qualitative differences between normal and tumor cells could not be 
detected, metabolic properties of human cells and surface-associated 
or shed tumor markers did not have a significant effect on the clinical 
differentiation between normal and malignant tissues. 

Since the 1920s, a number of scientists have claimed that the cancer
ous cell is formed from normal cells by some kind of genetic mutation. 
For half a century, no methods were available to fully define the 
mutations on the molecular level. This changed dramatically, however, 
during the past 15 years. New techniques were developed and are con
tinuing to be elaborated in the fields of molecular biology, molecular 
genetics, cytogenetics and cell biology. Application of some of these 
methods, such as transfer of human tumor DNA into cultured fibro
blasts and hybridization, as well as DNA- and protein sequencing 
techniques, revealed homologies between retroviral oncogenes and 
normal human genes and paved the way to the first identification of 
specific genetic alterations in human tumors in 1982. 

Since then many more genes altered in various malignancies have 
been identified. Starting from the observation that cellular genes 
homologous to retroviral oncogenes were located at breakpoints of 
chromosomal translocations, many genes at chromosomal breakpoints 
have been cloned which, because of homologies to structural motifs of 
proteins with known functions, e.g., transcription factors or homeo
box genes, are thought to contribute to malignant transformation. 
Furthermore, the detection of chromosomal deletions by cytogenetic 
procedures or the use of polymorphic DNA markers led to the identi
fication of genes which contribute to malignancy when genes or gene 
product are nonfunctional or lost. 



VI Preface 

A number of tumor-specific alterations in DNA structure, RNA syn
thesis and encoded proteins have been delineated. It can be antici
pated that the confirmation of such alterations by enlarged studies on 
clinical specimens will gain significant diagnostic impact. 

At present, established or putative areas of application have to be 
defined. Furthermore, a number of technical problems have to be 
solved before diagnostic procedures based on genetic alterations in 
cancer cells will become routine. In those cases in which alterations 
are of limited heterogeneity, the design of appropriate reagents and 
methods is straightforward. Some genes, however, harbor multiple 
mutations scattered over a significant portion of the gene. In these 
cases, rational approaches to the sensitive detection of a mutation in a 
given tumor are needed. Finally, the diagnostic significance of newly 
described cancer genes has not yet been established. 

In order to delineate present and putative future applications of 
new diagnostic strategies based on the direct or indirect detection of 
mutated cancer genes, a conference on the "Application of Methods 
of Molecular and Cell Biology to the Diagnosis of Malignant Disease" 
was held in Hamburg, FRG, in October 1991, by the German Society 
for Clinical Chemistry. The canferene was sponsored by E. Merck, 
Darmstadt, FRG. 

Methodological aspects such as enzymatic target amplification by 
the polymerase chain reaction, DNA fingerprinting and transfer of 
putative cancer genes to appropriate recipient cells were covered, in 
addition to recent aspects of the application of monoclonal antibodies 
in immunohistochemistry and immunoscintigraphy. 

The characterization of oncogenes and tumor suppressor genes was 
correlated with growth control and dissemination of tumor cells on the 
basis of in vitro or clinical findings. The contributions in this book pro
vide an update on established or newly described cancer genes and 
may help in the translation of concepts from basic research into clini
cal practice. 

The ultimate goal of new diagnostic strategies in cancer is to 
improve diagnosis, prognosis and therapeutic regimens for patients. 
We sincerely hope that the present volume will bring us closer to that 
goal. 

Hamburg/Darmstadt, 
Autumn 1992 

C. Wagener 
S. Neumann 
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The Polymerase Chain Reaction: 
Methodology and Diagnostic Potential 

A. Pingoud 

Institut fur Biophysikalische Chemie, Zentrum Biochemie, Medizinische Hochschule 
Hannover, Konstanty-Gutschow-StraBe 8, W-3000 Hannover 61, FRG 

Introduction 

Since its discovery in 1983 (for an entertaining account of the discovery 
see [1 D, the polymerase chain reaction (peR) has revolutionized the life 
sciences. The remarkable success of this method is due to the fact that it is 
simple, versatile, and robust. Most importantly, there is increasing interest 
in the target of the peR, namely DNA (or RNA), the carrier of the genetic 
information, whose precise composition one needs to know in order to 
understand the physiology and pathophysiology of living organisms. 

The peR involves the in vitro amplification of a specific DNA sequence, 
starting from as little as a single DNA molecule and ending up with a billion 
copies. The reaction is based on the precise annealing and faithful extension 
of two oligodeoxynucleotide primers that flank and thereby define the target 
region to be amplified in the double-stranded DNA template. A peR cycle 
consists of denaturation of the double-stranded DNA, annealing of the 
primers and their extension using a DNA polymerase. With denaturation 
of the products a new cycle begins. Repeated cycles of denaturation, 
annealing and polymerization result in the exponential amplification of 
specific DNA fragments whose 5' ends are represented by the primers used 
in the polymerization. The length of the DNA fragments produced in the 
peR is determined by the length of the primers used and the distance 
between the 3' ends of the primers when hybridized to the target DNA. 
Thus, product identification can make use of the length of the peR pro
ducts. Sequence information characteristic for the amplified DNA between 
the two primers, as well as "chemical tags" associated with the two primers 
and incorporated into the DNA fragments, can also be used for this purpose. 
The result of a peR analysis can be a qualitative one, as needed for the 
detection of hereditary diseases and genetic polymorphisms (including 
disease predisposition), the identification of somatic mutations (including 
cancer) and the presence of viral or microbial pathogens. There is an 
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2 A. Pingoud 

increasing demand for quantitative PCR, for example to measure the "titer" 
of a pathogen, the number of infected or mutated cells in a tissue, and the 
concentration of certain mRNAs. 

In the present contribution, I shall briefly describe the basic methodology 
and review recent developments regarding PCR procedures, from sample 
preparation to product identification. I shall also discuss improvements in 
PCR machines, as well as the results of efforts to automatize PCR analysis. 
I will briefly mention other amplification protocols as alternatives to 
PCR, such as the ligation chain reaction (LCR) and self-sustained sequence 
replication (3SR). Finally, some relevant recent applications of the PCR for 
medical diagnostic purposes will be mentioned. 

It must be pointed out that two excellent review articles, similar in scope 
to this one, but with different emphasis, were published in 1991 [2,3]. For a 
thorough introduction to the methodology and applications of the PCR, the 
reader is referred to four review volumes published in the last two years 
[4-7]. 

The Polymerase Chain Reaction 

Template 

The usual PCR template is double-stranded DNA. Single-stranded DNA or 
RNA can be used, the latter requiring reverse transcription. Typically, 
nanogram amounts of cloned DNA or microgram amounts of human 
genomic DNA are employed, the equivalent of 104 _105 target DNA 
molecules. However, much lower amounts of DNA can be amplified, down 
to the DNA of single cells. In general, a standard nucleic acid purification 
involving a proteinase K treatment, phenol-chloroform extraction and 
ethanol precipitation is sufficient for most purposes. For special purposes, 
depending on the amount and complexity of the biological sample, more 
simple (lysing cells by boiling in water) or more complicated (separation of 
cells, removal of cell debris etc.) DNA extraction protocols have been 
worked out. For example, DNA preparation from blood previously were 
considered to be dependent on the separation of leukocytes from the vast 
excess of erythrocytes by a Ficoll-Hypaque density gradient centrifugation; 
now, protocols have been worked out in which erythrocytes are selectively 
lysed, then the DNA is extracted from the leukocytes by boiling in the 
presence of Chelex-100, which removes the iron ions [8]. Another example 
is given by the PCR amplification of DNA contained in paraffin-embedded 
fixed tissues for prospective studies. The success of the amplification 
depends on the fixative used, the time of fixation and the length of the target 
DNA. While formaldehyde fixation quickly leads to material that cannot be 
amplified anymore, alcohol fixation allows amplification after long storage 
times without affecting histological detail [9]. Other examples that demon-
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strate the robust nature of the PCR include amplification of DNA extracted 
from archival material, conserved ancient tissues [10] or autoclaved infectious 
organisms [11] and, most intriguingly of DNA inside cells [12]. 

It is noteworthy that the PCR (when carried out with the Taq polymerase) 
is "tolerant" of impurities in the DNA sample, in particular common organic 
solvents like ethanol, DMSO, DMF and formamide in concentrations up to 
10%, urea in concentration up to 2 M and many nonionic detergents in 
concentrations up to 5%; not, however, of ionic detergents like SDS [13]. 

Primers 

The efficiency and the specificity of the PCR is dependent on the design of 
the primers. Most often the PCR works satisfactorily when the following 
requirements are fulfilled: Primers should be between 15 and 30 nucleotides 
in length (depending on the complexity of the DNA template and the TM of 
the template primer hybrid), have an approximately 50% G + C composi
tion and possess a similar T M when hybridized to their target. They should 
not be complementary at their 3' ends (to avoid primer-dimer artifacts) and 
should not contain runs of C's or G's or self-complementary sequences. 

Primers are always used in high excess over template, usually at a con
centration of 0.1-1 11M each. For asymmetric PCR one primer is employed 
in approx. 100-fold excess over the other. 

The versatility of the PCR is in part due to the fact that novel sequences 
can be generated and that "chemical tags" can be introduced by the PCR 
with special-purpose primers, like mismatch primers to produce site-directed 
mutants and primers that carry noncomplementary sequences at their 5' 
ends (restriction sites, phage RNA polymerase promotor sequences, "GC 
clamps", fluorescent reporter groups, a biotin moiety, a hapten etc.). 

The Polymerase 

The PCR was developed with the Klenow fragment of the Escherichia coli 
polymerase I, an enzyme that is irreversibly inactivated at elevated tempera
tures and, therefore, had to be added at every cycle after denaturation [14]. 
The thermolability of this enzyme, furthermore, precluded high annealing 
temperatures required for a highly specific template-primer interac
tion. The introduction of the thermostable DNA polymerase isolated from 
Thermus aquaticus had tremendously improved the usefulness of the PCR 
reaction for all purposes [15]. 

The Taq polymerase has a molecular weight of 94 kDa. It is stable at 
93-95°C (half-life at 93°C approx. 120 min, at 95°C approx. 40 min) and, 
therefore, has to be added only at the beginning of the PCR. Taq polymerase 
has a temperature optimum of 75°C, which guarantees highly specific 
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template-primer annealing and efficient extension even with templates 
prone to form secondary structures. Elongation rate is of the order of 100 
nucleotides/s at 75°C. Lowering the temperature to 40°C reduces the elonga
tion rate by two orders of magnitude. This implies that appreciable primer 
extension takes place even during annealing, which usually is carried out at 
temperatures between 40°C and 75°C. With 50-60 nucleotides incorporated 
per binding event the Taq polymerase is not as processive as originally 
believed. This means that incomplete, truncated products are produced 
which can be exploited for direct sequencing of PCR products [16] but which 
also necessitate electrophoretic purification of the desired product for some 
applications. The Taq polymerase has a 5' -3' but no 3'-5' exonuclease 
activity. The absence of a proofreading activity in Taq polymerase explains 
why this enzyme is less accurate than, for example, the Klenow enzyme or 
the T4 and T7 polymerase, which have a 3'-5' exonuclease activity. The 
error rate of approximately 10-4 per nucleotide and cycle, as measured 
under standard conditions with various templates [17], will not interfere with 
most applications that utilize the population of amplified DNA molecules. 
Problems arise when the PCR is carried out with a small amount of target 
DNA, because then errors introduced in the first few rounds of replication 
are amplified. The infidelity of the Taq polymerase also must be taken into 
account when PCR products are cloned or, in general, when the focus is on 
individual DNA molecules present in the PCR product mixture, for example 
when a quantitative PCR is carried out to determine the mutant frequency 
in a population of cells. Efforts have been undertaken to optimize the 
conditions of the PCR with regard to fidelity. By systematic variation of the 
concentration of deoxynucleoside triphosphates and Mg2+, as well as pH, 
conditions were found under which the Taq polymerase showed threefold 
higher accuracy, albeit at lower efficiency [18]. Recently, a variant of the 
Taq polymerase has been introduced: the Stoffel fragment, aN-terminal 
truncated 61-kDa protein which lacks 5'-3' exonuclease activity, shows high 
temperature stability (Stoffel fragment half-life 20 min at 97.soC, Taq 
polymerase half-life 10 min at 97.soC) and displays a broader Mg2+ optimum 
than native Taq polymerase. It is recommended for amplification of targets 
rich in G + C content or containing complex secondary structures. 

Other thermostable polymerases have been identified and isolated. 
Of particular interest, because of their commercial availability and their 
properties, are the Vent DNA polymerase isolated from Thermococcus 
litoralis and the Pfu DNA polymerase isolated from Pyrococcus furiosus. 
The Vent DNA polymerase is considerably more thermostable than the Taq 
polymerase: its half-life at 100°C is approx. 90 min. Presumably because 
it has an associated 3'-5' exonuclease activity, the Vent polymerase is 
more accurate than the Taq polymerase: under optimized conditions it 
shows approx. twofold higher fidelity and amplification efficiency than the 
Taq polymerase [18]. The extremely thermostable Pfu polymerase has 
been advertised to be even more accurate, which makes it an interesting 
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enzyme for cloning of PCR-amplified DNA and the analysis of genetic 
polymorph isms on a variable background. 

Although Taq polymerase can transcribe RNA into DNA, this activity is 
too weak to be useful for a coupled reversed transcription (RT)/amplification 
reaction. This is different with the analogous (same size, high homology) 
enzyme from Thermus thermophilus, in the presence of 1 mM MnCl2 an 
efficient reverse transcriptase, which can cope with RNA templates with a 
high degree of secondary structure. By chelating Mn2+ by EGT A and 
supplying Mg2+ it can efficiently and accurately amplify the resulting cDNA 
[19]. It seems that the Tth polymerase will be very useful for the detection, 
quantitation and cloning of cellular and viral RNA. 

Reaction Conditions and Cycling Parameters 

Reaction conditions and cycling parameters should be optimized for each 
particular application. The following buffer has been found useful for most 
applications employing Taq polymerase: lOmM Tris' HCI pH 8.3 (at 25°C), 
50mM KCI, 1.5mM MgClz, 0.01% (w/v) gelatin. For G + C-rich templates 
that are not easily denatured, or templates with pronounced secondary 
structures that hinder the extension of primers, it may help to include 
cosolvents like DMSO (1%-10%) or glycerol (10%-20%) into the 
amplification mixture [20]. The dNTP concentration should be in the order 
of 200~M, i.e., well above the Taq polymerase KM of 10-15 11M. dNTP 
and Mg2+ concentrations are most critical for the efficiency and accuracy of 
the PCR (vide supra). 

The temperature vs time profile for the amplification process depends 
primarily on the T M of the template-primer hybrid, the length of the DNA 
to be amplified and the thermocycler used (because the desired temperature 
can considerably deviate from the actual one). A standard PCR protocol 
with Taq polymerase is: 1 min at 90-95°C for denaturation, 1 min at 40-
75°C for annealing and 2 min at 65-75°C for extension. Longer templates 
may need longer extension times, and templates with very stable secondary 
structure may require a 99°C denaturation step. The PCR can be carried out 
as a two-step process, with only denaturation and subsequent annealing/ 
extension. The cycle time of the PCR, usually around 4 min, could be 
much shorter, if the temperature change in the block and the heat transfer 
between block, tube and solution could be made faster and more effective 
(vide infra). The number of cycles, of course, depends on the initial con
centration of the target in the sample and the amount of product one wants 
to obtain. With an duplication efficiency of close to two per cycle a 106-fold 
amplification is achieved after 20 cycles and a 109-fold amplification after 30 
cycles. Limiting for the PCR usually is the polymerase concentration. With 
excess dNTPs and primers amplification is exponential until the template 
concentration approaches the polymerase concentration. From then on 
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amplification is linear. The "plateau" of the product vs time profile is 
characterized by the lack of availability of free polymerase, the competition 
of complementary strand and primer reannealing to the template, the 
inactivation of the polymerase, the accumulation of pyrophosphate and, 
finally, the consumption of primers and dNTPs. 

The proper choice of the reaction conditions and cycling parameters 
determines the specificity of the PCR with a given template and primer pair. 
One reason for nonspecific product formation could be that during the initial 
heating step primers bound nonspecifically to single-stranded regions are 
already elongated and, thereby, stabilized such that they do not dissociate 
from the template during the elongation step. Other nonspecifically annealed 
and elongated primers on the complementary strand, when close to each 
other, could lead to nonspecific products, including "primer dimers". This 
problem can be overcome by adding the polymerase to the reaction mixture 
after the first annealing step. Another way of minimizing nonspecific 
amplification is to use two pairs of primers. The first pair (outer primers) 
defines a stretch of DNA which is amplified first, while the second pair 
(inner or nested primers) is complementary to a region within the DNA 
amplified first and leads to amplification of this piece of DNA. While 
the two rounds of amplification can be separated by simply diluting the 
first amplification mixture into the second one, a more elegant and safer 
approach is to take advantage of differential stabilities of GC-clamped outer 
primers and nested primers when hybridized to the template. Such a PCR 
protocol begins with a high annealing temperature to amplify the target of 
the outer primers; the annealing temperature and subsequently also the 
denaturation temperature is then dropped after several cycles to preferen
tially amplify the target of the inner primers [2]. 

-It must be kept in mind that a lack of specificity in the amplification 
process can only be compensated by specific detection systems when a 
significant proporation of the product is the desired one. 

Prevention of Contamination and Carry-Over 

Contamination by exogenous DNA is a serious problem when the PCR 
is carried out with a few DNA templates. Some of these contaminations 
can be avoided by following good laboratory practice, like pre-aliquoting 
reagents, using positive displacement pipettes, and reserving separate areas 
for pre-PCR (sample preparation), PCR and post-PCR (product analysis) 
work. Nevertheless, single "replicons" can escape and may contaminate a 
sample, leading to false-positive signals. Pre-PCR sterilization of the reaction 
mixture (without enzyme and template) by photochemically modifying and 
thereby inactivating the contaminating DNA can be accomplished by short
wavelength UV irradiation [21]. Contamination of the target DNA and the 
enzyme, which is most serious with the products of previous PCRs in which 
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similar material was amplified, cannot be prevented by this procedure. To 
cope with this problem, two very effective schemes have been developed. 
Post-PCR sterilization of amplified DNA can be achieved by carrying out 
the PCR in the presence of isopsoralens which, when irradiated with long
wavelength UV light, form covalent adducts with the amplified DNA. This 
modification abolishes the activity of the DNA to be used as a template but 
does not interfere with hybridization reactions [22]. Another post-PCR 
sterilization protocol makes use of the fact that dUTP can substitute for 
dTTP in the polymerization reaction and that DNA containing deoxyuridylic 
acid residues is attacked by uracil-N-glycosylase to produce abasic sites 
that lead to cleavage of the DNA upon heat treatment at alkaline pH. 
Consequently, when PCR reaction mixtures are treated with uracil-N
glycosylase prior to amplification, contaminating DNA from previous reac
tions is destroyed. As uracil-N-glycosylase is irreversibly denatured by 
elevated temperatures it does not interfere with the new PCR [23]. 

Thermocyclers 

The first generation of microprocessor-controlled thermocyclers is currently 
being replaced. Heating and cooling in the new thermocyclers is done by 
Peltier elements. Low-mass sample blocks with low heat capacity and high 
heat conductivity are employed to achieve fast and accurate temperature 
changes with minimal overshoot. They use a microtitre plate format which 
can accommodate up to 8 x 12 tubes which are specially designed to 
optimally fit into the block, to eliminate the need for oil in the sample wells, 
and which have thin walls for fast heat transfer. Heated covers prevent 
condensation of water from the sample, allowing the PCR to be carried out 
without a mineral oil overlay. 

While the second generation of thermocyclers promise to reduce 
amplification time by a factor of 3 to 4, a standard 25-cycle PCR will still 
require more than an hour. This is not the "biochemical" limit, because the 
cycle of denaturation, annealing and extension can be completed in less than 
10 s with a 500-bp target. Indeed, it has been shown with a rapid air 
thermocycler and a 10-111 sample sealed into a thin glass capillary that a 30-
cycle amplification of a 536-bp ~-globin DNA fragment starting from 50l1g 
human genomic DNA can be carried out within 15 min [24]. 

Analysis of peR Products 

The qualitative and quantitative analysis of PCR products usually requires 
some confirmation that the product obtained is the desired one. This can be 
done by identifying the length and/or sequence of the product. 
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Qualitative Analysis Using Size Information 

Product detection is most often accomplished by ethidium stammg of 
PCR products separated by agarose or polyacrylamide gel electrophoresis. 
A typical PCR yields approx. 1-100 ng of product which is sufficient for 
ethidium staining. Smaller amounts can be detected by silver staining 
or, most sensitively, by Southern analysis using radioactively or otherwise 
labeled probes which, furthermore, allow under stringent hybridization 
conditions to differentiate between genetic variants due to point mutations. 
Hardly used so far for product detection and identification is HPLC on 
columns separating according to size and coupled to highly sensitive UV 
detectors; HPLC analysis is likely to be the method of choice in the near 
future, because it is fast and lends itself to automation and quantitation 
much better than an electrophoretic analysis. 

The detection of genetic variations (mutations, polymorphisms) by the 
PCR usually is done with prior knowledge of what the variation is like. 
Several protocols have been developed for this purpose. Insertions and 
deletions are most easily detected, because they lead to a different size of 
the amplification product which can be analyzed by gel electrophoresis. 
When variable insertions and deletions occur in large genes multiplex 
amplification of several regions can be carried out simultaneously, as 
demonstrated for deletion detection in the Duchenne's muscular dystrophy 
locus [25]. This, however, necessitates testing many different primer pairs 
before all regions are amplified to a similar extent. Reciprocal translocations 
can be similarly identified on the DNA level when the breakpoints on both 
chromosomes occur within a small well-defined region [26] or on the mRNA 
level after reverse transcription using primers from the 5' region of one 
chromosome and the 3' region of the other [27]. 

The detection of point mutations requires more sophisticated techniques. 
The most straightforward method to detect point mutations, allele-specific 
PCR (ASPCR), relies on the low efficiency with which primers carrying a 
mismatch at their 3' end can be elongated. Thereby, normal and mutant 
DNA can be differentiated using primers which are at their 3' end com
plementary to one or the other. With the primer that is specific for the 
normal DNA significant product formation is only seen with the normal 
DNA, not with the mutant DNA, and vice versa with the primer that is 
specific for the mutant DNA. If in a DNA sample both the normal and 
the mutant templates are present, both primers will give rise to amplified 
products. The method, however, does not work satisfactorily with all 
mismatches, because some primers are elongated even when they are not 
perfectly matched at the 3' end, which leads to ambiguous results. 

Alternatively, primers can be designed such that they generate an artificial 
restriction site with the normal or the mutant DNA template. The amplified 
DNA is analyzed by electrophoresis after it has been digested with the 
restriction enzyme specific for the site introduced. The RFLP is indicative of 
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the particular mutation and can even be used for quantitative purposes 
[28]. 

When the amplified DNA is hybridized with a complementary RNA 
or DNA probe the site of mutation can be detected by identifying the 
mismatch by enzymatic (RNase A) or chemical (hydroxylamine and osmium 
tetroxide) cleavage of the heteroduplex and analyzing the cleavage products 
on denaturing gels. The advantage of this method is that it does not require 
knowledge of the site and kind of mutation. However, it fails to detect all 
mutations reproducibly [29]. 

More successful in this respect is a technique called GC-clamped denatur
ing gradient gel electrophoresis (DGGE) [30]. It takes advantage of the fact 
that a single point mutation alters the stability of double-stranded DNA 
or DNA· RNA hybrids which can be detected by electrophoresis on poly
acrylamide gels containing a linearly increasing gradient of formamide or 
urea. This technique is particularly sensitive when one end of the duplex is 
stabilized by 20-40 GC base pairs introduced by one of the primers. This 
GC clamp is the most stable region of the molecule and, therefore, allows 
detection of partial denaturation of the duplex in the region of the mutation. 
DGGE also does not require knowledge of the site of mutation. A variant 
of this method employs a temperature gradient instead of the chemical 
denaturant gradient; this temperature gradient gel electrophoresis (TGGE) 
has been employed with modifications for quantitative PCR [31]. 

Sequence-dependent variations in the electrophoretic mobility of single 
strands can be picked up by high-resolution polyacrylamide gel electro
phoresis under nondenaturing conditions [32]. Whether the single-strand 
conformation polymorphism (SSCP) can resolve as many genetic variants as 
the DGGE or TGGE technique remains to be established. 

Qualitative Analysis Using Sequence Information 

By far the most successful protocols to analyze and identify PCR products 
employ oligodeoxynucleotide probes for sequence-dependent detection. 
These protocols, in one variation or the other, involve annealing of a 
labeled oligodeoxynucleotide probe to a target sequence located some
where between the sequences complementary to the PCR primers. Dot-blot 
analysis of immobilized amplified DNA using radioactively labeled allele
specific oligodeoxynucleotides (ASO) were first used for the identification of 
normal and mutant ~-globin gene sequences [33, 34]. In the reverse dot-blot 
format, the ASO probe is immobilized and hybridized with the amplified 
DNA [35]. When the amplified DNA carries a chemical tag, e.g., a biotin 
moiety, it can be detected, bound to the immobilized ASO probe, by a color 
reaction, e.g., using a streptavidin-horseradish peroxidase conjugate and 
a chromogenic substrate. The reverse dot-blot procedure is particularly 
effective when several ASO probes specific for various mutations are 
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immobilized on one strip, which allows the typing of a genetic disease with 
several variants, like ~-thalassemia, or identification of genetic poly
morphisms at particular loci, e.g., the HLA DQa locus. 

Sandwich capture techniques employing biotinylated oligodeoxynucleotide 
have been used to develop an automated system to detect point mutations 
[36]. This system, which demonstrates the state of the art in DNA diagnostics, 
employs two directly adjacent oligonucleotides complementary to a sequence 
within the PCR-amplified DNA; one is a 5' biotinylated probe with its 3' 
end at the site of mutation, the other is a probe carrying a suitable reporter 
group at the 3' end, e.g., a digoxigenin residue. The two oligodeoxy
nucleotides are hybridized to the target DNA and ligated, provided they 
are perfectly base paired. Capture of the biotinylated ligation product on 
immobilized streptavidin and analysis for the 3' reporter group allows detec
tion of point mutations without electrophoresis or centrifugation [36]. 

PCR and DNA Sequencing 

The PCR is often carried out with the purpose of sequencing the amplified 
product, e.g., in order to identify a mutation. PCR products can be 
sequenced by subcloning into standard sequencing vectors and then follow
ing an established dideoxy sequencing protocol. The problem with this 
procedure is that during the PCR errors accumulate, such that several 
cloned PCR products have to be sequenced in order to obtain a consensus 
which reflects the mutation in the original genomic sequence and not the 
random mutations introduced by the polymerase during the amplification 
process. Sequencing the entire population of PCR products directly, either 
by the dideoxy method or by chemical means, circumvents the problem 
associated with subcloning the amplified DNA and sequencing isolated 
clones. A variety of protocols have been developed for this purpose (for a 
review see [37]). Most of them depend on the production of single strands. 
This can be achieved by asymmetric PCR with one primer in high excess 
over the other. Alternatively, a biotinylated primer can be used in the PCR 
which allows affinity purification of one strand on an avidin or streptavidin 
matrix. 

Quantitative PCR 

There is an increasing demand for a quantitative PCR to determine virus 
or parasite titers, to measure the number of transformed cells in a given 
tissue and to monitor gene expression, i.e., to determine the concentration 
of mRNAs of interest etc. In principle, during the exponential phase of 
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amplification there is a linear relationship between the initial concentrations 
of target present in various samples and the concentrations of product 
obtained with these samples during the PCR, provided the reaction is 
carried out under exactly the same conditions. On approaching the plateau 
phase, the linear relationship no longer holds. Nevertheless, there is still a 
proportionality between initial target concentrations and product concentra
tions [38, 39]. While very pure DNA samples can be quantitated in the 
exponential phase and the prep late au phase, this cannot be achieved in a 
reproducible manner with typical biological samples, due to heterogeneity in 
composition which may influence the annealing or polymerization kinetics. 
Internal standardization, therefore, is mandatory for crude DNA samples. 
Coamplifying an internal standard has the additional advantage that quan
titation can be carried out even in the plateau phase, where the signal is 
much stronger. Internal standards should be as similar as possible to the 
target to be analyzed. Ideal is a mutant version of the target of interest, for 
example a DNA carrying a point mutation or a short deletion or insertion. 
The target to be analyzed is coamplified with the internal standard, which is 
added to the PCR mixture before the amplification is started. Co amplification 
is best carried out with the same primer pair. If, however, the detection 
system requires two different primer pairs, again these should be as similar 
as possible. 

Simultaneous detection of amplified target and internal standard can 
be incorporated into size- and/or sequence-dependent detection systems. 
For example, PCR can be combined with TGGE to quantitate low copy 
numbers of DNA (or RNA, after reverse transcription) using an internal 
standard which differs from the target by a single internal point mutation 
[31]. After co amplification a small amount of labeled standard is added. 
After denaturation and renaturation the labeled standard has formed 
homo duplexes with the amplified standard and heteroduplexes with the 
amplified target, in a ratio reflecting the relative concentration of target and 
added standard before amplification. Homoduplexes and heteroduplexes are 
separated by TGGE and quantitated. The method has high sensitivity, 
excellent precision and a broad dynamic range. Another example is a 
sequence-dependent format to detect simultaneously amplified target and 
internal standard [40]. In this procedure a biotinylated primer is used to 
capture the amplified DNA on a streptavidin-coated matrix. The internal 
standard, which is added to the reaction mixture in serial dilutions prior to 
the amplification, differs from the target by having an insert comprising the 
lac operator sequence. After the PCR, which in this study was carried out 
with nested primers for high specificity, the amplified target and standard 
DNA is bound to the streptavidin-coated matrix. The amount of amplified 
standard and, thereby, indirectly the relative amount of target is quantitated 
by a colorimetric assay employing a ~-galactosidase Lad repressor fusion 
protein and a chromogenic substrate. A great advantage of this method is 
that it can be easily automated. 
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Alternatives to the PCR 

The concept of in vitro gene amplification by enzymatic means, once intro
duced and shown to work with DNA polymerases, prompted scientists to 
look for alternatives (if for no other reason than to circumvent the patent 
problems associated with the PCR). The most successful alternative so far 
is the ligase chain reaction (LCR) (for a recent review see [41]). In the 
LCR two oligodeoxynucleotide primer pairs complementary to both strands 
of the target DNA are annealed and joined by DNA ligase. After denatura
tion the ligation product serves as a template in the next cycle, such that, as 
with the PCR, exponential amplification results. As a thermostable ligase 
from Thermus aquaticus has been discovered, the LCR can be carried out in 
a thermocycler with a single addition of Taq ligase at the beginning of the 
amplification reaction. The LCR is not as versatile as the PCR, because only 
small sequences can be amplified. This limits the usefulness of this reaction 
to the detection of point mutations. It can, however, also be used in 
combination with the PCR, which may extend its range of applications. 

Self-sustained sequence replication (3SR) also is a nucleic acid sequence
based amplification technique which consists of continuous cycles of reverse 
transcription and transcription using a double-stranded cDNA as an inter
mediate (for a recent review see [42]). When an RNA target is to be 
amplified it is first transcribed by reverse transcriptase using a primer A 
that introduces a T7 RNA polymerase promotor. After RNase H treatment 
and formation of the double-stranded cDNA intermediate by reverse 
transcriptase using a primer B, the target sequence is transcribed many 
times from the cDNA by T7 RNA polymerase to give an RNA com
plementary to the initial target RNA. The antisense RNA is immediately 
converted to cDNA, thereby starting a new cycle. The 3SR protocol can be 
adapted to amplify DNA target. Different from the PCR and the LCR, 
transcription-based amplification systems require three enzyme activities and 
work in a continuous fashion at a constant temperature (with AMV reverse 
transcriptase, Escherichia coli RNase Hand T7 RNA polymerase at 42°C). 
At present, the 3SR technique is less specific than PCR and LCR because 
the enzymes employed are not thermostable, which does not allow highly 
stringent hybridization conditions. On the other hand it is much faster than 
PCR and LCR and does not require thermal cycling. 

Diagnostic Applications of the PCR 

The impact of the PCR technique on the diagnosis of human genetic diseases 
has been enormous (for a review see [43]). It has to a large extent replaced 
Southern analysis and, because of its sensitivity, has opened new areas for 
clinical diagnosis. With its many variants that allow for easy automation it is 
going to be a routine procedure in the clinical laboratory for the identifica-
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tion of the more common hereditary diseases. Laboratory kits are already 
being developed for the diagnosis of several hemoglobinopathies, bleeding 
disorders and cystic fibrosis. 

In addition to the diagnosis of genetic diseases, the PCR has facilitated 
the analysis of hereditary disease susceptibility, for example those which are 
linked to certain HLA haplotypes, like type I diabetes and certain types of 
rheumatoid arthritis. 

A rapidly expanding application of the PCR concerns the identification of 
mutations of oncogenes and anti-oncogenes. PCR analysis of the bcrlabl 
fusion is increasingly used for the diagnosis of chronic myelogenous leukemia 
and, after treatment, for the detection of residual affected cells [27, 44]. 
Similarly, PCR is employed for the detection of ras point mutations in small 
subpopulations of cells for an identification of tumor progression markers 
[28, 45]. Likewise, the reduction to homozygosity involving the p53 anti
oncogene has been demonstrated by the PCR to be involved in certain types 
of cancers [46]. It can be envisaged that testing tumor tissues for activated 
oncogenes and inactivated anti-oncogenes by PCR methods will greatly 
expand our knowledge of tumorigenesis. 

The detection of specific viral, bacterial and other pathogens associated 
with various infectious diseases, so far mainly carried out by immunological 
techniques, will in part be taken over by PCR methods. This is, for example, 
the case with human immune deficiency virus (HIV) detection, particularly 
in newly infected patients who have not yet seroconverted, for which a 
quantitative PCR method was developed [47]. For some other pathogens no 
convenient, rapid detection methods exist. This is, for example, the case 
with human papilloma virus (HPV) infections, which are among the most 
common sexually transmitted viral diseases and have been associated with 
many human cancers. Here, PCR methods allow detection of the HPV 
infection and efficient differentiation between various subtypes [48, 49]. 
PCR methods are now routinely also employed to identify cytomegalovirus 
(CMV), hepatitis B virus (HBV) and certain enteroviruses. 

Finally, a major application of the PCR for medical purposes concerns 
tissue typing for organ and tissue transplantation. Kits for the analysis of the 
HLA DQa locus are already commercially available. Related to this applica
tion is the use of PCR for forensic purposes. It is especially in this area that 
the PCR can exploit its extreme sensitivity. 
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Gene Loss as Marker in Tumor Development: 
Considerations of the Origin of Specific Brain Tumors 
Due to Combinant Loss of Function Mutations 
of Tumor Suppressor Genes 

K.D. Zang 

Institut flir Humangenetik, Universitat des Saarlandes, W-6650 Homburg/Saar, FRG 

Results from the past decade of molecular genetics and cell biology research 
have confirmed the assumption that the loss of control over proliferation 
and differentiation of cells in fact is a multistep cascade of events. The 
models of tumorigenesis established by several investigators during the late 
1960s and early 1970s have been experimentally verified in the meantime 
and are now, with a few modifications, widely accepted as the "Knudson 
model" . 

Based on his data on the epidemiology of retinoblastoma, an uncommon 
eye tumor of children, Knudson was able to demonstrate that the incidence 
of sporadic unilateral tumors exactly correlates with a two-hit mechanism 
and that of the bilateral and familial tumors with a one-hit mechanism. 
Thus, in the latter cases, one hit must be a germ-cell or germ-line mutation. 
In this context, it is remarkable that in 1971 Knudson began with the 
assumption of an additive impact of two nonallelic mutations which both 
cause a "dominant" step towards proliferation. This model of two or more 
gain-of-function mutations strikingly resembles today's data on activation 
of proto-oncogenes to oncogenes [6]. Also in 1971, Ohno was the first 
to present the idea of a recessive two-step mechanism by which, as he 
postulated, a proliferation control gene is lost first heterozygously, then 
homozygously [13]. His concept was correct but, sadly, he studied the wrong 
object. His ideas were based on the plausible, but now corrected assumption 
that the Philadelphia chromosome in chronic myelogenous leukemia was the 
result of a deletion by which a regulatory gene on the long arm of a G-group 
chromosome was lost. In fact, the Philadelphia chromosome is formed not 
by a deletion but by a reciprocal translocation between chromosome 22 and, 
in most cases, chromosome 9. 

In 1973, Comings presented a "general theory of carcinogenesis" and 
established a very sophisticated two-step model of cancer development 
which is still valid today [1]. It is also based on sequential homozygous loss
of-function mutations of both alleles of a proliferation-controlling gene. 
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Using the terminology of his time, Comings anticipated today's view of the 
working mechanisms of tumor suppressor genes. In a paper published in the 
same year, Knudson modified his original hypothesis in a similar way [7]. 
During the following years, he illustrated the validity of his model with a 
wide range of examples from clinical oncology. 

It was back in 1967 that our group was the first to describe a uniform 
chromosome anomaly in a solid tumor. In meningioma, a benign tumor of 
the brain coverings, the complete loss of one G chromosome was shown 
to be a common event [21]. Later we identified the lost chromosome as 
chromosome 22 [22]. At that time we suggested a gene dosage effect caused 
by heterozygous loss of a proliferation control gene as the critical mechanism 
of the development of this slowly growing tumor. 

Now we know that basically all authors were right. In virtually every 
kind of tumor we observe both gain of positive, i.e., proliferation-inducing 
signals and loss of negative, i.e., proliferation-suppressing signals. The 
cooperation and interaction of these signals determine the steps of tumor 
development from initiation through promotion and progression to metastasis. 
As a rule, considerably more than just two steps are needed [14]. One of the 
most detailed multistep models of tumorigenesis is Vogelstein's hypothesis 
of the development of colon carcinoma [4]. 

However, we learned that the "retinoblastoma paradigm" in its classical 
form, with the homozygous loss or inactivation of a down-regulating gene 
(the RB gene), can only be applied to retinoblastoma itself. Other tumors 
like Wilms' tumor and other candidate tumor suppressor genes like WT1 
and p53 do not readily fit into this pattern, so that additional and modifying 
hypotheses are required (for reviews see [11, 19]). 

Data from different fields of tumor research have provided evidence that 
there are indeed regulatory genes of which the physiological function is the 
suppression of cell proliferation or, under certain conditions, the induction 
or maintenance of differentiation: 

1. Cell fusion experiments between tumor cells and normal cells showed 
that alleles which are lost in tumor cells can be replaced by normal 
alleles in a way that the tumor cells lose their malignant phenotype. In 
most instances, however, only a few parameters, such as growth rate or 
tumorigenicity in nude mice, can be reverted. A complete reversion of 
tumor cells to normal cells cannot be achieved by such means (for 
reviews see [5, 11]). 

2. Findings from different chromosomes in many types of tumors under the 
heading "loss of heterozygosity" (LOH) demonstrate reproducible losses 
of RFLPs in the comparison of DNA samples from tumor vs constitu
tional DNA from the same patient. These observations, too, have to be 
treated with caution: they supply proof only of some kind of allelic loss; 
they provide no information if the lost allele is in fact the second one of 
the same gene, thus resulting in homozygosity, or the first mutation, 



Gene Loss as Marker in Tumor Development 19 

leading to a heterozygous state. This conclusion that LOH reveals a 
homozygous gene loss can be misleading because the consecutive muta
tions may well have happened at different loci (for review see [15]). 

3. The observation of familial tumors with dominant transmission within an 
affected family, such as retinoblastoma or neurofibromatosis 1 and 2 
(NFl, NF2) , can be explained most conclusively by an inherited allele 
loss and a subsequent somatic mutation of the second allele of the same 
regulatory gene. This assumption, however, cannot explain the consider
able inter- and intrafamilial heterogeneity of, for example, NFl, and, in 
hereditary cases of Wilms' tumor, it is incompatible with the molecular 
findings. The majority of (malignant) tumors require more than two 
mutations for their development, a fact which is not fully consistent with 
their apparently dominant pattern of inheritance. 

Thus, several amendments have, been added to the "retinoblastoma 
model" with respect to familial tumors like adenomatous polyposis, von 
Recklinghausen's disease (NFl) and other tumors which are at the focus of 
scientific progress. Recent cytogenetic and molecular data speak in favor 
of the involvement of several tumor suppressor genes, especially their 
combined heterozygous loss of function, rather than homozygous loss of 
only one tumor suppressor gene. With the exception of retinoblastoma, 
the epidemiology of which can be comprehensively explained by the 
homozygous loss of function of the RB gene, the remaining examples of 
recessive tumorigenic mutations are not convincing so far: Variability of 
symptoms and specific molecular features may point to genetic heterogeneity 
or to combined heterozygous loss of function of several suppressor genes, 
but also to interaction of tumor suppressor genes with viral genes at the 
product level. Interaction of a suppressor protein and an exogenous viral 
protein can cause a variable negative dosage effect. Genomic imprinting 
may mimic a heterozygous loss-of-function mutation. Interaction between 
normal and heterozygously altered suppressor proteins can give rise to a 
dominantly negative effect. 

In the following, I would like to introduce a novel model of formal 
tumorigenesis which is based on the study of a complex of neuroectodermal 
tumors, namely meningioma, sporadic acoustic neuroma and familial neuroma 
(NF2), which are mostly benign tumors of the brain and spinal cord and the 
nerve sheaths respectively. In accordance with the epidemiologic, cytogenetic 
and molecular genetic knowledge about these tumors, the model proceeds 
from the existence and cooperation of two tumor suppressor genes which 
are both located on the long arm of chromosome 22. Furthermore, the 
model postulates a close genetic relationship between meningioma and 
acoustic neuroma which explains their frequently concomitant appearance in 
patients with NF2. 

Instead of a rigid recessive mechanism, this model assumes a gene dosage 
effect which was discussed by us in a simpler form as early as 1967 and 
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which explains in this context the expression of SV40 T antigen in a high 
percentage of meningiomas, as reported by us in 1975 and confirmed by 
several other groups [8, 20]. When our group described, for the first time in 
a solid tumor, a uniform chromosome aberration found in the majority 
of cases - namely the loss of a small acrocentric chromosome - neither 
oncogenes nor tumor suppressor genes were known at all. As mentioned, 
we argued then that a crucial gene for proliferation control must be lost 
with this chromosome, which we later identified as chromosome 22. Since 
meningioma is a very benign tumor, we presumed that the heterozygous loss 
of this gene suffices alone to give rise to slow but unlimited cell proliferation 
which, as a rule, goes on for years without further tumor progression. Such 
an assumption was supported by the fact that meningiomas are sporadic, 
nonfamilial tumors throughout, as well as by the uniform histologic appear
ance which resembles the proliferation centers of fetal brain coverings. 
In 1986, Seizinger et al. showed that in some cases of both meningioma 
and acoustic neuroma, RFLP analysis detects loss of heterozygosity of all 
genes on chromosome 22 [17, 18]. For a cytogeneticist, in meningioma this 
molecular proof of the well-known monosomy 22 or deletion of the long arm 
of this chromosome was trivial; no wonder these data were confirmed by 
all other groups, including ourselves [2, 12]. As to neuroma, this finding 
was new and interesting. Under the influence of Knudson's retinoblastoma 
paradigm, however, virtually all authors (over) interpreted this loss of 
alleles in meningioma and neuroma as proof of the homozygous loss of a 
tumor suppressor gene. However, unlike in retinoblastoma, no constitu
tional chromosome deletion has been observed. One interesting exception in 
meningioma has been difficult to interpret hitherto [10]. 

Although more and more polymorphic DNA probes have become 
available for chromosome 22, it has not been possible so far, by comparing 
parents and patient, to detect any constitutional deletion on the molecular 
level in any meningioma patient. Neither has it been possible to recognize a 
homozygous deletion of certain chromosome 22 sequences within the tumor 
tissue, nor to detect any allele loss in the subgroup of diploid meningiomas. 
Thus, not a single case is known so far in which a loss of heterozygosity on 
chromosome 22 gives convincing evidence of a retinoblastoma-like situation 
in which indeed a homozygous, not just a heterozygous gene loss has 
occurred by means of deletion of a defined chromatin structure on both 
copies of chromosome 22. 

Furthermore, the allele losses published so far in meningioma, remark
ably, have detected no interstitial deletion. Rather, they correspond to the 
known loss of a complete chromosome 22 or else the complete deletion of 
the distal two thirds of the long arm of chromosome 22. In neuroma and 
NF2, similar data were presented between 1986 and 1990. In the past 2 
years, there have been surprising reports of the detection of interstitial 
deletions within the region proximal to the myoglobin locus in neuroma 
[16]. 
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In the past few years, several groups have carried out molecular analysis 
of breakpoints in meningiomas and neuromas with only partial deletion of 
the long arm of chromosome 22. Their results, and even more the detailed 
evaluation of recent data on interstitial deletions of the long arm of 
chromosome 22, have led to the conclusion that in fact there are two 
different breakpoints, namely a proximal neuroma breakpoint and a more 
distal meningioma breakpoint, which apparently are separated by the 
myoglobin locus. This finding has led to the presumption that two tumor 
suppressor genes are located on the long arm of chromosome 22: an NF2 
gene on the proximal side of the myoglobin locus and a meningioma gene 
located distally in the vast region between the myoglobin locus and the 
telomere [3, 16]. 

Neither the exact location nor the structure or function of these genes are 
known as yet. In any case, our initial hypothesis of a gene dosage effect, 
i.e., the assumption that the heterozygous loss of a negatively controlling 
gene, possibly in combination with other genetic defects, suffices alone to 
lead to a phenotypic effect, has not yet been falsified. Several authors 
now plead for the idea of such a dosage effect with respect to different 
types of tumors, e.g., Fearon and Vogelstein in their model of colorectal 
carcinogenesis regarding the p53 gene [4]. In neurofibromatosis 1, too, the 
combined occurrence of benign and malignant tumors and the considerable 
intrafamilial variability is now suggested to be the result of mutations of 
different tumor suppressor genes [9]. 

Remarkably, neuroma, unlike meningioma, occurs in a sporadic as well 
as in a familial form. The latter, also known as the dominantly heritable 
NF2, forms bilateral acoustic neuromas which frequently are accompanied 
by meningiomas. 

It is remarkable that the loss of a long arm or a complete chromosome 22, 
which evidently plays the central role in meningioma and neuroma, is a 
frequently observed phenomenon in the course of progression of other 
neuroectodermal tumors and, moreover, is involved in a number of non
neuroectodermal tumors. 

The assumption of two neighboring tumor suppressor genes on the long 
arm of chromosome 22, based on molecular genetic findings along with 
clinical and epidemiologic features of meningioma and neuroma, led me to 
draw up a speculative model of combinecJ action of both genes (Figs. 1-3). 
Evidently this model is suitable to explain the epidemiologic findings: 

- Meningioma and neuroma are, as a rule, benign and sporadic tumors 
occurring in older people. 

- Meningiomas are considerably more frequent than neuromas. 
- In a small percentage of cases, meningiomas occur as multiple tumors, but 

(with the possible exception of a very small number of cases) not as 
familial tumors. 

- Neuromas, on the other hand, occur quite frequently as multiple tumors 
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the MN gene may be incompatible with differentation or survival of germ cells 
(almost no meningioma families). (2) Homozygous deletion or loss of the NF2 gene 
plus heterozygous loss of the MN gene may modify the type and/or grade of the 
tumor. Homozygous loss of the MN gene may be incompatible with survival or 
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and as familial tumors with an autosomal dominant mode of inheritance 
(NF2). 
Patients with multiple neuromas and patients from neurofibromatosis 
families frequently also have meningiomas. 

The three schematic drawings try to explain these uncommon epidemiologic 
and clinical findings. As a consequence, the following hypotheses have to be 
put forward: 

1. A loss or a loss-of-function mutation of the NF2 gene is able to pass 
through the germline, unlike the deletion or loss-of-function mutation of 
the meningioma gene which seems to be a lethal factor during germ-cell 
differentiation or maturation or during early embryonic development. 
This would explain the fact that neuromas, but not meningiomas, can 
occur in a heritable familial form as NF2. If so, the origin of neuromas 
can be explained, in analogy to the retinoblastoma model, by two sub
sequent mutations of both alleles of the NF2 gene, with a homozygous 
loss of function of this gene. 

The occurrence of meningiomas, even multiple ones, could theoretically 
be explained analogously by first heterozygous, then homozygous loss of 
the meningioma gene in somatic meningothelial cells. 

2. However, the occurrence of meningiomas in NF2 families, and especially 
the occurrence of meningiomas without accompanying neuromas in 



24 K.D. Zang 

family members, require additional modifying considerations which, 
moreover, would explain the significant frequency of the loss of a com
plete chromosome 22 in meningioma. Our hypothesis assumes that, in 
contrast to neuroma with homozygous loss of the NF2 gene, meningioma 
arises through combined heterozygous loss of one NF2 allele and one 
meningioma allele. This would allow a "one-hit" mechanism by loss 
of a complete chromosome 22 with a resulting double heterozygous gene 
loss. Furthermore, as shown in the three schemes, it would explain 
the considerably higher frequency of sporadic meningiomas than of 
neuromas. 

Like many other hypothetical tumor models, this one too has its short
comings. At tile present state of molecular knowledge, it is unable to 
explain the fact that in about 30% of all meningiomas in vivo and in vitro, 
SV40 T antigen is detectable [8, 20]. One plausible explanation is that, like 
the RB and p53 proteins, the product of the regulatory gene or genes 
responsible for meningioma formation interacts with SV40 T antigen, with 
the result of a negative regulatory effect on the proliferation-suppressing 
function of the product of the meningioma gene. 

Another open question is the effect of the loss of three alleles, which 
might occur under certain conditions. Does it lead to the loss of proliferation 
ability or death of the affected cell? Or, more likely, to tumor progression as 
is observed more frequently in meningiomas and neuromas of members of 
NF2 families? 

These questions will not be answered until we have the sequences of both 
genes and their proteins in our hands and are able to investigate their 
functions. 
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Oncogenes and Tumor Suppressor Genes in Human Cancer 

Cytogenetic [34] and molecular genetic [25] analyses have identified 
tumor-specific genomic changes, thus providing accumulating evidence for a 
genetic component in the etiology of human cancer. Cancer results from 
multiple genetic lesions, induced by a variety of genotoxic agents. The 
ensuing mutations range from point mutations via deletions in a single gene 
up to chromosomal rearrangements. It can be expected that some of those 
mutations might activate genes that stimulate cell growth, while others 
might inactivate genes involved in negative regulation of cell growth. Until 
very recently cancer biologists in their overwhelming majority have focused 
on activated genes, i.e. the oncogenes. This, primarily, has experimental 
reasons. Oncogenes are mutant alleles of proto-oncogenes. Through their 
mutation they have acquired novel or aberrant properties that promote cell 
transformation. Oncogenes function in a genetically dominant manner and 
provide a selective growth advantage for cells expressing them, thus facilitat
ing their identification [3, 4]. However, one has to be aware that genomic 
rearrangements are frequent events for mutations causally involved in the 
development of cancer, and are observed in virtually all tumor cells. One 
would expect that such large-scale genetic alterations will, with a higher 
frequency, result in elimination or inactivation rather than in activation of 
genes. Consequently, the inactivation of negatively regulating genes should 
comprise an important step in the development of cancer. 

"Tumor suppressor genes", "anti-oncogenes", or "recessive oncogenes" 
are terms used to describe genes which can restrain tumor growth. Each of 
these terms describes a different aspect of the negative control of tumor 
growth, hence they are not freely interchangeable. A common denominator, 
however, is that elimination of their function is required for tumor growth. 
One can assume that multistep carcinogenesis requires both the action of 
activated oncogenes and the inactivation of tumor suppressor genes [4, 25]. 

Wagener/Neumann (Eds.) 
Molecular Diagnostics of Cancer 
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The prototype of a tumor suppressor gene is the retinoblastoma gene, which 
seems to be involved in negative regulation of cell growth by modulating the 
activity of the transcription factor E2F [35]. The list of tumor suppressor 
genes is rapidly growing, and comprises genes involved in diverse functions, 
ranging from transcription to cellular adhesion [2, 5]. 

p53 has been added to this list not too long ago. Meanwhile, it has been 
recognized as probably being one of the most important genes in the devel
opment of human cancer, as mutations in it reflect the most common genetic 
alteration in human cancer cells [6, 20]. Considering the history of p53, this 
rise was not at all to be expected. 

From Tumor Antigen to Oncogene 

p53 was discovered in 1979 as a cellular protein coprecipitating in immune 
complexes with the transforming protein of the small DNA tumor virus 
simian virus 40 (SV40), the SV40 tumor antigen (T-Ag) [26]. Later on, p53 
was also found in many other nonvirally transformed tumor cells, but not in 
normal cells, and hence was termed a cellular tumor antigen. Improved 
methods of detection, however, demonstrated that p53 was also present in 
normal cells, albeit in grossly reduced levels. The functional role for p53, 
both in normal and in tumor cells, remained an enigma for many years 
(review in [8]). Around 1984, the p53 field started to gain momentum with 
two sets of observations: 

1. Several laboratories demonstrated that the expression of p53 in normal 
cells is regulated in a cell cycle-dependent manner, suggesting a role for 
p53 in cellular proliferation. The view of p53 as a regulatory protein 
in the cell cycle was strongly supported by experiments performed 
by Mercer and colleagues [29], who showed that expression of p53 is 
required for the transit of resting cells from Go to G I . 

2. In a set of closely related experiments, a number of groups provided 
evidence for p53 being an oncogene: transfection of p53 into primary 
cells led to immortalization of these cells, while cotransfection of p53 
with an activated ras oncogene resulted in conversion of the cells to a 
fully transformed phenotype. Furthermore, transfection of p53 expression 
vectors into a variety of cells indicated that overexpressed p53 induced 
effects related to cell transformation or tumorigenesis. In normal Rat-1 
fibroblasts, p53 conferred a tumorigenic phenotype onto these cells; p53 
enhanced the tumorigenic phenotype of a weakly tumorigenic Abelson 
murine leukemia virus-transformed cell, and it increased the metastatic 
potential of murine bladder carcinoma cells (review in [9]). 

The effects of p53 in cell transformation and tumorigenesis, summarized in 
Table 1, were largely similar to the effects of myc overexpression, suggesting 
that p53 was a myc-like oncogene. Unlike with myc, however, overexpression 
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Table 1. Biological effects of transfected p53 

Recipient cell 

Primary rat embryo fibroblasts 
Primary rat embryo fibroblasts 

Adult rat chondrocytes 
Mouse Swiss 3T3 cells 
Abelson murine leukemia virus

transformed mouse L12 cell line 
Murine bladder carcinoma cell line 
Rat -1 cell line 

Effect 

Immortalization 
Phenotypic transformation in 

cooperation with activated ras 
oncogene 

Immortalization 
Abrogation of PDGF requirement 
Conversion from a weakly to a highly 

tumorigenic phenotype 
Increase in metastatic potential 
Enhancement of tumorigenicity 

without phenotypic transformation 

The p53 proteins encoded were later found to be mutant proteins. 

of p53 in tumor cells most often is not due to enhanced transcription, but to 
metabolic stabilization of the p53 protein at the post-translational level 
(review in [21]). This leads to transformed cells containing approximately 
lOO-fold elevated levels of p53. As p53 in normal cells is required for cell 
cycle progression, it was assumed that the enhanced amounts of p53 in 
tumor cells would drive these cells from one round of the cell cycle into the 
next, i.e., would lead to enhanced proliferation (review in [8]). This view 
was further supported by the demonstration that overexpression of p53 
could abrogate the PDGF requirement of nontransformed Swiss 3T3 cells 
[22] and, conversely, that elimination of p53 expression by vectors express
ing p53 antisense RNA led to cessation of cell growth both in normal and in 
transformed cells [43]. 

From Oncogene to Tumor Suppressor 

Later it was discovered that the p53 expression plasm ids used in the studies 
described above had all encoded a mutant p53 (review in [32]). Repetition 
of these experiments with vectors encoding wild-type p53 then led to com
pletely different results and to a completely different interpretation of the 
roles of p53 in cellular transformation and tumorigenesis. In cotransfection 
experiments with activated ras, wild-type p53 was completely devoid of 
any transforming activity [11, 15, 19]. This finding still could have been 
explained by assuming that wild-type p53, like many other proto-oncogenes, 
needed activating mutations to act as a dominant oncogene. However, 
further experiments cast doubts on the dominant oncogenic functions of 
even mutated p53. Wild-type p53 not only failed to immortalize primary 
cells, or to transform these cells in cooperation with ras, it even was able to 
suppress these events when cotransfected together with mutant p53 or the 
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adenovirus E1A gene in such immortalization or transformation assays [12, 
14]. Furthermore, transfection of wild-type p53 into p53-negative tumor 
cells led to a reversion of the tumorigenic phenotype and to a growth arrest 
of these cells at G 1 in the cell cycle [30]. Using temperature-sensitive 
mutants of p53, or wild-type p53 expressed under an inducible promoter, it 
was confirmed that, indeed, overexpression of wild-type p53 in tumor cells 
caused a reversible growth arrest, suggesting that wild-type p53 in such cells 
may have a negative effect on cell proliferation [31]. These experiments, 
together with observations described below, established wild-type p53 
as a repressor of cell transformation and tumorigenesis. The properties 
of mutant and wild-type p53 with regard to cell transformation and 
tumorigenesis are compared in Table 2. 

The classification of p53 as a tumor suppressor alleviated a long-standing 
problem in interpreting the discrepancy between the postulated oncogenic 
functions of p53 and the observation that in Friend virus-induced 
erythroleukemia in mice an appreciable number of cell clones had totally 
lost the ability to express p53, very often through severe rearrangements 
in the p53 gene. Those Friend cells still expressing p53 at all expressed 
a mutant p53 in 95% of cases [7, 36, 38]. The simplest interpretation of 
these data now was that loss of p53 function was an important step in the 
generation of Friend erythroleukemias and that introduction of a mutation 
into p53 rendered this protein nonfunctional, i.e., was equivalent to the loss 
of p53 expression. 

The studies revealing the tumor suppressor functions of p53 in the rodent 
system greatly aided the studies of the role of p53 in human tumors, as it 
had been found that many human tumors carried mutations in the p53 gene. 
The p53 alterations observed ranged from total lack of p53 expression in 
some tumors to overexpression of a mutated p53 in others. Expression of a 
mutated p53 very often was accompanied by the loss of heterozygosity 
(LOH) (reviews in [28, 37]). LOH can be considered a property typical for 
tumor suppressor genes, indicating the total elimination of wild-type p53 
function by mutational inactivation of one p53 allele coupled with the loss of 
the other allele. However, with increasing numbers of tumor cases analyzed, 

Table 2. Functional comparison of properties of transfected wild-type and mutant 
p53 in cell transformation and tumorigenesis 

Property analyzed Wild-type p53 Mutant p53 

Immortalization of primary cells 
Cooperation with ras in phenotypic transformation 
Repression of cell transformation (e.g., by EIA plus + 

ras) 
Reversion of tumorigenic phenotype in p53-negative + 

tumor cells 
Growth arrest in transformed cells + 

+ 
+ 
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a growing number of tumors was found in which a mutant p53 allele was 
coexpressed together with the wild-type allele [39]. This set-up actually 
resembles the experimental situation encountered in cells transfected with a 
p53 mutant allele, e.g., in cells transformed with a mutant p53 gene and an 
activated ras oncogene. To explain the "dominance" of the mutant p53 
allele, and to reconcile it with the recessive nature of tumor suppressor 
genes, it has been proposed that mutant p53 acts in a dominant-negative 
fashion by effectively blocking the function of the coexpressed wild-type p53 
[17, 18]. Since mutant p53, due to its metabolic stability, is overexpressed 
compared to wild-type p53, a dominant-negative action of mutated p53 
could be achieved by competing out cellular targets for wild-type p53. 
Alternatively, as p53 is an oligomeric protein, mutant p53 could form 
oligomers with wild-type p53, thus functionally eliminating wild-type p53. 
Indeed, hetero-oligomeric complexes between mutant and wild-type p53 
have been described ([33], and literature cited therein). 

However, one should also consider the possibility that mutant p53 can 
have an oncogenic function of its own, i.e., that a mutation in p53 might 
create a truly oncogenic p53, which has not merely lost a tumor suppressor 
function but actively contributes to the process of malignant transformation. 
In fact, the concept of "loss of function" as the single consequence for p53 
mutations is already thrown into question by two long-known properties of 
mutant p53 listed in Table 1: Induction of a tumorigenic phenotype in 
a weakly tumorigenic Abelson murine leukemia-transformed cell line by 
transfected mutant p53 clearly demonstrated an oncogenic property of 
this mutant p53, since these cells did not express any endogenous p53. 
In addition, the increase of the metastatic potential of murine bladder 
carcinoma cells after transfection of mutant p53 strongly argued for a 
dominant-positive role of mutant p53 in tumorigenesis. 

Characterization of p53 Mutations in Human Cancers 

The establishment of a possibly dual effect of p53 mutations on p53 function 
was initiated by analyzing the wide spectrum of p53 mutations observed in 
human cancers and by comparing the properties of the various p53 mutants 
[6,20]. The human p53 gene, located on chromosome 17p, has been analyzed 
in a wide variety of primary tumors, xenografts and cell lines derived from 
tumors. So far, p53 mutations have been found in virtually all cancer types 
looked at, with the interesting exception of a few neural tumors [6, 20]. p53 
mutations in human tumors have a number of characteristic features: Firstly, 
most of them are missense point mutations giving rise to an altered protein. 
This implies that such an altered p53 had been selected during development 
of the tumor. Secondly, mutations in p53 are not randomly scattered over 
the protein, but cluster in certain areas of the protein. p53 contains five 
domains (I - V in Fig. 1), which are evolutionarily highly conserved among 
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Fig. 1. Evolutionary conserved domains and mutational clusters in human p53 

all species analyzed so far [44]. The majority of p53 mutations are clustered 
between amino acids 130 and 290 (out of 393). Within this area, most 
mutations are confined to regions II - V of the five conserved regions of the 
p53 protein (Fig. 1) [6]. The fact that mutations cluster within cross-species
conserved domains firstly suggests that they eliminate or change functional 
important domains of the p53 protein. However, the finding that different 
conserved domains are hit already suggests that mutations at different sites 
of the p53 gene may alter different functions of p53. The third important 
feature of p53 mutations is that there are at least three mutational "hot
spots", affecting co dons 175, 248, and 273 (reviews in [6, 28]). The distribu
tion of these "hot-spots" is quite different among different types of cancer. 
For example, mutation of codon 175 is not seen in lung tumors, although it 
is quite common in many other tumors, especially in colon carcinoma [6]. 
This is remarkable and could reflect the involvement of different mutagens 
or differences of other environmental aspects in the development of these 
tumors. Alternatively, different selective pressures for promoting cell 
growth or outgrowth of a tumorigenic cell might favor different mutational 
events in different tissues. The most striking example of specificity of p53 
mutations was provided by the analysis of hepatocellular carcinoma (HCC) 
in persons from different geographical areas. A surprisingly high proportion 
(ca. 50%) of cases of HCC in areas of high incidence of infections with 
human hepatitis B virus (HBV), in China, or of nutritional exposure to 
aflotoxin, in Southern Africa, exhibited mutations at the third base pair 
position of codon 249 (most of them G to T transversions), leading to 
substitution of Arg by Ser in the mutant p53. In contrast, no codon 249 
mutations were found in HCC from patients having a normal risk for this 
disease (reviews in [6, 20, 28]). Meanwhile, evidence for specificity in p53 
mutations has also been provided by analysis of p53 in inherited forms 
of cancer, such as the Li-Fraumeni syndrome. This is a rare autosomal 
dominant syndrome, characterized by diverse neoplasms at many different 
sites of the body. Affected families have a high incidence of cancer. All of 
the families analyzed so far had p53 mutations clustering between codons 
245 and 258, with approximately 50% of the mutations being at codon 248 
(review in [6]). Although the molecular basis for this "heterospecificity" of 
p53 mutations is not yet understood, it strongly argues for the notion that 
different mutant p53 alleles might exhibit different molecular properties. 
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Properties of Wild-Type and Mutant p53 

Unfortunately, characterization of p53 mutations is much more advanced at 
the level of the gene than at the protein level. Nevertheless, comparative 
analyses of wild-type p53 and several mutant p53 proteins both in the rodent 
and in the human system have permitted a list of properties distinguishing 
wild-type and mutant p53 to be compiled (Table 3). The most important 
one, and the one used in many diagnostic analyses, results from the fact that 
many - but by no means all! - mutant p53 proteins display an altered 
conformation which can be recognized by monoclonal antibodies specific for 
p53 in a mutant conformation [16]. Perhaps due to such a conformational 
alteration, wild-type and mutant p53 often differ in their interaction with 
cellular or viral target proteins. For example, while wild-type p53 forms 
a strong complex with SV40 large T, mutant p53 does not. Conversely, 
mutant p53 often strongly binds to the cellular 70-kDa heat shock proteins, 
a property not observed with wild-type p53 ([27] and literature cited therein). 
It is clear that these parameters can only provide a gross distinction be
tween the wild-type and the mutant phenotype of p53 and that functional 
parameters are needed for further classification. This area of p53 research is 
just beginning, the main obstacle still being the absence of testable functions 
specific for wild-type p53. However, in looking for such functions, one has 
to be aware that "tumor suppression" is not a physiological function of 
p53 as such, but most likely reflects a control function of p53 in cellular 
proliferation or differentiation. Given the difficulties in defining such func
tions at the molecular level, the ensuing list of biological and biochemical 
properties compiled so far is impressive (Table 4). Not all of these activities 
have been tested both for wild-type p53 and for a major portion of the 
mutant p53. Certain prominent p53 mutations, however, have been analyzed 
in functional terms, and the results obtained so far clearly demonstrate that 
mutant p53 proteins still retain some of the activities of wild-type p53. Table 
5 compares some selected properties of wild-type p53 with those of the three 

Table 3. General properties of wild-type and mutant p53 

Property analyzed 

Reactivity with monoclonal antibody 
PAb 1801 
PAb 1620 
PAb 240 
Binding to SV 40 
Large T antigen 
Binding to cellular 70-kDa 
70 Kd heat shock protein 
Half-life 

Human p53 was used. 

Wild-type p53 

+ 
+ 

+ 

-20 min 

Mutant p53 

+ 

+ 

+ 
>3hrs 
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Table 4. Biological and biochemical properties of wild-type and mutant p53 

Biological or biochemical activity analyzed Wild-type p53 Mutant p53 

Control of Go --.G 1 transit in cell cycle [29] 

Control of G 1 --.S transit in cell cycle [10] 

Transcriptional activation of test gene as GAL4 
fusion protein [13, 41] 

Inhibition of SV40 T antigen-dependent SV40 DNA 
replication (reviews in [21, 28]) 

+ 
+ 
+ 

In vivo (after transfection into CoS cells) + 
In vitro + 

DNA binding 
Nonspecific to ds-DNA [23, 45] 
Nonspecific to ss-DNA [23] 
Sequence-specific to TGCCT, GCGGGG 

sequences [1, 24] 
Sequence-/structure-specific to nuclear matrix 

attachment region (MAR) DNA [46] 

ND, not determined. 
a Strictly dependent on mutation. 

+ 
+ 
+ 

+ 

ND 

+ 
±a 

Reduced 
+ 

+ 

p53 "hot-spot" mutants. It is evident that these mutants differ strikingly in 
their biological properties. The main feature is that a spectrum of mutations 
can be observed, from a mutant closely resembling wild type to mutants 
differing from wild type in all properties analyzed. However, one property 
seems to be common to all mutants analyzed so far: all of them have lost the 
"suppressor function" of p53, as defined by the ability to block cell growth 
after reintroduction into p53-negative tumor cells or to inhibit cell trans
formation in transfection assays with E1A and activated ras oncogenes. 

Analysis of this phenomenon indicates that p53 mutations will fall into at 
least three different classes: 

1. True null mutations. Such a p53 mutant will have lost its "suppressor 
function", but will score negative in all further assays for transforming 
activities, i.e. its presence is equivalent to the actual loss of the gene. 

2. Dominant-negative mutations. In this class of mutants, the loss of 
"suppressor function" is coupled with the ability to interfere with the 
function of coexpressed wild-type p53. Mutants of this group will be 
recognized as oncogenic only in cells that coexpress a wild-type p53. It is 
important to realize that such mutants will not provide a direct oncogenic 
stimulus, but rather eliminate a (rate-limiting) inhibitory factor (i.e., the 
wild-type p53). With these mutants, the active transforming event must 
be provided by another positively dominant oncogene, and its action will 
be limited to provide loss of suppression. 
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Table 5. Properties of wild-type and "hot-spot" mutant p53 

Property analyzed Wild-type p53 Mutation of p53 at 
codon 

175 248 273 

Relative transformation frequency (in 0 3-10 ND 1 
cooperation with ras) 

Suppression of transformation and growth of + 
tumor cells 

Conformational alterations 
Reactivity with mutant-specific monoclonal + ND 

PAb 240 
Binding of 70-kDa heat shock protein + 
Binding of SV40 T antigen + ND ± 

Transactivation of a test gene as GAL4 fusion + + + 
protein 

Half-life of protein 20 min 3-6h 20min 7h 

ND, not determined. 

3. Dominant-posiive mutations. In addition to losing the "suppressor 
function", these mutations lead to the gain of an overt transforming 
function. Such p53 mutants should playa dominant-positive role in initia
tion or progression events during tumor formation. Such mutants also 
will actively contribute to growth deregulation and malignancy in cells 
that do not express endogenous p53. 

Naturally occuring examples of all classes of mutants are found both in the 
human and in the rodent system, with clear classifications of null mutants, 
like the Li-Fraumeni codon 248 mutants, where the recessive nature of the 
mutation already is apparent from the history of the disease. Classifications 
of p53 mutations into the other two categories still depends on the experi
mental systems used, and it is conceivable that a mutant scoring "dominant
negative" in one assay system might score "dominant-positive" in another. 

The high percentage of apparently "dominant-positive" p53 mutations, 
i.e., "gain-of-function" mutants, might also provide an answer to the 
intriguing question of why p53 mutations are so common in the development 
of human cancer: Most p53 mutations are point mutations, i.e. single hits. 
As all mutants analyzed so far have lost the p53 "suppressor function", an 
additional "gain of function" implies that a single point mutation would 
score as "two hits for one". Although this is an attractive hypothesis, 
the high frequency of p53 mutations might also be explained by assuming 
that alterations in the p53 gene represent an absolute restriction point 
("bottleneck") in the development of a tumor. 
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Prospects for p53 in Tumor Diagnosis and Therapy 

The high frequency of p53 mutations in human cancer render this protein an 
ideal tumor marker, and as such it is already used in many clinical studies. 
Mutant p53 in tumor cells is present in enhanced levels, facilitating its 
detection in tumor tissue by immunocytochemical methods. Furthermore, 
monoclonal antibodies with a prevalence for p53 in a mutant conformation 
exist (e.g., PAb 240) and are already providing some additional information 
on the conformational status of the p53 expressed. This is becoming increas
ingly important as cases accumulate where wild-type (or wild-type-like) p53 
is found to be overexpressed in certain tumors [42]. However, p53 might 
provide more opportunities. Experiments have been initiated to probe 
the prognostic value of p53 analyses of various human tumors. Immuno
histochemical studies seem to indicate that elevated p53 expression might be 
a marker for a more aggressive nature of the tumor [40]. So far, however, 
the prognostic power of p53 expression seems to be weak. The central 
issue will be whether enhanced p53 expression simply represents a random 
product of dedifferentiation or indeed is an important feature of a specific 
malignant phenotype, playing a key role in tumor behavior. This issue is not 
yet resolved, but considering the different nature of the p53 mutations and 
their functional consequences the current uncertainty is not surprising. 
Overexpression of p53 as such might be too unspecific a criterion for fine 
diagnosis of a tumor and thus for prognosis. Therefore, it will be necessary 
to characterize individual p53 mutations at the level of the gene and to 
correlate this information with diagnostic and prognostic parameters. Clearly, 
this is a major task, and even with the advancement of new PCR-based 
sequencing strategies this approach can hardly be used for routine diagnosis. 
However, such information might lead to the development of more refined, 
e.g., peptide-based, monoclonal antibodies detecting specific subclasses of 
p53 mutants. Such subclass-specific antibodies then would be applicable for 
routine diagnosis. 

What about the therapeutic potential of p53? The finding that reintroduc
tion of p53 into tumor cells can reverse the tumorigenic phenotype of 
p53-negative tumor cells prompted much optimism regarding the use of 
wild-type p53 expression vectors in successful somatic gene therapy. Indeed, 
the fact that wild-type p53 in such cells is able to overcome all adverse 
effects of other activated oncogenes, such as ras or myc, that are also 
expressed in these cells, is remarkable. Nevertheless, reasonable strategies 
for reintroduction and appropriate control of expression of wild-type p53 
into tumors, especially solid tumors, are far away, and much more knowl
edge on the biology of p53 will be needed before such a strategy could be 
actively pursued. Even then, the most suitable and likely targets would be 
the rare hematopoetic tumors in which p53 mutations are found in stem 
cells. Nevertheless, these reintroduction studies clearly demonstrated that 
the tumorigenic phenotype of a cell can be permanently reversed. So the 
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major therapeutic potential of these studies might be in the understanding of 
this reversal at the molecular level, perhaps allowing the design of drugs 
specifically mimicking the effect(s) of reintroduced wild-type p53. 

Another strategic avenue for a p53-based therapeutic approach might 
result from the rediscovery that overexpressed, mutated p53 is a cellular 
tumor antigen. The fact that a certain proportion of sera from tumor patients 
display p53 antibodies shows that mutated (or even overexpressed) p53 is 
immunogenic. If it were possible to induce a cellular immune response 
against the mutated p53, strategies for immunological therapy of tumors 
displaying mutated p53 could be envisioned. 

The ubiquitous nature and the high frequency of p53 mutations in human 
cancer strongly suggest that p53 is one of the key molecules in the develop
ment of human cancer. Therefore, a better understanding of the functions of 
p53, wild type and mutant, at the molecular level not only will further our 
knowledge about the biological role of this enigmatic protein but also holds 
great promise for improvement of both cancer diagnosis and cancer therapy. 
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Introduction 

The process of neoplastic transformation and its sequelae are generally 
accompanied by profound genomic alterations. Gain or loss of whole 
chromosomes and gross chromosomal translocations or other rearrange
ments are readily detectable by cytogenetic investigation [31]. In order to 
detect minor somatic changes such as microdeletions or point mutations, 
direct DNA analyses are necessary [39]. Specific oncogene amplification 
events can be ascertained via, for example, the Southern blot hybridization 
technique (4). Cytogenetic analyses have revealed a multitude of different 
numerical and structural abnormalities in gliomas of high and low grades 
of malignancy [5, 15, 18]. The most common features are early loss of 
gonosomes and gain of additional copies of chromosome 7. The most 
frequent aberration in human gliomas is the presence of double minutes 
(dmin) in nearly 50% of the cases with higher malignancy grade [3, 4]. 
Double minutes are cytogenetic equivalents of gene amplification [11] and in 
human gliomas they usually coincide with amplification of the epidermal 
growth factor receptor (EGFR) gene [4]. Recently DNA fingerprinting has 
been applied to detect somatic changes in human cancer DNA [25, 28]. As 
in karyotyping, oligonucleotide fingerprinting allows a simultaneous survey 
of the alterations in the whole genome for numerous highly variable DNA 
loci which are scattered over the chromosomes [7]. Therefore fingerprinting 
may serve to supplement or sometimes even replace karyotype analysis, 
which is technically difficult in solid tumors and impossible when only frozen 
tissue is available. 

In the context of cancer research we have used simple repetitive 
oligonucleotide probes for various aspects of DNA fingerprinting as first 
described by Ali et al. [1] for the following reasons: (a) In-gel hybridization 
with synthetic oligonucleotides is technically superior to other probes [26] 
and therefore better suited for routine scanning of human tumor DNA with 
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general diagnostic intention, such as assessment of tumor homogeneity and 
progression [10, 19]. (b) The most informative (cacfgtg)n loci have been 
shown to coincide with R-band regions on human metaphase chromosomes 
[42], suggesting distribution over the whole genome, whereas minisatellite 
structures [16, 17] cluster predominantly in telomeric regions [30] . (c) 
MUltiple rehybridizations with the whole panel of oligonucleotide probes 
are conveniently performed in one gel requiring only comparatively small 
amounts of DNA (and tumor material). 

Materials and Methods 

Isolation of DNA from cells and tissue was performed according to standard 
procedures [32]. A novel "quick preparation" procedure «1 h dura
tion before restriction enzyme digestion; Genomix, Kontron) proved very 
efficient for DNA extraction. This method has already been used success
fully for DNA preparation from many tissue sources. Especially extractions 
from peripheral blood are performed on a routine basis by this method in 
our laboratory. About 61lg from each DNA sample was digested with 
the restriction endonucleases MboI, HinfI and HaeIII according to the 
suppliers' recommendations. Whenever possible, digestion of DNA was 
performed in the absence and in the presence of 10 mM spermidine, in 
an additional aliquot, to exclude "hidden partial" digestions. The DNA 
fragments were separated on 0.7% horizontal agarose gels in T AE buffer 
for up to 48 h at 1 V fcm [8]. 32P-Iabeling of the oligonucleotide probes as 
well as hybridization in the gel were performed as described previously by 
Schafer et al. [33]. 

For Southern blot analyses 61lg DNA was digested with the restriction 
endonucleases PstI, EcoRI and HaeIII. Electrophoresis was performed as 
described above, but 1 x TBE buffer was used instead. Separated DNA 
fragments were transferred onto nylon membranes according to standard 
procedures [32]. A full-length EGFR cDNA probe included, in addition to 
the coding sequence, both 5'- and extended 3'-untranslated sequences. It 
was labeled using the multipriming ([ a32P]dCTP + [a32P]dA TP). Hybridiza
tion and washing was performed under conditions of high stringency. After 
autoradiography the EGFR cDNA probe was stripped off and the blots 
rehybridized successively to (GT)g and (GTG)s as described above. 

The detailed description of the teratocarcinoma cell lines, their history 
and their various culturing conditions has been the subject of a previous 
report [35]. 
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Results 

The Informativeness of DNA Fingerprints Compared with Tumor Cytogenetics 
in Gliomas 

DNA fingerprints from the pathological tissue and/or primary cell culture of 
80 intracranial tumors (mostly gliomas and a few medulloblastomas and 
metastases of carcinomas) were generated by the oligonucleotide probe 
(GTG)s and compared with the constitutional band pattern obtained from 
the peripheral blood leukocytes (PBL) of each patient. In parallel, karyotype 
analysis was performed from primary cultures of tumor cells and PBL of 
every patient but one. Numerous differences between tumor and constitu
tional DNA fingerprints were found [27]. According to our previous results 
on the complete somatic stability of (cac/gtg)n loci including different areas 
of the human brain [26], these changes are obviously a consequence of the 
malignant transformation, but not due to tissue-specific genomic rearrange
ments [28a]. Band intensity shifts clearly prevailed, but complete loss of 
bands as well as gain of new bands was also observed. Many changes present 
in the original tumor escaped detection when only primary cell cultures 
were investigated. Using a single hybridization probe a detection rate of 
nearly 80% for glioma-associated somatic changes in the DNA was reached. 
The parallel analysis employing three different restriction enzymes was 
useful but not decisive. Only three gliomas showed no deviation in their 
fingerprints after cleavage with MboI but did show deviation using Hinfl or 
HaeIII. Generally each enzyme was as informative as the other two with 
respect to the number of somatic changes detected [27]. The direct com
parison of cytogenetic and fingerprint data revealed that only one patient 
showed a detectable alteration in the tumor-derived DNA fingerprint with
out any chromosomal deviation. On the other hand, several chromosomal 
aberrations (loss of Y, X or 15 or gain of 7 or dmin) escaped from the 
detection by DNA fingerprinting. Two tumors with extensive chromosomal 
abnormalities also failed to show deviations in DNA fingerprint analysis. 
This seems to be due to the fact that only cultured cells and not the tumor 
itself could be analyzed. In a subset of 26 of the first 35 tumors investigated, 
the altered karyotypes correlated well with deviations in the DNA finger
prints, though sometimes loss of chromosomes was accompanied by gain of 
bands or vice versa. Interestingly, there was a coincidence of dmin with the 
prominent new fingerprint fragments described above. Only one tumor 
exhibiting these fragments had no demonstrable dmin in its karyotype. 

Amplification Events and Telomere Lengths in Gliomas 

Initially the most striking alterations in the tumor DNA fingerprints were 
found in the low-molecular-weight region of the gels (see Fig. 1, arrows 
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at the bottom). Eight of SO unrelated glioma DNAs (10%) showed a 
prominent new or at least dramatically intensified band after restriction with 
HaeIII (2.4kb) and MboI (2.1 kb). Equivalent new bands could not be 
detected after Hinfl digestion. At least three patients exhibited additional 
prominent tumor-specific bands in all or some digests. Their size ranged 
from 1.2 to 1.5 kb depending on the restriction enzyme used. Rehybridiza
tion of the gels with (GT)s revealed similar striking bands in each of these 
eight patients (2.6 kb after HaeIII, 2.0 kb after MboI and 2.2 kb after HinfI; 
Fig. 1). Furthermore, intense signal bands were also present in the (GATA)4 
fingerprint of one glioma (HaeIII 1.4 kb, MboI 1.2 kb, Hinfl 2.4 kb) but 
absent in the other tumors (Fig. 1). Irrespective of the probe employed, 
such prominent novel fragments could not be detected in a medulloblastoma 
and four metastasic carcinomas also included in this study. This supports 
the idea of a glioma-specific phenomenon. A correlation between the malig
nancy grade of the gliomas studied and the appearance of the prominent 
new fragments was not immediately obvious. But there does exist a remark
able correlation between malignancy grade and the probability to detect 
genomic deviations by DNA fingerprinting (with only two exceptions). 

In addition to the probes mentioned above, we also hybridized the gels 
with the telomere-derived simple repetitive oligonucleotide (TTAGGGh
This probe provides cumulative information about the lengths and total 
number of telomeric sequences as well as about the organization of 
sequence-related, interspersed, simple repetitive structures. The simulta
neous evaluation showed that 37% of the gliomas (n = 33) did not change 
the overall lengths of the telomeric sequences in comparison with the 
peripheral blood DNA, another 37% had increased telomeres, while in the 
remaining 26% of gliomas tumor telomeres had grown shorter [2Sa]. The 
necessary comparisons with normal glial DNA are currently being per
formed. Yet the tendency towards longer telomere structures stands in 
contrast to a report by Hastie et al. [14], who described the telomeres in 
colorectal tumors as significantly shorter than in the respective normal tissue 
or sperm. 

In addition to the fingerprint analyses a collection of 15 gliomas was 
tested for amplification of the EGFR gene. Amplification of this sequence 
often accompanies the tumorogenesis in glial tissue [4, 22, 41]. In precisely 
the aforementioned five tumors showing the amplified fingerprint fragments, 
a dramatic elevation of the EGFR gene copy number was found. Moreover, 
rehybridization of the Southern blots with the relevant simple repeat 
oligonucleotides revealed identical positions for the largest HaeIII fragment 
(2.9 kb), the fourth largest Pst! fragment (3.0 kb) and the third largest 
EcoRI fragment (5.9kb) and the corresponding prominent (GT)s fingerprint 
bands [2S]. No comigration was detected between any EGFR exon-bearing 
fragment and the (GTG)s fingerprint band signals that were drastically 
increased in intensity. This was already obvious from the fact that the 
(GTG)s fragments varied in size whereas the former did not. 
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DNA Fingerprintingfor the Identification of Cell Lines in Tumor Research 

Whenever cultured cells derived from different individuals have to be dif
ferentiated DNA fingerprints offer this possibility conveniently. For example, 
when in immunological studies T lymphocytes are stimulated specifically in 
culture, then nonproliferating antigen-presenting cells have to be present. 
Upon insufficient X-ray or anti metabolic treatment such feeder cells may 
inadvertently overgrow the original cells. Thus such cell culture procedures 
must be permanently controlled appropriately [13a, 22a]. In addition, the 
myeloma partners for the fusion with antibody-producing B lymphocytes can 
be differentiated by their fingerprint patterns as well as the derived fusion 
products secreting various immunoglobulins [13a]. Finally, therefore, 
oligonucleotide fingerprinting was also applied to investigate the relatedness 
of several cell lines that were established between 1973 and 1977 from a 
teratocarcinoma [35]. We were able to distinguish cell lines derived at dif
ferent times. In addition, sublines from one cell line could be discriminated 
by using a combination of different probes. Therefore, multilocus finger
printing with oligonucleotides is a useful method for monitoring changes in 
cell lines kept in culture for many generations. 

Discussion 

The analysis of somatic changes in the DNA of tumors is one more key to a 
comprehensive understanding of cancerogenesis and tumor progression [9] 
and more specifically of gliomas [3]. We would like to stress that a high 
number of quantitative as well as qualitative deviations can be detected in 
the DNA of human gliomas by using a single fingerprint probe, namely the 
simple repetitive oligonucleotide (GTG)s. Taking into account that tumor 
cells are often overgrown by normal diploid cells in primary cell cultures, as 
shown by Teyssier [37], our data based solely on native tumor tissue indicate 
a detection rate of somatic changes in a very high proportion (78%) of 
gliomas. This is the more surprising as we carefully avoided scoring any 
artifacts in the banding patterns (e.g., "hidden partial" digestions [24]). 
Particular bands show shifts in their positions when compared to standards. 
Apparently certain restriction sites are less accessible or sensitive to cutting 
activity than the bulk of recognition sites. This serious problem has not been 
dealt with in other work reporting lower percentages for tumor-associated 
changes in the DNA fingerprints [10, 19, 21, 29, 34, 36]. Interestingly, 
previous investigators used combinations of up to three different fingerprint 
probes, while here only (GTG)s was employed. This underscores the dis
crepancies in detection rates. Indeed, successive hybridization of the gels 
with a whole panel of various simple repeat probes allows identification 
of additional differences between constitutional and tumor DNA, thereby 
increasing the overall detection rate to some 85% [27]. The type of tumor 
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investigated is not the reason for the high percentage of deviations found, 
since the detection rate was not lower in the nonglioma tumors included in 
this study. Rather, the type of probe used and methodological refinements 
in high-resolution fingerprints account for the contrasting results. The finger
print changes in tumor relapses correlate quite well with the pathological 
and anatomical staging: If the novel tumor is classified in a more malignant 
category, then the fingerprint deviations tend to increase. 

A number of different processes may be involved in the alteration of the 
DNA fingerprint in the tumor. Parallel karyotype analyses support the idea 
that chromosomal abnormalities are a major cause for deviations in the 
DNA fingerprints: Gain and loss of chromosomes or chromosomal regions 
obviously resulted (a) in intensity shifts of associated fingerprint fragments 
(due to monosomies or trisomies in parts of the tissue), (b) in novel tumor 
bands or (c) in loss of constitutional bands. But discrepancies between 
fingerprint and karyotype alterations, found in several cases, reveal that 
other processes are also operating. Hypomethylation of tumor DNA has 
been shown to occur in colon neoplasms [12]. This could also affect DNA 
fingerprints [10, 38]: using the methylation-sensitive restriction enzyme 
HinfI, the predominant occurrence of "hidden partials" in leukocyte 
DNA is explainable (GANTmC is cleaved with detectable rate differences, 
decreasing in the order unmethylated, hemimethylated and bimethylated; 
Gm6ANTC and GANThm5C are not cleaved [23]). The novel bands detected 
in seven gliomas may be caused by generation of new length alleles at 
particular loci in addition to chromosomal rearrangements [2]. In principle 
they could have arisen via unequal sister-chromatid eXChange during mitosis 
or, less likely, by replication slippage or insertion/deletion of repeat units as 
hypothesized by Wolff and coworkers [40]. The aforementioned mechanisms 
could also account for the loss of bands observed in six gliomas. 

Strong novel (or at least drastically intensified) bands in tumors are 
perhaps due to localized amplification of DNA sequences as supposed by 
Stark and Wahl [36]. Such events may well be the reason for the appearance 
of the prominent fingerprint fragments found here in five gliomas. The 
concept of amplification is supported by the appearance of dmin in 80% of 
the cases and by the parallel amplification of the EGFR gene detected in 
all cases. Amplification units have been reported to cover up to several 
hundred kilobases [20]. Until recently it has not been known whether the 
1l0-kb EGFR locus [13] harbors simple repeat loci such as (ca/gt)n or 
(cac/gtg)n- On the basis of the uniform shift observed for the amplified 
fingerprint fragments using different restriction enzymes, the loci affected in 
the various patients are apparently identical. Accepting the concept of 
amplification, one has to explain why the (cac/gtg)n fragments in some 
tumors appeared as novel bands. The reason could be a short stretch of 
simple repeats on the respective fragments not detectable as single copy in 
the fingerprint prior to amplification. Alternatively, an altered position of 
the fragment in the fingerprint as a consequence of the amplification is 
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plausible. The latter would be the case if the simple repetitive triplet struc
ture were located on the edge of the amplification unit and one of the 
relevant restriction sites were not included. The length of the amplification 
unit, however, does not seem to be constant, since an additional (cac/gtg)n
containing fragment was coamplified only in a subset of the tumors. 

The comigration observed after HaeIII, PstI and EcoRI digestion of one 
amplified EGFR gene fragment and the prominent (ca/gt)n band suggests 
intragenic localization of the simple repeat. According to the published 
EcoRI restriction map of the EGFR locus [13], the (ca/gt)n repeat is prob
ably situated on the fragment bearing the exons S-7. So far, EGFR gene 
amplification has only been found to occur in gliomas (and some squamous 
cell carcinomas) [6]. 

In conclusion, the high detection rate of clonal markers in tumor DNA 
via DNA fingerprinting with the synthetic oligonucleotide (GTG)s, taken 
together with its easy handling, favors this probe for routine applications. A 
correlation, albeit not absolute, between malignancy grade and appearance 
of deviations in the DNA fingerprint is evident. In cases where karyotype 
analysis is not feasible and/or fast analysis is necessary, DNA fingerprinting 
is a sound alternative or supplement to conventional methods. Moreover, 
this technique provides additional unique information about genomic altera
tions not obtainable with other methods. In the end it may even enable us 
to discover novel DNA sequences involved in the cellular transformation 
process. 

Summary 

Multilocus DNA fingerprints were generated by oligonucleotide probes 
specific for simple repeats from surgically removed tissue and/or cul
tured cells of intracranial tumors (gliomas, medulloblastoma, metastatic 
carcinomas) as well as other carcinomas. These were compared with the 
constitutional banding patterns obtained from peripheral blood leukocytes 
or normal tissue adjacent to the tumor of each patient. The probe (CAC)s 
or its complement (GTG)s proved especially efficient at revealing randomly 
distributed, unknown genomic alterations in human tumors. Prominent 
changes were observed also with other simple repeat oligonucleotides, e.g., 
in most renal tumors investigated [Sa]. A multitude of somatic changes 
were detected and found to reflect the chromosome alterations identified by 
parallel karyotype analysis in the gliomas. Gain and/or loss of bands or 
significant band intensity shifts could be demonstrated in the fingerprints of 
more than 80% of the intracranial tumors investigated. This included highly 
amplified DNA fingerprint fragments in independent gliomas. Amplification 
of the epidermal growth factor receptor (EGFR) gene via Southern blot 
hybridization was revealed only in those tumors showing amplified DNA 
fingerprint fragments as well. In contrast to the situation reported for 
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other tumors, the telomere lengths in gliomas tend to be increased rather 
than decreased in comparison with peripheral blood DNA. In a collateral 
approach, long-term cultured cell lines from a mouse teratocarcinoma were 
efficiently monitored by multi locus fingerprinting. In addition, particular 
sublines from one cell line of this tumor can be differentiated easily by a 
combination of simple repeat oligonucleotide probes. 
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Activation of ras Oncogenes in Human Tumours 
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Introduction 

Activated ras genes were originally detected using genomic DNA transfec
tion of NIH3T3 cells in focus induction and nude mouse tumorigenesis 
assays. These assays were technically demanding, expensive and time
consuming. With the realisation that activating point mutations in human 
tumours are restricted to codons 12, 13 and 61 of the ras genes, more rapid 
techniques were developed for their detection. Since the advent of the 
polymerase chain reaction DNA amplification technique, the most popular 
have been the RNase mismatch cleavage assay, oligonucleotide hybridisa
tion, single-strand conformational polymorphism and variations on restric
tion fragment length polymorphism. We now have the technology to detect 
ras mutations within a single working day, and as I will attempt to illustrate 
in this chapter, such rapid molecular diagnostics may find application in the 
practice of modern clinical pathology (Table 1). 

The ras Genes 

In human cells there are three members of the ras family, Harvey, Kirsten 
and N-ras (Bos 1989; Lemoine 1990a,b). They encode closely related 
proteins of 21 kDa that are localised to the inner surface of the plasma 
membrane and possibly other intracellular membranes by a mechanism that 
involves complex processing at their C-terminal tails (Hancock et al. 1989, 
1990). All ras proteins undergo farnesylation of the cysteine residue in the 
terminal tetrapeptide CAAX (cysteine, two aliphatic amino acids, any 
amino acid), followed by removal of the last three amino acids and 
methylation of the cysteine residue. In Harvey and N-ras p21 proteins there 
is then further palmitylation of upstream cysteines to give optimal mem
brane binding, while in contrast Ki-ras' p21 relies upon the polylysine 
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Table 1. Oncogenes and human cancer 

1. Understanding basic biology of oncogene action, for instance: 
a) Dominant oncogene products as components of signal transduction pathways 
b) Tumour suppressor gene products as negative transcription regulators and cell 

cycle control factors 
2. Utility of oncogenes and their products as diagnostic markers, for instance: 

a) Ki-ras mutations in pancreatic cancer 
b) p53 mutant protein in many human cancers 

3. Utility of oncogenes and their products as prognostic markers, for instance: 
a) c-erhB-2 ampiification/overexpression in breast and ovarian cancers 
b) N-myc amplification in neuroblastoma 
c) ras mutations in non-small-cell lung cancer 

4. Exploitation of oncogenes and their products as therapeutic targets, for instance: 
a) Antisense inhibition of oncogene expression 
b) Mutant EGF receptors in brain tumours as immune targets 
c) Tumour suppressor genes for gene therapy 

domain that it possesses for full function. Whether these differences in 
processing result in subtle differences in the connections made with other 
elements at the membrane is as yet unclear. 

The ras proteins bind guanine nucleotides, GOP and GTP, and participate 
in a GTPase cycle (Hall 1990a; Bourne et al. 1990, 1991). There are three 
conformational states in this cycle: the GOP-bound form of ras p21 is 
inactive but release of the nucleotide converts it to a transient empty state. 
Under normal intracellular conditions, GTP is more likely to enter the 
empty guanine nucleotide-binding site since it is present in great excess over 
GOP, and the protein is induced to adopt its active conformation. This 
switches back to the inactive GOP-bound state when GTP is hydrolysed. 
Like most other GTPases, the ras proteins have relatively low rate constants 
for both GOP release and GTP hydrolysis, and full signalling function 
requires intervention by accessory regulatory proteins. There are guanine 
nucleotide release or exchange proteins (GNRPs) that catalyse the release 
of GOP to allow access for GTP, and GTPase-activating proteins (GAPs) 
that speed up GTP hydrolysis. It is therefore possible to envisage control at 
two points in the cycle, with more active ras-GTP being produced by a 
reduced rate of GTP hydrolysis or an increased rate of GOP exchange 
(Macara 1991). An alternative control has been suggested by the discovery 
that the nm23 gene product (a nucleotide diphosphate kinase) may be 
involved in the regulation of ras-like proteins and could potentially 
phosphorylate ras-bound GOP to GTP directly (Ruggieri and McCormick 
1991). 

The ras proteins are activated to oncogenic form in human tumours by 
mutations that produce substitutions at positions 12, 13 or 61. The three
dimensional model of the ras protein as solved by Wittinghofer and 
colleagues (Wittinghofer and Pai 1991) reveals that these three positions lie 
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close to the terminal phosphate bond in GTP, and that the side chains of the 
amino acids at these positions are critical for the orientation of a water 
molecule involved in the hydrolysis of GTP. Mutant proteins are no longer 
able to respond to the upregulating activity of GAPs and remain locked in 
the active conformation bound to GTP, continuing to transmit the signal to 
downstream elements of the transduction pathway. 

The ras Signal Transduction Pathway 

The nature of the ras signal and the identity of the downstream elements of 
its signal transduction pathway have recently become rather more clear. 
Wittinghofer has shown that the ras protein changes in conformation during 
the switch between its inactive and active forms (Wittinghofer and Pai 
1991). Two loops are affected by this conformational change: the L4 loop 
carrying position 61 involved in orientation of the water molecule critical for 
GTPase activity, and the L2 loop which carries the region known as the 
effector domain of the ras protein between positions 32 and 40. Site-directed 
mutagenesis to produce substitutions in this effector domain abrogate the 
transforming action of the oncogenic ras and also prevent interactions with 
the GAP proteins, which is part of the evidence pointing to GAP proteins as 
effector of ras action (Hall 1990b). 

The situation has been complicated by the recent discovery that there are 
two proteins with GTPase-stimulating activity for ras p21, both of which are 
ubiquitously expressed. The first discovered (by McCormick and colleagues) 
is known as p120 GAP or ras GAP and is a cytoplasmic protein of 120 kDa 
(Adari et al. 1988; Cales et al. 1988). It can increase the rate of GTP 
hydrolysis by ras p21 20000-fold. The second protein is the product of the 
gene at the locus responsible for the inherited malignancy neurofibromatosis 
type 1 (NFl). This gene is a tumour suppressor gene because it is inactivated 
by deletion or point mutation as part of malignant transformation in this 
tumour. Expression of a GAP-like domain within the NFl protein is capable 
of accelerating the GTPase activity of ras p21 like p120 GAP (Ballester 
et al. 1990; Martin et al. 1990; Xu et al. 1990). Inhibition of the activity of 
one or both of these GAP proteins will lead to a rise in the amount of p21 
ras GTP in the cell, while complete loss of their function through genetic 
inactivation would leave ras p21 dependent on its own intrinsic (low) rate of 
GTP hydrolysis for return to the inactive GDP-bound form. 

The most popular of the current models for ras-GAP interaction is that 
proposed by McCormick (Bollag and McCormick 1991). The hypothesis is 
that p120 GAP and NFl GAP act both as negative regulators of ras and 
as its effector protein. The evidence for a role as negative regulator 
is overwhelming - overexpression of GAP suppresses transformation by 
activated Ha-ras, and expression of human GAP in yeast decreases the 
stimulatory effect of ras on adenylyl cyclase. Work by Downward has shown 
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that the amount of active ras GTP in T cells stimulated through the 
CD3 receptor is increased because GAP is inhibited by protein kinase C 
(Downward et al. 1990). On the other hand, there is evidence that the GAP 
proteins may be effector molecules for ras. For instance, recent observations 
on the modulation of atrial K+ channels show that addition of ras GAP 
or active ras GTP to patches of atrial cell plasma membrane inhibit the 
coupling of the Gk heterotrimeric G protein to muscarinic receptors and that 
anti-GAP antibodies block the effect (Yatani et al. 1990). Whatever the 
precise mechanism involved, this points to GAP having an effector function. 
It has been suggested that this uncoupling of G proteins from their receptors 
is a general mechanism of ras action. 

Interactions with other proteins are also likely (Ullrich and Schlessinger 
1990; Cantley et al. 1991). Some membrane receptor tyrosine kinases, such 
as PDGF and EGF receptors, form signal transduction particles that include 
p120 GAP and phosphorylate p120 GAP on tyrosine. This phosphorylation 
event is accompanied by translocation to the membrane from the cytoplasm. 
Antibody-blocking experiments have shown that the function of the PDGF 
and EGF receptors in stimulating DNA synthesis requires ras p21 action. 

In fibroblasts and epithelial cells introduction of oncogenic ras p21 rapidly 
activates protein kinase C, and this is essential for the induction of DNA 
synthesis. The mechanism for activation of protein kinase C by ras is still 
obscure, although it seems to involve an increase in phosphatidylcholine 
breakdown from membrane lipids (Marshall 1991; Johnston et al. 1991). 
However, much of the evidence is contradictory. One rapid response to the 
upregulation of protein kinase C activity is activation of gene transcription 
via AP-1 transcription factors consisting of [as and jun proteins. ras 
stimulates a specific jun kinase (Binetruy et al. 1991) and produces a 
transient spike in the levels of both proteins. Although there does not seem 
to be a constitutive activation of [as and jun expression in ras-transformed 
cells, if [as expression is blocked by antisense [as then the cells revert to a 
non-transformed phenotype. 

There is a second pathway, not involving protein kinase C, that mediates 
morphological transformation. At the moment it is believed that the c-ra[ 
and c-mos serine/threonine kinases located in the cytoplasm of the cells are 
involved and that they activate a novel class of transcription factors binding 
to a ras-responsive promoter element with the sequence TGACTCT, while 
the AP-1 consensus site is TGAGTCA (Owen and Ostrowski 1990). 

ras Activation in Tumorigenesis 

We are beginning to understand the place of ras in signal transduction, but 
at what point in tumorigenesis is ras activation involved? The weight of 
evidence suggests that it is a relatively early stage in several tumour types. 
For instance, our own work has shown that at least 75% of cases of 
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carcinoma in situ of the exocrine pancreas harbour activated Ki-ras (Lemoine 
and Hall 1990; Lemoine et al. 1992), and the work of Vogelstein has shown 
that there is an increasing frequency of mutation during the growth of 
adenomas of the large bowel before progression to carcinomas (Vogelstein 
et al. 1988). The work of Padua and others suggests that ras mutation is 
relatively frequent in the premalignant phase of myeloid leukaemia (Padua 
et al. 1988; Janssen et al. 1987). 

So we see that ras activation is a critical event in the earliest stages of 
several major malignancies, but it is by no means a universal finding. 

While many tumour types possess mutant ras at a frequency approaching 
75%, there are others where the frequency is close to zero. There is also a 
group of tumours with intermediate frequencies (Table 2). The reasons for 
this striking difference in frequency are not entirely clear, but we believe 
that it reflects not only the nature of the carcinogens involved in the various 
tumours, but also how important ras proteins are for signal transduction in a 
particular cell type. 

ras Activation and Diagnosis 

It will be evident from the preceding paragraphs that ras activation by point 
mutation is a frequent event in several tumour types. For the potential 
utility of ras mutation as a tumour marker it is important that such point 
mutations do not occur in non-neoplastic conditions, and indeed there are no 
convincing reports of such events in human tissues (in experimental models 
in which tumours are induced by exposure to chemical carcinogens ras 
mutations can be demonstrated in the target tissues before the development 
of tumour cell clones, but this is obviously a different situation). Tumour 
types which might benefit from improved diagnostic accuracy by the use of 
ras mutation analysis include pancreatic cancer, which is often difficult to 
differentiate from chronic pancreatitis, particularly in the minute cytological 
aspirates now popular with radiologists and endoscopists. Bladder cancer 

Table 2. ras oncogene mutations in human cancers 

High frequency 

Pancreatic cancer 
Colorectal cancer 
Thyroid cancer 
NSCLC 
AML 

Intermediate 

Melanoma 
Bladder cancer 
Skin SCC/BCC 

Low frequency 

Breast cancer 
Female genital tumours 
Prostatelrenal cancers 
Gastric cancer 
SCLC 

NSCLC, non-small cell lung carcinoma; AML, acute myeloid leukaemia; SCC, 
squamous cell carcinoma; BCC, basal cell carcinoma; SCLC, small cell lung 
carcinoma. 
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and leukaemias might be monitored for recurrence by mutation analysis of 
cell samples at intervals after treatment, and it might also be possible to 
screen-detect colorectal tumours by such assays. Developments in tech
niques allied to the polymerase chain reaction (PCR) for DNA amplification 
hold promise for rapid molecular diagnostics that could be applied in a 
clinical setting. PCR with mismatched primers to engineer mutation-specific 
restriction fragment length polymorphisms (RFLP) has been developed for 
each ras oncogene by Kumar and Minna's group, and these allow definite 
diagnosis of specific ras mutations at high sensitivity within a single working 
day (Kumar and Dunn 1989; Mitsudomi et al. 1991a). The techniques of 
sequence-specific conformational polymorphism (SSCP) and chemical mis
match cleavage (HOT technique) have some attractions as screening tech
niques, but the experience of our group and others suggests that both have 
limitations in this context. 

ras Activation and Prognosis 

The presence of ras mutations can be associated with poor prognosIs III 

some specific tumour types, but does not appear to be a good marker 
in most human cancers. In non-small-cell lung cancer, particularly adeno
carcinoma, those patients with ras mutations at presentation tend to have 
smaller lesions but a shorter disease-free interval and poorer overall survival 
than those cases without mutations (Slebos et al. 1990; Mitsudomi et al. 
1991b). One report has suggested a possible association of ras mutations 
with poor survival in myelodysplastic syndrome (Yunis et al. 1989), but this 
has not been confirmed in other studies. It seems that lung cancer may 
represent a special case in which analysis of ras mutation status could give 
useful prognostic information. 

ras-Related Proteins and Phenotypic Reversion 

Over the past few years the ras-related superfamily has expanded to ac
commodate 20-30 members identified by protein purification and molecular 
cloning techniques. The members include R-ras (Lowe et al. 1987), rat 
(Chardin and Tavitian 1986), rab (Touchot et al. 1987), rho (Madaule and 
Axel 1985), rae (Didsbury et al. 1989), and rap (Kawata et al. 1988; 
Kitayama et al. 1989; Pizon et al. 1988a,b) families. Unique GAPs have 
been identified for ras (Adari et al. 1988; Cales et al. 1988; Gibbs et al. 
1988), rhoA (Gibbs et al. 1988), rapl (Kikuchi et al. 1989; Ueda et al. 1989) 
and rae (Diekmann et al. 1991). The raplA and raplB proteins are notable 
because the putative effector/GAPs interaction domain is identical to that of 
the ras proteins. 
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The raplA gene was initially cloned as a sequence capable of suppressing 
transformation by Ki-ras in vitro (Kitayama et al. 1989) and more recently 
shown to inhibit ras-induced germinal vesicle breakdown when microinjected 
into oocytes (Campa et al. 1991). Although the mechanism of suppression 
is not fully understood, it is known that raplA p21 binds to p120 GAP 
(which is one of the GAPs for ras p21) in vitro in a GTP-dependent manner 
with very high affinity, without affecting raplA p21 GTPase activity (Frech 
et al. 1990; Hata et al. 1990; Quillian et al. 1990; Kitayama et al. 1990). If 
p120 GAP is an effector molecule for ras p21, then this would result in 
inhibition of the transduction of downstream growth signals and suppression 
of transformation by activated ras genes. One tantalising phenomenon is 
that the expression of raplA can apparently be permanently switched on 
with concomitant reversion of ras-transformed phenotype in vitro by ex
posure of human epithelial cells to the antibiotic azatyrosine (Kyprianou and 
Taylor-Papadimitrou, 1992). Whether this is generally applicable strategy 
will need further intensive study. 

Potential Strategies for Reverting ras Transformation 

The new understanding of the connections of ras proteins in signal trans
duction pathways in normal and transformed cells opens up new avenues for 
exploration of therapeutic strategies (Table 3). The major interest of our 
laboratory is in the use of antisense nucleic acids to inhibit expression of 
oncogenes. Most work has been done on synthetic oligonucleotides, which 
now show considerable promise as therapeutic agents (Stein and Cohen 
1988; Tidd 1991; Uhlmann and Peyman 1990; Calabretta 1991; Dolnick 
1991), particularly those with modified linkages that protect against nuclease 
attack even in vivo (Agrawal et al. 1991). They can be used to specifically 
inhibit the expression of a mutant ras allele (Saisson-Behmoaras et al. 1991; 
Chang et al. 1991), which obviously has significance for many human 
tumours, and their major limitation for potential clinical application is the 
current cost of their manufacture. We are examining the use of retroviral 
vectors for expression of antisense sequences in a "gene therapy" approach 
for the treatment of human cancer and developing systems for targeted ex
pression in particular (tumour) tissues (so-called "magic bullet" retroviruses, 
Stapleford 1991). Certainly such antisense RNA techniques (Takayama and 
Inouye 1990) can be highly effective in suppressing gene expression and 
have already been used to revert ras transformation of human carcinoma 
cells in vitro (Mukhopadhyay et al. 1991). 

Other levels at which ras transformation might be attacked (Table 3) 
include inhibition of the complex C-terminal processing required for ras p21 
attachment to membranes elucidated by Hancock and colleagues (Gutierrez 
et al. 1989; Hancock et al. 1989, 1990; Jackson et al. 1990), and already 
lovastatin, a cholesterol biosynthesis inhibitor, has been shown to be 
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Table 3. Potential strategies using mutant ras as therapeutic target 

1. Interference with synthesis of ras p21 
- Antisense oligonucleotides 
- Antisense RNA 

2. Interference with processing of ras p21 
- Inhibitors of lipid modification 

3. Interference with GnP exchange 
- GNRP antagonists 
- GnP analogues 
- Nucleoside diP kinase antagonists? 

4. Interference with ras-GAPINF1 interactions 
- Protein kinase C inhibitors 
- Lipid modifiers 
- Gap analogues 

5. Competition for GAP/NFl binding 
- rap 1A upregulation 

6. Exploitation of mutant ras peptide/MHCI complexes as immune targets 

diP, diphasphate; MHCI, major histocompatibility complex class I. 

effective both in vitro (Defeo-Jones et al. 1991) and in vivo (Sebti et al. 
1991). This lead compound may be the model for less toxic. derivatives that 
are equally effective in inhibiting ras action. Short peptides incorporating 
the typical CAAX motif of ras p21 are also effective in competing for the 
enzyme system responsible for farnesylation (Reiss et al. 1990), and it might 
be possible to engineer non-peptide molecules that mimic these peptides for 
therapeutic use. 

Wright and colleagues have explored the potential of GTP derivatives 
that might interfere with ras function (Noonan et al. 1991), but it is not yet 
possible to predict the utility of this strategy. 

Many of the other possibilities listed in Table 3 are speculative, but all are 
the subject of intense study by many laboratories, academic and industrial, 
around the world. The prospects for the development of a specific anti-ras 
therapy look fairly encouraging. 
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Introduction 

Although the existence of a human papillomavirus was demonstrated by 
electron microscopy as early as 1949 (Strauss et al. 1949), the plurality of 
this group of viruses only became evident about 30 years later (Gissmann 
and zur Hausen 1976; Gissmann et al. 1977; Orth et al. 1978). With the 
advent of gene technology, methods to clone and characterize the viral 
DNA became available, the result of which is a list to date totalling 68 
different genotypes of known human papillomaviruses, with probably a 
series of yet to be identified types still to come. 

Plurality of the Human Papillomaviruses 

After the recognition of the existence of different types of human papillo
maviruses (HPVs), Orth et al. (1978) demonstrated the presence of different 
HPVs in lesions of patients suffering from epidermodysplasia verruciformis. 
Here a number of different HPV types can occur in lesions from the same 
patient, sometimes even more than one type within one lesion. Table 1 
presents a very generalized summary of papillomaviruses detected in skin 
lesions (benign and malignant). 

The association of a papillomavirus infection with the development of 
genital carcinoma was postulated by zur Hausen (1976). The rapid progress 
in papillomavirus research, as well as the development of methods to detect 
an HPV infection, have largely been influenced by this association. Not only 
have 27 different HPV types been isolated from benign and malignant 
genital lesions (Table 2), the various aspects of the hypothesis have been 
investigated and verified on a molecular (zur Hausen 1991) and epi
demiological (Ley et al. 1991) level. Although the available data can only 
serve as an indication (Table 3) (de Villiers 1992), papillomaviruses will 
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Table 1. HPV types present in skin lesions 

Lesion 

Verrucae 
Epidermoid cyst 
Butcher's wart 
Epidermodysplasia 

verruciformis 
Bowenoid changes 
Squamous cell 

carcinoma 

HPV type(s) 

1,2,3,4,10,26,27,28,29,38,41,49,57,63,65 
60 
2, 7 
2,3,10 
5,8,9,12,14,15,17,19,20,21,22,23,24,25,37,47,50 
16,34,35 
5,8,14,17,20,47,41 

Table 2. HPV types present in genital lesions 

Lesion HPV types 

Condylomata acuminata 6,11,42,44,51,55, (53),67 
Intraepithelial neoplasia 6,11,16,18,30,31,33,34,35,39,40,42,43,45,51,52, 

56,57,59,61,62,64 
Carcinoma 6, 11, 16, 18,31,33,35,39,45,51,52,54,56,66 

Table 3. HPV types present in tumors of the head and neck 

Lesion 

Papillomatoses 
Focal epithelial hyperplasia 
Carcinoma 

HPV types 

6,11,32,7,57 (2) 
13,32 
2,6, 11, 16, 18,30 

most probably be shown to play an important etiological role in the devel
opment of benign and malignant tumors of the oral mucosa, as well as in 
head and neck tumors. 

The Papillomavirus Genome 

The genome of a papillomavirus consists of a number of open reading 
frames (ORFs), each capable of coding for a messenger RNA which in turn 
will be translated into a protein. These ORFs are grouped into those coding 
for proteins active in the nucleus and cytoplasm of the host cell (early 
proteins), and those coding for viral capsid proteins (late proteins), the L1 
and L2. The L1 ORF contains sequences conserved in all papillomaviruses 
and codes for a group-specific antigen (Jenson et al. 1980;. Kurman et al. 
1983). The L2 polypeptide has been suggested to be the type-specific 
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antigen, but such sequences have not yet been identified unequivocally 
amongst those HPV ON As sequenced. The E1 has, at least in the bovine 
papillomavirus, been identified as the gene responsible for the replication 
and maintenance of the episomal form of the DNA molecule within the host 
cell (Lusky and Botchan 1984, 1985). The E2 controls the transcription rate 
of the other early genes (Spalholz et al. 1985; Lambert et al. 1987), such as 
the E6 and the E7, both of which are known as the genes playing a major 
role in the malignant transformation of a host cell (Crook et al. 1989). The 
function of the E4 gene has not been fully understood. The E4 gene product 
can be detected within the cytoplasmic inclusion granules of papillomatous 
lesions (Doorbar et al. 1989) and probably acts by binding and disrupting 
certain cytokeratins (Doorbar et al. 1991). The functions of the other ORFs 
in the HPV genome have not yet been understood. 

The transcription patterns of the ORFs have been studied in great detail 
(Schwarz et al. 1985; Yee et al. 1985). The localization of the single mRNAs 
has been demonstrated in genital lesions varying from condyloma acuminata 
through low-grade and high-grade cervical intraepithelial neoplasia to 
invasive carcinomas (Stoler et al. 1990). The detection of such transcripts 
could be of importance in the diagnosis of a lesion, i.e. which grade in the 
development of malignancy. Another factor of increasing importance in the 
diagnosis is whether the viral DNA exists as an episomal molecule or 
whether it is integrated into the cellular genome, in which case the E2 ORF 
is usually disrupted (Schwarz et al. 1985). The HPV genome is in an 
episomal state in benign and premalignant genital lesions, but integrated in 
the majority of invasive carcinomas (Durst et al. 1985; Matsukura et al. 
1989; Cullen et al. 1991). 

Definition of an HPV Type 

Papillomaviruses need a differentiating cell layer for their circular double
stranded DNA molecule to replicate and their capsid proteins to be syn
thesized and assembled to form mature virus capsids. Due to these special 
requirements, papillomaviruses cannot be cultivated in the laboratory on a 
routine basis. Therefore the methods applied to detect a papillomavirus 
infection had to be varied from the usual serological detection methods used 
in other viral infections, to nucleic acid detection. Only recently has it been 
possible to envisage the use of serological diagnostic methods. 

The definition of a papillomavirus type has been based on the degree of 
DNA sequence homology to other known papillomaviruses (Coggin and 
zur Hausen 1979). These comparisons have in the past been conducted 
through hybridization in liquid phase between the DNA genomes of two 
papillomaviruses. If the homology was higher than 50%, the newly isolated 
clone was regarded as a subtype of the known papillomavirus. If the 
homology was lower than 50%, it was classified as a new type. The degree 
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of DNA homology between different HPVs varies considerably. Some types 
are very closely related, e.g., HPV 6, HPV 11, HPV 13 and HPV 55 and 
many of the viruses isolated from epidermodysplasia verruciformis lesions, 
namely HPV 5, HPV 8, HPV 12, HPV 14, HPV 19-23, HPV 25, HPV 47 
and HPV 50. Others show almost no degree of homology to any of the 
known types, e.g., HPV 41. It has become quite evident that the present 
form of classification is very unsatisfactory. With the increasing number of 
complete DNA sequences of different HPV types becoming available and 
more unknown HPV types being isolated and characterized, the possibility 
of a reclassification of the HPVs is in sight. The present definition of a new 
type is based on less than 90% sequence homology with any other known 
HPV type in the ORFs E6, E7 and Ll. 

Methods of Detecting an HPV Infection 

At present, each ofthe techniques generally used to detect any papillomavirus 
infection has its advantages and disadvantages. The methods vary greatly in 
sensitivity and in specificity. None of the tests is the ideal diagnostic tool, 
but, as long as the question to be answered is well defined, and seen within 
the limitations of the test used, any of the techniques described below can 
be used. The inclusion of adequate controls throughout is crucial for the 
interpretation of results obtained with any test. 

Antigen Detection 

The papillomavirus group-specific antigen (Jenson et al. 1980) can be 
detected using commercially available tests. Only highly differentiated cells 
containing large numbers of viral particles will stain positive, indicating that 
only lesions in which viral capsids are being produced will be seen as HPV 
positive. This is misleading insofar as the majority of lesions induced by, for 
example, HPV 1 will be seen as positive, whereas lesions containing, for 
instance, HPV 16 will hardly be detected. The different types apparently 
differ in the frequency with which mature virus particles are being produced. 
By detecting the group-specific antigen, no distinction can be made as to 
which type is involved in the infection. The production of individual viral 
proteins has to be executed with the help of bacterial expression systems. 
This has delayed progress not only in the development of serological tests, 
but also in the use of antibodies directed against proteins from individual 
HPV ORFs to detect infection on histological sections. The situation is due 
to change in the foreseeable future. 



The Investigation of Human Papillomavirus Infection 69 

Methods of Hybridization 

The methods most commonly used at present all involve the principle of 
nucleic acid hybridization. Hybridization means, in very simple terms, that 
two single-stranded fragments of nucleic acid (DNA, RNA or both) will, 
under the experimental conditions provided, attach to each other like a 
perfect zipper, if they originate from a mutual parent molecule (high 
stringency), or imperfectly (i.e., with intermittent loops of discordance), if 
homology exists only in certain segments of the fragment in question. In the 
latter case, hybridization conditions can be varied according to the purpose 
involved. The DNA sequences of HPV 6 and HPV 11 share such a high 
degree of homology that they will cross-hybridize even under conditions of 
high stringency. In contrast, HPV 41 DNA will hybridize to any other HPV 
DNA only if the conditions are such that duplexes will form in spite of 
numerous mismatches. Such a form of hybridization is, in contrast to high
stringency hybridization, very unstable and can easily be reversed. In order 
to detect any of these hybridization products, one of the single strands 
involved ("probe") is either radiolabeled or labeled with a product which 
can be made visible by additional enzymatic reactions. The nonlabeled 
single-stranded nucleic acid molecule to be tested is usually fixed to a solid 
phase. 

Probes. To avoid false-positive results, the HPV DNA used as labeled 
probe should always be separated from the vector used in its production. 
The latter could hybridize to sequences present in possible bacterial 
contaminants of the lesion under investigation. The DNA or RNA probe 
can be labeled using one of the following four methods: 

1. Nick translation (Rigby et al. 1977). With the help of DNase, "gaps" 
are introduced into the double-stranded DNA into which new DNA 
strands are synthesized with DNA polymerase I incorporating labeled 
nucleotides. The specific activity of the resulting probe depends on the 
number and activity of the labeled nucleotides being incorporated. 

2. Random-primer synthesis (Feinberg and Vogelstein 1983). A random 
pool of hexanucleotides being annealed to the DNA molecule act as 
primers for the enzymatic synthesis of new DNA strands containing the 
labeled nucleotides. As this can be repeated several times, the resulting 
DNA probe not only spans the length of the input DNA molecule, but 
the specific activity of the probe can be higher than obtained when using 
nick translation. 

In both these methods the DNA molecules are melted into single strands 
before being added to the hybridization solution. 

3. Synthesis of single-stranded RNA probes (Melton et al. 1984). HPV 
DNA, cloned into a plasmid vector carrying bacteriophage RNA poly-
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me rase binding sites, is transcribed into labeled virus-specific single
stranded RNA molecules after addition of RNA polymerase and the 
appropriate labeled nucleotides. Such a probe is free of contaminating 
bacterial sequences and the specific activity obtained is very high. 

4. Polymerase chain reaction (PCR) (Mullis and Faloona 1987; Saiki et al. 
1988). The PCR can also be used to synthesize labeled probes consisting 
of short nucleotide sequences. Although the resulting labeling can be 
extremely high and very specific, oligonucleotides are usually 17 - 20 
nucleotides in length, requiring a modification of regularly used hybrid
ization conditions to assure specific annealing (Sambrook et al. 1989). 

New methods for labeling probes, using nonradioactive substances, are 
constantly being investigated and developed. For example, kits for HPV 
detection via chemiluminescence will be probably available in the near 
future. 

In Situ Hybridization. Tissue sections are treated to obtain single-stranded 
DNA molecules. Although the morphology of the tissue can be distinguished 
after hybridization and the signal can be located within one cell, the sen
sitivity of this method is rather low. Using a radiolabeled probe, one cell has 
to contain at least 20-50 DNA genome copies to induce a visible signal 
upon hybridization (Schneider et al. 1991), whereas the sensitivity decreases 
to 350 genome copies or more per cell using nonradioactive probes 
(Beckmann and Myerson 1989; Crum et al. 1988). 

The question of whether a distinction can be made between two closely 
related HPV types present in the same lesion, if the probes are identically 
labeled, remains unsettled (Herrington et al. 1991). Detection of double 
or multiple infections will in future be possible with the use of different 
labeling/detection systems. Although this can at present be done with, for 
example, digoxigenin- vs biotin-labeled probes, large differences in sen
sitivity (the latter tenfold less sensitive), as well as undesired background 
staining, should be taken into account (Morris et al. 1990). A newly 
recognized advantage of this method is the distinction between integrated 
molecules (localized signal within the nucleus) and episomal DNA molecules 
(diffuse hybridization signal over the entire nucleus) (Park et al. 1991; 
Cooper et al. 1991; Wolber and Clement 1991). Another advantage is 
the detection of the RNA transcripts of the individual ORFs of an HPV 
genome. The exact localization of these individual transcripts can help in the 
diagnosis of the grade of a lesion (Stoler et al. 1990). 

Filter In Situ Hybridization. Cells obtained from a scraping or lavage are 
filtered onto a membrane, denatured in situ and hybridized to a labeled 
probe (Wagner et al. 1984). Although thousands of samples can be tested 
with relative ease, this advantage is outweighed by the many disadvantages 
of this method. These are: 
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- Very low sensitivity: only 50 HPV genome copies per cell or more can be 
detected. 

- High background combined with nonspecific hybridization, in many cases 
due to contaminating bacteria or blood and mucus present in the sample. 

- The extremely strong dependence of HPV detection on the manner in 
which the clinical sample was taken (surface area, number and nature of 
cells, blood and mucus present). 

- The limitation of number of HPV types that can be applied as probes. 
- Due to resulting background, nonradioactive probes cannot be used. 
- Adequate controls are neither available nor can they be imitated in vitro, 

because the composition of smears differs among individual patients. 

Southern Blot Hybridization. For routine diagnostic purposes this method 
(Southern 1975) is too time-consuming and labor-intensive, although it 
can be regarded as the test from which the most information can be 
obtained. Cellular DNA is cut with selected restriction enzyme(s) and 
electrophoretically separated on an agarose gel. After denaturation, the 
DNA is transferred and fixed to a membrane. The latter is then hybridized 
with a labeled HPV probe. The sensitivity ranges between 0.1 and 0.01 
HPV genome copies per cell, depending on the amount of cellular DNA 
and the specific activity of the probe. Questions such as episomal vs 
integrated, deletions, HPV type involved in the single or even double 
infections, relatedness of one HPV type to another, detection of unknown 
HPV types and presence of bacterial infection can all be answered in the 
minimum number of experiments through the critical choice of hybridization 
conditions and probes. 

Reverse Blot Hybridization. Essentially this method (de Villiers et al. 1986) 
is similar to the usual Southern blot hybridization, with the difference that 
the individual HPV types are digested from the vector sequences and these 
samples then electrophoresed on an agarose gel. After denaturation and 
transfer to a membrane, hybridization follows using radiolabeled total 
cellular DNA (1 /lg). The number and range of HPV types present on such 
a blot, i.e., tested for in one experiment, can be varied according to the 
problem posed. If one of these HPV types is present in the sample tested, a 
positive signal will be seen in the ca. 8-kb fragment of the specific type. If 
the HPV type is representative of a group of closely related HPVs, this 
result could be confirmed with a subsequent Southern blot using the HPV 
type in question as probe. The advantage of this method is that, with an 
input of the minimum amount of DNA, only one experiment is needed to 
test for as large a number of HPV types as wished. The sensitivity is about 
five HPV genome copies per cell using nylon membrane and a radio labeled 
probe. An additional advantage is the detection of contaminating bacterial 
sequences in the sample - the vector DNA present on the blot will give a 
positive signal. Only stringent hybridization conditions can be used, due to 
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the fact that the genomes of several of the HPV types cross-hybridize 
to cellular DNA sequences under relaxed experimental conditions. The 
specific genome sections/ORFs of the HPVs which share these homologous 
sequences vary from type to type, rendering a general rule impossible 
(E.M. de Villiers et aI., unpublished results). 

Dot/Slot Hybridization. This method differs from the two preceding methods 
in that the DNA to be fixed onto the membrane is not electrophoretically 
separated, but fixed as a "dot" (drop) or "slot" (manifold used). Many of 
the commercial kits available make use of this method. Upon evaluating 
the results, no estimation can be made of the degree of nonspecific hybrid
ization; therefore, adequate controls should be run parallel and probes 
should be chosen that definitely do not contain contaminating vector 
sequences. 

Polymerase Chain Reaction 

The PCR (Mullis and Faloona 1987; Saiki et al. 1988) is rapidly becoming 
the most frequently used technique in demonstrating an HPV infection. 
With the use of selected primers, a certain genome segment is amplified 
through ca. 30-40 cycles of denaturation/annealing/amplification with a 
temperature-resistant DNA polymerase. Due to the extremely high sen
sitivity of this method (one HPV genome copy in 100000 cells), experi
mental conditions have to be very tightly controlled to rule out contamination 
and therefore false-positive results. This contamination could occur at any 
stage, even as early as the moment the sample is being taken from the 
patient. Several measures to avoid the possibility of contamination have 
been introduced, such as the boiling of samples to exclude a step of DNA 
extraction (Van den Brule et al. 1990). The most generally used primers are 
chosen in the L1 ORF of the HPV genome (Bauer et al. 1991; Snijders et al. 
1990). These primers are seen as consensus primers with which a large 
spectrum of HPV types can be identified. After the amplification has been 
done, the resulting sample is separated by gel electrophoresis. Important in 
avoiding false interpretation of the end product is to separate the amplified 
DNA by gel electrophoresis with subsequent hybridization to type-specific 
HPV probes or to digest the amplification samples with restriction enzymes 
in order to end up with type-specific fragment sizes. Problems can occur if 
the L1 ORF is deleted in a tumor into which the HPV DNA has been 
integrated. This is often the case in carcinomas (Schwarz et al. 1985). For 
this reason, the use of primers in the E6 ORF (Yoshikawa et al. 1991) or E7 
ORF (Cornelissen et al. 1989) might be advisable, even though the range of 
HPV types detectable might be restricted. Irrespective of which primers 
are being used, a percentage of the probes could still be uninterpretable 
(Gravitt et al. 1991) or designated as "new HPV types" (Bauer et al. 1991; 
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Fujinaga et al. 1991). The latter could only be accepted if these "HPV 
types" could be isolated and characterized as a full-length DNA genome. In 
view of the short time for which this method has been available, as well as 
the many influencing factors, for example even the type of fixative used or 
the fixation time (Greer et al. 1991), it is not surprising that present data 
the HPV detection rate using the PCR are fairly confusing. Time and 
experience are needed to sort out the facts. The use of the PCR will 
probably expand in future; for instance, methods are being developed 
to amplify the DNA in the intact cells of a histological section (Nuovo, 
personal communication). By this means the localization of the amplified 
DNA could be determined within the context of intact cellular morphology. 

Comparisons 

Many investigators have recently used two or more of the above-mentioned 
methods on the same samples to compare sensitivity and specificity. As 
mentioned previously, any test can be used, provided the user is aware of its 
limitations, positive or negative. A mistake with confusing consequences is 
the division of clinical samples before comparing different methods. If, for 
example, a biopsy sample is divided and the separate sections tested indi
vidually, completely different results can be obtained. One area of the lesion 
could contain HPV DNA and the other not. Similarly, if the same instru
ments are applied to take more than one sample, a carry-over of viral 
DNA/particles could occur between samples. 

The Value of HPV Detection 

Several studies have been conducted to determine the prevalence of genital 
HPV infection in healthy individuals. A negative result obtained from one 
sample is not necessarily indicative of the absence of an HPV infection. 
Again, apart from the many varying handling and experimental conditions, 
a physiological variation can be detected. Multiple sampling of one woman 
over a period of time reveals fluctuation between positivity and negativity 
(de Villiers et al. 1992). Although ultimate proof has not yet been obtained, 
indications are that the HPV infections persist as latent infections, with 
intermittent cycles of replication or viral production. No drug is yet avail
able to successfully treat or remove these subclinical infections. Therefore, 
unless a clinical lesion or abnormal cytology has in addition been diagnosed, 
the detection of an HPV infection should at the present time not be of much 
consequence. Good evidence exists, especially at the molecular biological 
(zur Hausen 1991) and epidemiological (Kjaer et al. 1990; Ley et al. 1991) 
level, to support the notion that an HPV infection alone is not sufficient for 
the development of a malignant lesion, but that additional host cell modifi-
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cations are needed for the cascade of events required for malignant con
version. This may be mediated by endogenous as well as by exogenous 
additional factors. 
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Over the past two decades substantial progress has been made in the 
therapy of human leukemias. This development can be illustrated by the 
success in the treatment of the most frequent neoplasia in childhood, 
acute lymphoblastic leukemia (ALL). Application of the BFM protocol 
induces complete clinical and hematological remission in 98% of patients 
[15]. However, the reduction of leukemia cell burden below the detection 
level of morphological examination by no means indicates a complete 
eradication of the leukemia cell population. Various multicenter trials have 
empirically established that a 2 years' intensive chemotherapy is necessary in 
order to achieve a cure rate of, by now, 75% in children. Despite these 
impressive advances two related clinical problems remain a challenge for 
today's oncology. On one hand a significant number of the eventually cured 
patients may in fact receive overtreatment, while on the other hand 25% of 
the children with ALL still relapse, a clinical course associated with a very 
poor prognosis. 

Thus far the quantity and kinetic behavior of residual leukemic cells have 
been largely enigmatic due to the general inability of conventional methods, 
including immunophenotyping, flow cytometry, cytogenetics and Southern 
blotting to detect neoplastic cells when they form fewer than 1 % of the cells 
in the sample being examined. The use of double-color immunofluorescence 
has markedly improved the sensitivity with which malignant cells can be 
detected in leukemias showing phenotypic features that are absent on 
normal hematopoietic counterparts [2]. 

More recently the application of polymerase chain reaction (PCR) 
strategies has opened a new dimension in the analysis of residual disease by 
permitting the identification of as few as 10-4 _10-6 neoplastic cells [16]. 
For the first time it has become feasible to assess individual responses to 
therapeutic efforts at an adequate level of sensitivity. PCR technology may 
therefore be used to predict impending relapse prior to clinical manifesta
tion, thereby permitting initiation of alternative treatments with as small 
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leukemia burden as possible, but also to avoid excessive toxicity in patients 
who may already be cured. In the following I will briefly summarize our 
experience with PCR methods in monitoring therapeutic effectiveness in 
leukemia patients. Preliminary as they are, these data point to a pivotal role 
of PCR approaches in defining a rationale for the development of case
adapted treatment modifications. 

Clonospecific TCRo Probes from ALL Patients 

Leukemia cells of ALL patients are characterized by a unique pattern of 
immunoglobulin (Ig) and/or T-cell receptor (TCR) gene recombinations. 
Based on the individual immunogenotype different PCR strategies have 
recently been proposed for the evaluation of minimal residual leukemia 
[4, 6, 17, 18]. A method initiated in our laboratory proceeds from the 
observation that the majority of ALL patients exhibit TCRo rearrangements 
and/or deletions [6, 20]. Moreover, analyses of more than 500 patients 
enrolled in the German Multicenter ALL Trials for Children (BFM) and 
Adults (BMFT) established a preferential recombination pattern depending 
on the immunophenotype, with a prevalence of VotOJo1 (29%), V020J01 

(11 %) and 002JO) (19%) rearrangements in T-ALL, in contrast to a 
predominance of V02003 (52%) and 002003 (16%) recombinations in 
B-precursor leukemias. Based on the restricted pattern of TCRo recombi
nations, on one hand, and the enormous junctional diversity due to insertion 
of N-region nucleotides, on the other hand, we have amplified and isolated 
TCRo junctional regions of ALL patients and used them as clonospecific 
probes. 

Thus far we have generated probes from 63 ALL patients (52 children, 11 
adults) including 40 common ALL and 23 T-ALL cases. The detection limit 
of each probe as determined by at least two independent dilution and 
amplification series varied, but detection of 10-4 _10-6 neoplastic cells was 
possible in 56 cases. Probes derived from the other seven patients exhibited 
a detection level of about 10-3. In any event, the level of sensitivity still 
exceeds that of conventional methods by at least an order of magnitude. 
Consecutively we used the clonospecific probes to analyze bone marrow 
(BM) and peripheral blood (PB) samples obtained from the patients during 
complete clinical remission. Since in all instances where both BM and PB 
specimens from a patient were available the latter contained fewer residual 
cells, if any, I will only refer to data regarding BM samples. 

In a first series of 47 patients (Table 1) clonospecific probes identified 
residual leukemia cells in the majority of cases during consolidation therapy. 
A significant number of patients still showed minimal residual disease at a 
level of 10-3 _10-6 cells during the phase of maintenance therapy, while 
patients generally lacked evidence of leukemia cells after termination of 
treatment. The exception was a patient who relapsed clinically 8 months 
after the PCR analysis. 
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Table 1. PCR analysis of ALL patients in complete clinical remission using clono
specific TCRii probes 

Treatment phase Months after diagnosis No. of samples" PCR status 

Positive Negative 

Consolidation 1-6 14 10 4 
Maintenance 7-24 30 9 21 
Termination >24 32 1 31 

a Evaluation of 76 bone marrow samples obtained from 47 patients. 

However, the data obtained from single PCR analyses have little clinical 
relevance. Much more important appears the knowledge of the dynamic 
behavior of leukemia cells in individual patients as determined through 
serial PCR analyses. In fact, longitudinal studies have disclosed marked 
individual differences in the intervals between achievement of clinical 
remission and eradication of residual leukemia below the detection level of 
PCR (Fig. 1). Interestingly, these disparities in the reduction of neoplastic 
cells do not correlate with known risk factors, but rather decipher a novel 
component of the individual response to chemotherapy. While a steady, 
albeit prolonged reduction of leukemia cells may be associated with a favor
able prognosis, a continuous increase of blasts predicts disease recurrence 
(Fig. 1). Similar results have been obtained by other investigators [10, 
14, 19]. 

We also analyzed a second group of 16 ALL patients with leukemia 
relapse for whom BM samples were available from the time of complete 
remission. In 12 cases persistence and consecutive increase of leukemia cells 
could be identified 6-12 months prior to clinical manifestation (Fig. 1). In 
three patients, multiple specimens obtained during maintenance therapy first 
revealed negative PCR results but then scored positive 3-6 weeks before 
relapse. One might speculate that the focal nature of residual disease 
interfered with an earlier detection of relapsing blasts in these cases [11]. In 
the one remaining patient PCR analysis failed to detect leukemia relapse 
due to a continuing recombination at the TCRo locus representing the 
clonospecific probe. This technical pitfall highlights a limitation of any PCR 
strategy based on the immunogenotype of leukemia cells. 

The data summarized thus far demonstrate that clonospecific TCRo 
probes in conjunction with PCR analysis constitute a reliable tool to address 
the problem of minimal residual leukemia. However, it should be emphasized 
that a combination of different approaches will be required to analyze most, 
if not all, ALL patients and to confirm data derived from an individual 
method. One example is the concurrent analysis of remission samples by 
double-color immunofluorescence and PCR technology. Investigation of 
seven suitable cases by clonospecific TCRo probes confirmed the immuno
logical evidence for minimal residual disease in all instances [3]. On the 
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Fig. 1. Detection of minimal residual disease in four ALL patients using clono
specific TCRo probes. Left: DNA of leukemia cells at diagnosis (D) was diluted into 
peripheral blood cell DNA of four healthy individuals (C) at 10- 1 to 10-7 , 

establishing a detection limit of approximately 10-5 leukemia cells in all cases. Right: 
Bone marrow DNA samples obtained during the patients' complete clinical! 
hematological remission were also analyzed (numbers indicate months after 
diagnosis). After amplification, 20-ng DNA fractions were spotted and hybridized to 
the clonospecific probes. Note marked differences among the patients in kinetic 
behavior of residual leukemia cell populations. The month 12 sample of case 4 was 
obtained at the time of clinical relapse 

other hand, PCR techniques may be slightly more sensitive. Accordingly, 
some bone remission samples scored positive at a 10-5/10- 6 level by PCR 
analysis only. Another possibility is the combination of different PCR 
strategies based on distinct genetic markers. In this context a considerable 
number of chromosomal defects characterizing hematopoietic neoplasias 
have recently been defined at the molecular level and thereby become 
accessible to PCR analysis. 

BCR-ABL Rearrangement in ALL 

The Philadelphia (Ph) translocation was originally discovered in chronic 
myelocytic leukemia (CML), but it is also the most frequent chromosomal 
abnormality in adult ALL. Cytogenetically the Ph chromosomes in ALL and 
CML are indistinguishable, but on the molecular level two distinct SUbtypes 
have been defined. The breakpoints of CML patients have been mapped 
almost exclusively to the major breakpoint cluster region (M-bcr) on 
chromosome 22, while the majority of Ph-positive ALL patients show a 
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translocation of ABL sequences into the minor breakpoint cluster region 
(m-bcr) of the BCR gene [9]. Based on PCR analyses of more than 300 ALL 
patients we recently found a remarkably high incidence of 55% of BCR
ABL-positive cases among adult patients, in contrast to only 6% of children 
with primary ALL [12]. This study also comfirmed the very poor prognosis 
associated with this leukemia subtype and provided a rationale for the 
substantially poorer outcome of ALL in adults than in children. 

We have studied the BCR-ABL status in 12 ALL patients during com
plete clinical remission 3-14 months after initiating chemotherapy according 
to the BMFT protocol. Interestingly, BM samples of three patients were 
PCR-negative (Fig. 2). This result suggests that even standard treatment 
regimens can reduce minimal residual disease to below the detection level of 
PCR in at least some of these high-risk patients. This preliminary obser
vation merits further evaluation. 

Moreover, BM samples of nine ALL patients were studied concurrently 
by application of clonspecific TCRo probes and amplification of BCR-ABL 

BCR- ABl 

271 

Fig. 2. PCR analysis of four Ph-positive ALL patients with a m-bcr breakpoint 
during complete clinical remission. A healthy individual (c) and a water sample (w) 
were included as controls. Upon generation of cDNA from RNA samples, two 
aliquots were amplified by oligomers detecting either normal ABL fragments 
(173 bp) or chimeric BCR-ABL products (271 bp). Residual leukemia cells are 
observed in the bone marrow of patients 2, 3 and 4 but not in that of patient 1. The 
patients had been in remission for 4, 7, 2 and 8 months respectively. Patient 4 
became PCR-negative 4 months after the initial PCR analysis (lane 4+ ) 
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sequences. Mutual confirmation of the data derived from both approaches 
was obtained for all samples tested. 

CML After Bone Marrow Transplantation 

It appears unlikely that the lessons that will be learned by analyzing minimal 
residual disease in a particular leukemia entity can be generalized. Rather, 
this issue awaits independent evaluation for each hematopoietic neoplasia, 
taking into account the biological characteristics of the malignancy under 
investigation as well as specific treatment modalities. This view is supported 
by recent data on minimal residual leukemia in CML patients after allogeneic 
bone marrow transplantation (BMT) [8]. 

Cytogenetic and Southern blot analyses had previously demonstrated that 
the persistence and/or fluctuation of Ph-positive cells over several years after 
transplantation may not necessarily be associated with a clinical relapse [1]. 
We recently evaluated the remission status of CML patients for whom (a) 
multiple PCR analyses had been performed longer than 6 months after 
BMT, (b) clinical follow-up was known for more than 12 months after initial 
PCR analysis and (c) cytogenetic and Southern blot analysis indicated a 
complete remission. 

The results are summarized in Table 2. All patients who had received T
cell-depleted marrow for prophylaxis of graft-versus-host disease (GVHD) 
exhibited residual disease years after transplantation. Four of these patients 
experienced cytogenetic or clinical relapses during follow-up. This result 
suggests that T-cell depletion interferes with the complete eradication of 
CML cells, probably due to the lack of graft-versus-Ieukemia effect. This 
view corresponds to the well-established increase in clinical relapse after 
T-cell-depleted BMT [5]. Along the same lines, GVHD may influence 

Table 2. PCR analysis of Ph-positive CML patients after bone marrow transplantation 

n Clinical characteristics PCR status Follow-up 

7 T-cell-depleted BMT 7 positive 2 cytogenetic relapses 
(56-84 months 2 clinical relapses 

after BMT) 

II 29 Unmanipulated BMT 
a 6 Long-term survivors 6 negative 6CCR 

(>5 years) 
b 23 Initial PCR analysis 10 positive 2 PCR-negative 

7-37 months after 2 cytogenetic relapses 
BMT 3 clinical relapses 

13 negative 1 PCR-positive 
1 cytogenetic relapse 

BMT, bone marrow transplantation; CCR, complete clinical remission. 
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Table 3. Influence of graft-versus-host disease (GVHD) 
on the eradication of minimal residual disease in CML 
patients after bone marrow transplantation 

n GVHD PCR status Follow-up 

4 Absent 4 positive 1 cytogenetic relapse 
1 clinical relapse 

15 Present 3 positive 1 cytogenetic relapse 
1 clinical relapse 

12 negative 12CCR 

CCR, complete clinical remission. 

the elimination of minimal residual disease in CML patients receiving an 
unmanipulated marrow (Table 3). Thus, in the absence of GVHD patients 
remain PCR-positive, while the majority of patients suffering from GVHD 
lack evidence of residual leukemia. 

Among the 29 patients who had received an unmanipulated transplant, all 
patients in complete remission for longer than 5 years showed no residual 
disease (Table 2). This observation confirms the findings of a previous study 
[13] and indicates that complete elimination of the malignant cell PQPulation 
is feasible and may constitute a prerequisite for curing CML. Moreover, a 
PCR-negative result beyond month 6 after BMT seems to be associated with 
a more favorable prognosis than a BCR-ABL-positive status this time 
(Table 2) [7]. 

The data discussed above highlight the relevance of immunological mech
anisms in the eradication of residual leukemia and also indicate substantial 
differences in the biology of minimal residual disease in this group of 
patients as compared to ALL patients receiving polychemotherapy. 

Prospects 

Within the near future a broad spectrum of PCR methods based on distinct 
molecular markers will allow the analysis of minimal residual disease in the 
majority of leukemia patients. Additional methods such as double-color 
immunofluorescence or interphase in situ hybridization may be used as 
complementary approaches. Since all techniques bear relevant limitations 
and specific advantages the combined usage of different strategies will be 
required to evaluate this issue and to balance interpretations derived from 
individual methods. It will also be necessary to standardize the various 
techniques and to control carefully for false-positive or false-negative 
results. 

At the present time the clinical significance of detecting as few as 10-6 

residual neoplastic cells is far from being settled. The answer can only come 
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from prospective analyses enrolling large numbers of patients. The tools to 
tackle the problem of minimal residual disease are available. Since the data 
derived from such analyses may have a profound impact on the treatment 
of hematopoietic neoplasias, including the development of individualized 
protocols, it appears appropriate to initiate these studies without further 
delay. 
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Cancer's ability to form metastases accounts for the majority of cancer 
deaths. Although many years of cancer research have generated an im
pressive list of properties detected on aggressive metastatic cancer cells, 
the order of events, the causal interrelationships and the decisive contri
butions that are limiting in the generation of the metastatic phenotype 
remain ill understood. One reason for this state of ignorance may be the 
tremendous complexity of the metastatic process, even exceeding that of 
carcinogenic transformation. 

Putative Functional Requirements for the Metastatic Process 

A minority of human cancer cells (such as basaliomas) rarely metastasize. In 
other tumors, stages with different metastatic potential can be distinguished. 
For instance, breast cancer of less than 1 em in diameter has usually not yet 
spread. In colon cancer, particularly in the high-cancerincidence syndrome 
polyposis coli, various transitions from benign polyps to noninvasive locally 
growing forms to invasive and metastatic cancer have been described. Thus 
it is reasonable to propose tumor progression to be a process separate from 
cancerous transformation. What properties, then, do tumor cells need to 
acquire, in addition to transformation, to be able to metastasize? The 
following listing represents a rather hypothetical attempt to accompany cells 
through the process. 

Pathologists classify tumors according to features they share with normal 
cells, that is the cells the tumor has probably originated from. We now know 
that differentiated cells can still be transformed if an oncogene is expressed 
under the control of a differentiation-specific promoter (e.g., as a transgene: 
Steward et al. 1984; Hanahan 1985; Sinn et al. 1987; Andres et al. 1987; 
Schoenenberger et al. 1988; Bailleul et al. 1990). A localized tumor often 
maintains the cell-cell and cell-matrix interaction that normal tissue would 
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also exhibit. Initiation of the metastatic spread will therefore involve 
"deadhesion", loss of these contacts. Examples may be loss of the integrin 
VLA-5 (~1a5), which mediates contact to fibronectin, and of E cadherin, 
which is engaged in homotypic interactions between cells (Giancotti and 
Ruoslathi 1990; Behrens et al. 1989). 

In the subsequent phase of migration, both enzymatic properties and new 
and perhaps transient contacts (adhesions) will be necessary. In addition, 
directed migrating behavior may involve perception of a chemoattractant 
gradient. Balanced matrix degradation by surface-bound proteases will 
permit cells to leave the encapsulated tumor area and pass through stromal 
matrix. Movement along matrix structures will bring the cells close to the 
major barrier: the basal membrane. It is still an open question whether 
lymphatic vessels are sufficiently fenestrated to permit easy access (Hartveit 
1990). It is safe to postulate that metastatic cells bind specifically to the basal 
membrane, e.g., by collagen receptors (VLA-2 and VLA-3), and expose the 
enzymes needed for destruction. Many tumor cells in fact express elevated 
levels of VLA-2 or -3 (Klein et al. 1991; Plantefaber et al. 1989), and VLA-
2 by transfection increased the potential to metastasize of rhabdomyosarcoma 
cells in a xenograft transplantation model (Chan et al. 1991). Several 
enzymes, e.g., plasminogen activator, stromelysin and collagenase (type I, 
type IV), have been assayed and found to promote the invasive behavior of 
tumor cells (Ossowski and Reich 1983; Dano et al. 1985; Matrisian et al. 
1986; Tryggvason et al. 1987). 

Most carcinomas of man or rat spread lymphogenically with preference. 
How survival and passage through the lymphatic system is made possible 
remains unknown. After multiplication in draining lymph nodes, cells reach 
the bloodstream. Somewhere in this passage it seems advantageous to 
change the MHC haplotype expressed (Wallich et al. 1985; Plaksin et al. 
1988; Bernards et al. 1983; Schrier et al. 1983). Microaggregation by cell-cell 
adhesion or via lectins may promote survival (Raz and Lotan 1987). 

It is believed that metastatic cells adhere to endothelial cells. Adherence 
would fulfill a precondition for extravasation out of the bloodstream. Since 
different tumors possess a clear preference for organs they metastasize to, 
one could argue that they distinguish organs on the level of endothelial 
recognition (review: Pauli et al. 1990). A precedent would be the physio
logical process of lymphocyte homing (Stoolman 1988; Kieran et al. 1989; 
Duijvestijn and Hamann 1989). Lymphocytes are thought to return to the 
lymphoid organs they came from via specific interaction with endothelium. 
Alternatively, tissue-specific outgrowth of metastases may be regulated after 
arrival of the cells in their target tissues (reviewed in Nicolson 1988). 
After all, outgrowth in a new tissue is a demanding process, involving, 
for instance, the correct set of growth factor receptors and perhaps even 
autocrine secretion of growth factors. 
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Isolation of a Metastases-Specific cDNA 

It is clear, then, that the metastatic process is complex and involves 
many molecular properties. Initially, we speculated that there ought to be 
regulatory genes that control such properties. Attempts at transferring a 
regulatory gene by genomic and cDNA transfection failed. We therefore set 
out to identify proteins which are differentially expressed in metastasizing 
cells and which might trigger just one of the various steps required for 
metastasis formation. 

Monoclonal antibodies were raised against surface proteins of a metastatic 
and a nonmetastatic variant of a pancreatic carcinoma of the rat (Matzku et 
al. 1983), and those antibodies were selected that reacted with either the 
metastatic or the nonmetastatic variant (Matzku et al. 1989; Giinthert et al. 
1991). The monoclonal antibody to be described here, 1.1ASML, stains 
the surface of the highly metastatic cell line BSp73 ASML. The epitope 
is carried by four defined, highly glycosylated proteins of 120-200 kDa 
apparent molecular weight and is not detectable on the nonmetastatic 
variants of the same tumor (Giinthert et al. 1991). The epitope turned out to 
consist of primary amino acid sequence, which permitted direct bacterial 
expression-cloning of cDNA. 

The sequence of the complete cDNA clone, obtained after several 
efforts, revealed various types of information on this metastases-associated 
molecule. It codes for one of the four proteins detected in the cellular 
membrane of ASML cells. By screening through recent issues of the journals 
Cell and Proceedings of the National Academy of Sciences of the USA, a 
homologous sequence was found: the sequence of the lymphocyte glyco
protein CD44 (Stamenkovic et al. 1989; Goldstein et al. 1989; Idzerda et al. 
1989; Nottenburg et al. 1989). Homology existed in the 5' portion of the 
sequence and in the 3' portion that coded for a transmembrane segment of 
the protein and a cytoplasmic tail. The middle portion encoding the epitope 
was, however, not represented in CD44 (Giinthert et al. 1991). Apparently 
the metastatic cells expressed a longer splice variant of CD44. By amplifying 
cDNA of several metastatic rat and mouse tumors we found a whole range 
of different splice variants (Fig. 1). To date the count of putative exons 
that occurred as extra sequences inserted in the extracellular portion of 
lymphocyte CD44 has reached 10. Thus metastasizing tumors appear to 
draw on a sizable exon pool probably existing for defined physiologic 
functions. 

The Variant of CD44 Acts as a Dominant Metastogene 

To examine whether expression of the variants of CD44 were coincidental 
or causally related to the metastatic phenotype, we isolated several trans
fectants of the nonmetastatic pancreatic carcinoma line using the variant 
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CD44 cDNA fused to the SV40 or CMV promoter. These transfectants 
express one variant of CD44 in quantities comparable to or below that in the 
metastatic BSp73 ASML cells. The transfectants yielded a surprising result. 
While the recipient cells hardly ever reached the lymph nodes upon sub
cutaneous injection and never formed lung colonies (0/40), the transfectants 
were just as metastatic as the highly metastatic variant line (Gunthert et al. 
1991). All of the animals (60/60) receiving the SV40-driven clones devel
oped lung metastases within 5-8 weeks. The CMV-driven clone produced 
metastases in five of six animals. Similar expression levels of the lymphocyte 
form of CD44 (sCD44) could not confer'metastatic behavior. Thus, the 
expression of the metastasis-specific variant appears to confer the complete 
metastatic behavior to a locally growing tumor cell. 

Since the recipient tumor cell used for the transfection experiment was 
closely related to the highly metastatic tumor cell the gene was cloned from, 
the simplest interpretation of the results would be that from the complete 
genetic program required for metastasis formation the two cell lines differ 
just in one property, namely the expression of variant CD44. Alternatively 
the variant CD44 molecule could act as a pleiotropic effector on the 
metastasizing cells triggering the expression of part or all of the genetic 
metastasis program. If this interpretion were correct, other locally growing 
tumor cells without any relation to the pancreatic carcinoma cell lines would 
also become metastatic upon transfection of a vCD44 expression vector. 
This indeed appears to be the case. Fibrosarcoma tumor cells isolated from 
the same rat strain as the BSp73 tumors and rat 2 fibroblasts transformed 
with the activated Ha-ras gene both give rise to locally growing tumors upon 
subcutaneous injection. vCD44-expressing transfectants grow not only as 
primary tumors but metastasize to lymph nodes and lung. We therefore 
conclude that vCD44 contributes not just one function to the metastatic 
phenotype but acts as a pleiotropic regulator. In analogy to the oncogene 
concept, such a regulator would be called a metastogene. 

The monoclonal antibody that was used for the identification and isolation 
of vCD44 was examined for its ability to interfere with metastatic spread. 
Animals were injected subcutaneously with tumor cells and at the same time 
intravenously with the monoclonal antibody. The injection of antibodies was 
repeated twice weekly. Primary tumors were removed by surgery at day 10. 
When the highly metastatic ASML cells were used, spread of metastases was 
retarded. The survival time of the animals was prolonged from 35 days to 
more than 70 days. When using the vCD44-transfected AS cells the effect of 
the antibody application was even more pronounced. About 70% of the 
animals treated by intravenous injection of the monoclonal antibody were 
permanently cured of tumor cells and survived. As there is no evidence for 
cytotoxic T cell recruitment or for an anti-idiotypic response, a block of the 
function of vCD44 by the binding of the monoclonal antibody is the most 
likely interpretation. Obviously, cells attempting to migrate to the lymph 
nodes cannot survive for longer periods of time unless they undergo a 
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variant CD44-mediated interaction. Further, during migration tumor cells 
appear to be accessible to antibodies. This is an important finding in con
sidering targeting in vivo. 

Human Tumor Cell Lines and Surgically Resected Tumors Express Variants 
ofCD44 

During screening RNA from human tumor cell lines, several RNA probes 
were detected that hybridize to the variant protein of the rat CD44 sequence. 
The tumor cell lines derived from human large cell lung carcinoma, breast 
cancer and colon cancer expressed several larger RNA species with portions 
homologous to the lymphocyte CD44 and to the variant sequences, very 
similar to the' RNA isolated from the rat tumor line. From one of these cell 
lines, the human cDNA was cloned (Hofmann et al. 1991). Because the 
monoclonal antibody 1.1ASML does not recognize an epitope on human 
molecules, we set out to prepare antibodies to the human variant sequence. 
We expressed the human cDNA as a fusion with the bacterial glutathione-S
transferase gene. Using the bacterially expressed protein we obtained a 
polyclonal rabbit antiserum. This serum stains cells in frozen sections or 

Fig. 2. Cryosection of a lung metastasis derived from a testis neoplasia. The section 
was fixed with methanol-acetone and incubated with affinity-purified anti-human 
vCD44 rabbit antiserum. Staining was performed using the avidin-biotin-peroxidase 
(ABC) technique 
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proteins in western blots. The preliminary screen through primary human 
tumor material has been very encouraging. Samples of resected lung 
metastases of various kinds of tumors showed heavily staining tumor cells. 
An example of a human testis neoplasia is shown (Fig. 2). 

Summary and Perspectives 

The locus encoding the variants of CD44 represents the first example of a 
pleiotropic gene (metastogene) that confers the full metastatic ability to a 
number of rat tumor cells. Antibodies recognizing the extracellular portion 
of the encoded transmembrane proteins effectively block the metastatic 
function. Our current interpretation of available data is that the protein 
serves as pleiotropic regulator either constitutively (e.g., by mutation) or in 
response to an unknown ligand. The function is required prior to metastatic 
colony formation in the draining lymph nodes. The initial results obtained 
with human cancer cells determine the direction of research in the near 
future. A survey of expression in a large series of human tumors will 
determine at what stage of tumor progression the metastogene is turned on. 
Further, the expression may define vCD44 as a prognosis factor. Equally 
important will be to search for the ligand to which the variant CD44 binds 
specifically and to explore the exact mechanism of its action. 
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J.P. Johnson, B.G. Stade, U. Rothbacher, S. Stratil, 
and G. Riethmiiller 

Institut fur Immunologie, GoethestraBe 31, W-8000 Munchen 2, FRG 

Introduction 

Alterations in cell-cell interactions are characteristic of malignant cells. 
Normal interactions with neighboring cells are disturbed as the tumor 
cells invade the surrounding connective tissue, traverse the vascular and 
lymphatic systems and take up residence in foreign environments. Many of 
the steps in this process could reflect changes in the cell adhesion molecules 
expressed by the tumor cells. Loss of normal cell adhesion is likely to be one 
of the earliest events in the metastatic cascade, not only allowing individual 
tumor cells to separate from the tumor mass but also reducing numerous 
contact-mediated controls [9, 23]. However, tumor cells not only demon
strate a loss of normal cellular interactions, they also display new inter
actions with elements of the vasculature and with cells at the sites of 
secondary growths. These new interactions could, at least in part, also be 
due to changes in cell adhesion molecules - in this case newly expressed 
molecules mediating heterotypic adhesion. In this context it is striking that 
two melanoma-associated antigens, identified solely from the observation 
that they first become detectable as the tumors develop metastatic capacity, 
have turned out to be cell adhesion molecules which likely mediate 
heterotypic cell adhesion. 

Progression in Cutaneous Melanoma 

The development of human malignant melanoma, like that of many other 
human and experimental animal tumors, is a complex multistep process [31]. 
Because of the pigmented nature of the melanocytes and their location in 
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the skin, this process can be observed in the broad spectrum of melanocytic 
lesions which have been identified by histopathologists [5]. While normal 
melanocytes in the epidermis are found dispersed singly along the dermal
epidermal border, a proliferation of these cells gives rise to melanocytic nevi 
or moles. Although these melanocytic tumors are benign, the presence of 
large numbers of them is nevertheless associated with an increased risk for 
melanoma [18]. Dysplastic nevi demonstrate both cytologic and architectural 
atypia, and because of their high incidence in members of melanoma-prone 
families they are considered by many histopathologists to be premalignant 
lesions [10]. Among primary melanomas, the vertical thickness of the tumor 
is one of the best prognostic parameters [4]. Thus the 5-year survival rate for 
patients with tumors < 0.75 mm in thickness is approximately 98%, while 
for patients with tumors> 3.00 mm in thickness it is less than 60% [18]. 
This correlation is a reflection of a change in the tumor from a radial 
growth phase into a vertical growth phase, a change which has been shown 
to be associated with the development of metastatic potential [6]. While the 
histological and clinical characteristics of these distinct melanocytic lesions 
have been well studied, almost nothing is known about the changes in gene 
expression which characterize them. Identifying such molecular changes 
would not only help us to understand how melanoma develops and pro
gresses to metastatic disease, but could lead to the identification of markers 
for metastatic cells which could have important prognostic and therapeutic 
applications. 

Identification of Progression Markers in Melanoma 

To identify molecules whose expression may correlate with the development 
of metastatic potential in melanoma, we have tried to isolate monoclonal 
antibodies (MAbs) which show a differential reactivity with melanocytes 
present in the benign, malignant and metastatic lesions. Mice were 
immunized with melanoma metastases and the growing hybridomas were 
examined for their reactivity with frozen tissue sections of metastases and 
melanocytic nevi. Figure 1 presents a summary of the reactivity of 10 MAbs 
which we have obtained using this procedure. The gray columns indicate the 
frequency of reactive melanomas (> 100 primaries and metastases tested) 
while the black columns indicate the frequency of reactive nevi (> 50). The 
majority of melanoma-associated antigens which have been defined to date 
are expressed in a qualitatively similar way by both benign and malignant 
tumors, as exemplified by the melanoma chondroitin sulfate proteoglycan 
(CSP [32]). However, using the protocol detailed above, antibodies have 
been obtained which stain most metastatic lesions but which are only rarely 
reactive with benign melanocytic tumors. Biochemical analyses of the 
antigens isolated from melanoma cell lines indicate that most, although not 
all [24], of the molecules defined to date are proteins. Examination of 
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Fig. 1. Comparison of antibody reactivity on malignant melanomas (>100) and 
melanocytic nevi (>50). Data are shown as frequen<;y of positive lesions and are 
taken from immunoperoxidase staining of frozen sections of melanomas (gray bars) 
and nevi (black bars). The names on the x axis denote the antibody. esp, melanoma 
chondroitin sulfate antigen 

the reactivity of the antibodies with nonmelanocytic normal and malignant 
tissues indicates that each antibody has a unique tissue distribution. Some 
such as CLIP.M are broadly expressed on normal and malignant tissues 
while others such as MUC18 are only rarely found on nonmelanoma tissues. 

When the antibodies are tested for their reactivity with primary malignant 
melanomas staged according to their vertical thickness, they can be divided 
into two groups (Fig. 2). The first group, exemplified by MUC54, CLIP.M 
and MACG1, react with most malignant lesions regardless of the stage. 
Such antibodies identify molecules which we have called early progression 
antigens. These molecules are only rarely detectable on benign melanocytic 
lesions but are strongly expressed on malignant lesions of all stages and may 
be involved in the transformation of the melanocyte. The second group of 
antibodies, exemplified by P3.58, MUC18 and 15.75 (as well as 6G6, 1Hll 
and 3All), show a different type of pattern. These antibodies are strongly 
reactive with metastatic lesions, and among the primary tumors they demon
strate a correlation with the vertical thickness. The molecules defined by 
these antibodies are known as late progression markers, since they are 
only rarely expressed by the very thin primary tumors which have a low 
probability of metastasis but are characteristic of the more advanced primary 
tumors and metastases. Such antigens are candidates for molecules which 
might contribute to the development of metastases. 
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Characterization of Two Late Progression Markers in Melanoma 

The late progression antigens defined by MAbs P3.S8 and MUC18 show a 
similar pattern of expression on melanocytic lesions in situ [12]. Both are 
only rarely observed on nevi but are characteristic for metastases. The thin 
primary tumors, which have a low probability to metastasize, are no more 
frequently positive for these markers than are the benign lesions. Expression 
of P3.S8 and MUC18 first becomes significant on tumors which have reached 
a vertical thickness of approximately 1 mm. With increasing tumor thickness 
the frequency of MUC18 expression increases while that of P3.S8 remains 
relatively stable. In both cases the fraction of positive cells per tumor shows 
an increase with increasing tumor thickness. Such a pattern of expression 
(sporadic in tumors with no metastatic potential and increasingly strong in 
those with increasing metastatic potential) is consistent with the hypothesis 
that these molecules contribute to the development of metastatic potential, 
and it was therefore important to try to obtain an idea of what their 
functions might be. One approach to this problem is to obtain the cDNAs 
encoding these molecules. From a comparison with the sequences of 
molecules with proven functional domains, it is frequently possible to 
predict a new molecule's function. In any case, the availability of the cDNA 
makes it possible via transfection to specifically express the antigen in cells 
lacking it and to look for functional changes in the cell. The cDNA encoding 
both of these markers was obtained by screening melanoma cDNA lambda 
expression libraries with second-round MAbs produced against the denatured 
antigen isolated by affinity chromatography from melanoma cells. 

The P3.58 Antigen Is Identical to Intercellular Adhesion Molecule I (ICAM-I) 

The P3.S8 antigen is a cell surface glycoprotein with an apparent molecular 
weight of 89 kDa in melanoma cells [13]. It was found to be expressed on 
some blood vessel endothelia, in germinal centers of lymph follicles and on 
mitogen-activated peripheral blood lymphocytes, indicating that its normal 
function may be in the immune system [14]. Antibodies directed to the 
antigen were in fact able to block the formation of lymphoid cell clusters in 
vitro [IS], suggesting that the antigen participates in leukocyte cell-cell 
adhesion. 

Three overlapping clones were isolated from the cDNA libraries and their 
sequencing was about 70% completed when the sequence of ICAM-l was 
published [26]. The sequence of P3.S8 antigen isolated from melanoma cells 
[17] is identical to that of ICAM-l isolated from myeloid cells [26] or 
endothelial cells [28]. 
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MUC181s a Novel Member of the 19 Superfamily Cell Adhesion Molecules 

The MUC18 antigen is a single-chain cell surface glycoprotein with an 
apparent molecular weight of 113 kDa [19]. Examination of frozen sections 
of a wide range of normal and malignant tissues indicated that the ex
pression of MUC18 in normal adults is highly restricted to smooth muscle in 
some blood vessels [19]. Sequencing of MUC18-encoding eDNA clones 
revealed that MUC18 has all the characteristics of an integral membrane 
protein and that it is a member of the immunoglobulin supergene family 
[20]. Although MUC18 is a novel member of this family, it is related to 
several other molecules, all of which have been shown to mediate inter
cellular adhesion (Table 1). The highest sequence similarity is to DCC, a 
putative tumor suppressor gene in colorectal carcinoma [9]. This molecule, 
whose gene is mutated or deleted in most of these tumors, has recently 
been shown to mediate homotypic cell adhesion. MUC18 is also related to 
the carcinoembryonic antigen family, several members of which have been 
shown in transfection studies to mediate heterotypic and/or homotypic 
adhesion [2, 22] and to a group of molecules (NCAM, Ll, MAG) mediating 
cell-cell adhesion during the development of the nervous system [8]. Because 
of the sequence similarities to these molecules, it seems likely that MUC18 
also is a cell adhesion molecule. 

A Role for MUC18 and ICAM-l in Melanoma Progression? 

While the function of MUC18 remains unknown, its expression on smooth 
muscle cells of some blood vessels suggests that its ligand might be found in 
the vasculature. If this is true, then it is tempting to speculate that the 
expression of MUC18 by melanomas may in some way promote intra- and 
extravasation of the tumor cells. 

Table 1. Proteins showing sequence similarity to the MUC18 glycoprotein 

Molecule Percentage identity Amino acid overlap Optimized score Value 

DCC 22.5 377 195 25 
CEA 20.2 297 167 20.8 
PSGP 18.4 288 168 20.9 
NCA 20.5 273 160 19.7 
NCAM 21.9 196 167 20.8 
L1 22.6 288 172 22 
Amalgam 26.0 169 133 15.5 
MAG 20.8 448 135 15.8 
Fasciclin II 16.2 229 132 15.4 
Contactin 22.2 117 79 13.3 

Amino acid sequence comparisons were performed with the F ASTP program. A z 
value of > 10 is considered significant. 



The Altered Expression of Cell Adhesion Molecules 103 

The known ligands of ICAM-1 are LFA-1 (COlla), expressed by 
most leukocytes, and MAC-1 (CDllb), characteristic of myeloid cells and 
granulocytes. ICAM-1 therefore mediates the adhesion of cells expressing it 
to leukocytes; its primary function appears to be to strengthen interactions 
between immune cells and their targets [27]. The expression of ICAM-1 by a 
tumor cell would therefore be expected to enhance its recognition and 
killing by specific and nonspecific effector cells and to be, if anything, 
associated with a good prognosis. Consistent with this is the observation 
that in B-cell lymphomas [11] and in renal cell carcinomas [29] ICAM-1 
expression is associated with the highly differentiated tumors which have 
the best prognosis. In contrast, however, the expression of ICAM-l by 
melanomas is associated with advanced tumors which have a poor prognosis. 
Not only was ICAM-l identified as a late progression marker in this tumor 
[16], but a prospective study of stage I melanomas using an independently 
generated antibody has shown that patients whose tumors expressed ICAM-
1 have a significantly shorter disease-free interval than patients with ICAM
I-negative tumors [21]. 

In vitro studies have shown that ICAM-l functions to enhance CTL and 
LAK killing of melanoma cells as it does in other types of tumors [1]. 
Nevertheless it remains possible that the function of ICAM-l on melanomas 
is in some way altered. ICAM-l isolated from melanoma cells is more highly 
glycosylated than that from autologous B cells [14] and may therefore differ 
in particular aspects of ligand binding [7]. In addition, a soluble form of the 
molecule [25] can be detected in culture supernatants from melanoma cell 
lines, raising the possibility that it is also produced in vivo and inhibits local 
immune cell-tumor interactions. It is not, however, necessary to invoke 
functional alterations in ICAM-l to postulate a role for this molecule in 
tumor progression. Numerous studies in animal models have shown that 
aggregates of tumor cells and leukocytes are more effective than tumor cells 
alone in generating spontaneous as well as experimental metastases [3]. 
Rather than resulting in destruction of the tumor cells, the presence of 
leukocytes more often enhances invasion of the extracellular matrix, provides 
local growth and angiogenesis factors, and promotes the intra-/extravasation 
of the tumor cells. The expression of ICAM-l by melanoma cells has been 
shown to enhance their binding to leukocytes in vitro. In vivo, ICAM-l 
expression may also increase the tendency for tumor-leukocyte aggregates 
to form and thus enhance the probability of metastasis formation. In any 
case, the evidence that either MUC18 or ICAM-1 actually contributes to 
metastasis development must await more direct tests in animal models [30]. 
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Introduction 

During the search for biochemical differences between tumorous and cor
responding normal tissues a quarter of a century ago, the carcinoembryonic 
antigen (CEA) was found in colonic tumors, but not in normal colonic 
mucosa (Gold and Freedman 1965; von Kleist and Burtin 1966). With the 
development of more sensitive analytical methods, CEA and most other 
"tumor-specific" markers were also detected in normal tissues or in sera 
of individuals without tumors (for review see Shively and Beatty 1985). 
Despite this fact, CEA is widely used for the monitoring of tumor patients 
for recurrence of malignant disease after surgery (Fantini and DeCosse 
1990). A continuous rise in the CEA concentration in serum, detected 
by serial determinations, is an indicator of tumor regrowth or metastasis 
in patients with adenocarcinomas of the colon, rectum, breast, lung and 
pancreas. Since an increase of the CEA concentration is often observed 
before other clinical symptoms are obvious, early therapeutic measures can 
be taken (e.g., "second-look" surgery in patients with colorectal tumors 
(Fantini and DeCosse 1990)). However, the diagnostic value of CEA, e.g., 
for early detection of primary tumors by routine screening, is limited due to 
the low sensitivity and specificity of CEA measurements. Therefore, in 
general, only patients with advanced malignant disease show increased pre
operative CEA serum concentrations. On the other hand, elevated CEA 
concentrations can also be detected in patients with benign disease (e.g., 
colitis) and in smokers (Shively and Beatty 1985). Clinical trials indicate that 
radioactively labeled antibodies directed against CEA can be used to 
localize primary tumors and metastases (Bischoff-Delaloye et al. 1989). 
Due to the availability of other extremely potent imaging methods, such 
as computed tomography and magnetic resonance irr:.aging, immuno
scintigraphy will probably not be used routinely in the future. However, 
another immunolocalization technique might soon become invaluable. 

Wagener/Neumann (Eds.) 
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Currently, the use of fluorescent dye-labeled, anti-CEA antibodies for the 
intraoperative detection of small tumors (e.g., tumor cells in regional lymph 
nodes) is being evaluated in athymic mice carrying human colonic carcinoma 
xenografts (Pelgrin et al. 1991). Furthermore, it is hoped that by the appli
cation of toxin- or radioactive isotope-coupled anti-CEA antibodies, the 
specificity of tumor therapy will be increased. Tumor regression has been 
observed in animal models by several groups using this approach (Buchegger 
et al. 1988; Sharkey et al. 1991). In the athymic mouse model, enhanced 
tumor localization and radio immunotherapy by anti-CEA antibodies was 
achieved after administration of cytokines, which selectively stimulate CEA 
expression (Kuhn et al. 1991). 

Besides CEA, a large family of closely related cross-reacting antigens 
have been described which differ in size and tissue distribution (reviewed in 
Thompson and Zimmermann 1988). For example, nonspecific cross-reacting 
antigen (NCA) is found in many tumors of epithelial origin, normal lung 
and spleen and polymorphonuclear cells (Bordes et al. 1975). Biliary glyco
protein, on the other hand, is expressed in hepatocellular carcinomas and 
normal epithelial cells of bile canaliculi (Svenberg 1976; Hinoda et al. 1990). 
The presence of CEA-cross-reacting antigens in normal tissues can interfere 
with measurement in sera and targeting on tumor cells of CEA by anti
bodies. Due to the high degree of glycosylation of this protein family, 
biochemical characterization proved to be very difficult. It was hoped, there
fore, that cloning of the CEA gene and possibly of related genes would help 
to clarify the relationship of this complex protein family. This approach was 
also expected to yield information that would allow the production of more 
specific probes for diagnosis and therapy. Furthermore, using these probes 
for determination of the expression pattern of the various CEA family 
members, new tumor markers might be identified. 

Structure, Function and Expression of the CEA Gene Family 

Genomic and cDNA cloning have revealed that CEA and related antigens 
are encoded by a family of genes which belong to the immunoglobulin 
superfamily. To date 22 genes have been identified (Table 1). Based on 
sequence similarity they can be subdivided into two main subgroups: the 
CEA subgroup, which contains the CEA gene and the genes for the classical 
cross-reacting antigens, and the pregnancy-specific glycoprotein (PSG) gene 
subgroup. The latter group of genes code for highly similar proteins 
formerly not known to be related to CEA. PSGs are produced in large 
amounts in the fetal part of the placenta and secreted into the maternal 
blood. At term, PSGs comprise the most abundant placental proteins in sera 
of pregnant women. 

The deduced primary structure reveals that the CEA-related antigens are 
composed of a leader peptide, which is removed after transport into the 
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Table 1. The presently known members of the CEA gene family 

CEA subgroup 

CEAa,b 
NCA 
BGPa,b,c,d,e,f,g,h,i 
CGMla,b,c 
CGM2 
CGM6 
CGM7 
CGMSa 

CGM9 
CGMIOa,b 
CGMlla,b 

PSG subgroup 

PSG la,b,c,d,e,f 
PSG2n 
PSG3m 
PSG4a 
PSG5n,m 
PSG6r,s 
PSG7 
PSGSa 
PSGlls,w 
PSG12 
PSG 13 
PSG14 
PSG15 

The lower case letters indicate the various splice or 
polyadenylation mRNA variants. CGM, CEA gene family 
member; PSG, pregnancy-specific glycoprotein, 
a Probably a pseudogene. 
bW, Khan and S. Hammarstrom, personal communication, 

endoplasmic reticulum, one immunoglobulin variable (IgV)-like domain and 
a varying number (none, two, three or six) of Ig constant (C) region-like 
domains (review: Thompson et al. 1991), Most members of the CEA sub
group seem to be membrane-bound either via a glycosyl-phosphatidylinositol 
anchor or a transmembrane domain, PSGs lack hydrophobic domains, 
which is in agreement with their accumulation in the maternal blood. Dif
ferential splicing increases the complexity of the CEA family. Up to seven 
proteins can be predicted for a single gene (BGP) which differ in the 
number of Ig C region-like domains or the size of their cytoplasmic tails. 

All members of the CEA gene family are located on the long arm of 
chromosome 19 (19q13.2-3; review: Thompson et al. 1991). Mapping 
aided by pulsed field gel electrophoresis and "contig" analyses (Branscomb 
et al. 1990) demonstrated arrangement of the CEA-related genes in clusters 
on a 1.2-Mb chromosome segment. The members of the CEA subgroup are 
located in two smaller clusters followed by the tightly clustered PSG genes 
toward the telomere (Thompson et al. 1992). The close vicinity of the 
members of the CEA family could allow coordinate expression of pairs or 
groups of genes by the use of common regulatory elements. 

All members of the CEA subgroup so far analyzed are able to convey 
in vitro cell adhesion properties to transfectants expressing individual 
CEA-related cDNAs (Table 2). This property has also been reported for a 
number of other members of the immunoglobulin superfamily, such as 
neural cell adhesion molecule (N-CAM) and myelin-associated glycoprotein 
(MAG; Williams 1987). CEA, NCA and BGP allow both homophilic and 
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heterophilic cell adhesion, whereas the CGM6 gene product interacts only 
heterophilically with NCA and not homophilically with itself (Table 2). 
Detailed histological studies on the localization of rat CEA-related antigens 
imply that some members are involved in intercellular adhesion while others 
might aid in the organization of microvilli (Obrink 1991). Disturbances in 
the expression of CEA or related antigens in tumor cells might contribute to 
the malignant phenotype (Benchimol et al. 1989), as is assumed to be the 
case for the recently discovered recessive oncogene product DCC ("deleted 
in colonic cancer"), a presumed cell adhesion molecule (Fearon et al. 1990). 
As an additional function of CEA subgroup members, binding of entero
bacteria such as Escherichia coli and Salmonella typhi via lectin molecules 
on type 1 fimbriae has been reported (Table 2). This interaction, which 
involves o-mannosyl residues, might be important for the colonization by 
bacteria of the colonic mucosa as well as for the recognition of bacteria by 
granulocytes, which express, with the exception of CEA, all so far charac
terized members of the CEA subgroup (see below). Recently, the presumed 
mouse BGP homologue, mmCGM2, was reported to represent the receptor 
of the mouse coronavirus, which causes hepatitis (Williams et al. 1991). It 
might, therefore, be possible that human coronaviruses, which also cause 
common respiratory illnesses, use members of the human CEA family 

Table 2. Function(s) of CEA family members 

Member 

CEA 

NCA-50/90 

BGP 

NCA-95 (CGM6) 

Ecto-ATPase/ 
Cell-CAM 105 (rat) 

mmCGM1I2 (mouse) 

Function( s) 

Homo- and heterophilic cell 
adhesion (Ca2+ - and 
temperature-independent) 

Binding of bacteria 
Accessory molecule for collagen 

type I binding 

Homo- and heterophilic cell 
adhesion (Ca2+ - and 
temperature-independent) 

Binding of bacteria 

Homophilic cell adhesion (Ca2+
and temperature-dependent) 

Binding of bacteria 

Heterophilic cell adhesion with 
NCA-50/90 

Homof,hilic cell adhesion 
(Ca + -independent) 

Homophilic cell adhesion (Ca2+
and temperature-dependent) 

Mouse hepatitis virus receptor 

Reference 

Benchimol et al. 1989 
Oikawa et al. 1989 

Leusch et al. 1990 
Pignatelli et al. 1990 

Oikawa et al. 1989 
Zhou et al. 1990 

Leusch et al. 1990 

Rojas et al. 1990 

Leusch et al. 1991 

Oikawa et al. 1991 

Lin and Giodotti 1989 
Aurivillius et al. 1990 

Turbide et al. 1991 

Williams et al. 1991 
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as cell entry vehicles. The function of PSOs is unknown. Based on the 
inhibitory influence of PSOs on certain in vitro immunological reactions, it is 
speculated that they might be involved in the protection of the allotypic 
fetus from the maternal immune system by specific immunosuppression. 

As a basis for improvement of the specificity and sensitivity of CEA 
detection, we have started to characterize the recognition pattern of a large 
panel of monoclonal antibodies. Among them are a number of anti-CEA 
monoclonal antibodies, the epitopes of which have been compared recently 
(Hammarstrom et al. 1989). To this end, we have tested a set of trans
fectants which express individual members of the CEA gene family (CEA, 
NCA, BOP, COM1, COM6) with each monoclonal antibody. After tagging 
with fluorescein-labeled second antibody, the antibody binding to the 
transfectants was determined by FACScan analyses. The results obtained 
by this approach also allow the assignment of biochemically characterized 
members of the CEA family to their respective genes by comparing reactivity 
patterns (Berling et al. 1990). After analysis of more than 110 monoclonal 
antibodies, three have been identified that react with only one transfectant 
each (CEA, NCA, COM6). Two antibodies were found which react with the 
CEA transfectant and with the COM1 or the BOP transfectant respectively. 
Since CEA is not found on granulocytes these antigens can be detected 
specifically on these cells and studied individually. The above-mentioned 
approach has also been used to characterize antibodies which define the 
clusters of differentiation (CD) 66 and 67 and have been shown to cross
react with CEA-related antigens. Whereas the CD67 antibody seems to be 
specific for the COM6 product, the CD66 antibodies exhibit a broader 
recognition pattern, reacting with CEA, NCA, BOP and COM1 (Watt et al. 
1991 and unpublished results). Since CD66 and CD67 antibodies have been 
shown to react within the hematopoietic system exclusively with mature 
granulocytes and some precursors, CEA-related antigens therefore represent 
surface markers for the myeloid lineage. 

As long as not all members of the CEA family can be discriminated by 
monoclonal antibodies, in parallel we have applied gene-specific hybridzation 
probes and primers to screen normal and tumorous tissues for the ex
pression of individual CEA-related genes. These and other studies have 
shown that, in general, NCA mRNA levels are significantly higher in colon 
adenomas and adenocarcinomas than in normal colonic mucosa, whereas 
CEA mRNA levels do not change dramatically upon malignant transfor
mation (Boucher et al. 1989; Sato et al. 1988; Cournoyer et al. 1988; 
Higashide et al. 1990; Hinoda et al. 1991). In order to be able to study 
large numbers of tissue samples we have developed an assay system where 
we can specifically identify CEA, NCA, BOP, COM1 and COM6 mRNAs 
using the polymerase chain reaction (PCR). The feasibility of this approach 
is currently being tested with a larger number of gynecological tumors. 
RNAs, the integrity of which has been proven by amplification of a p-actin 
mRNA fragment, are reacted with a pair of primers recognizing all known 
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members of the CEA gene family. The positive samples are then analyzed 
for the presence of the mRNA of each of the above-mentioned members of 
the CEA gene family. Preliminary results indicate that, in general, CEA 
mRNA is coexpressed with NCA mRNA in tumors. Therefore, the CEA 
and NCA genes, which are next to each other in the CEA gene locus, might 
share common regulatory elements. Interestingly, most mucinous ovarian 
carcinomas contained both CEA and NCA mRNAs, whereas ovarian 
adenocarcinomas of the serous subtype did not express any of the CEA
related mRNAs tested. The expression pattern of the CEA gene family at 
the mRNA level is summarized in Table 3. 

Clinical Implications 

What is the relevance of these findings for the diagnosis and therapy of 
benign and malignant disease? The sensitivity of detection and targeting of 
CEA could possibly be increased by using cocktails of CEA-specific anti
bodies. Since we have demonstrated that most of the so far characterized 
members of the CEA gene subgroup (with the exception of the CEA gene) 
are expressed on granulocytes, the commonly used approach to test anti-

Table 3. Expression pattern of the CEA gene subgroup 

Gene mRNA size (kb) Encoded protein Tissue or cells 

CEA 3.5,3.0 CEA Normal colon mucosa 
Colonic polyps 
Colonic adenocarcinomas (-100%) 
Less in other carcinomas of 

epithelial origin (mucinous 
ovarian carcinomas, lung, 
pancreas) 

BGP 3,9,3.7,2.2,1.8 BGP I (NCA-l60) Normal hepatocyte 
Hepatocellular carcinoma 

NCA 2.5 NCA-50/90 Seems to be always co expressed 
with CEA, though to a lesser 
degree in normal colonic mucosa 
and polyps 

CML leukocytes 
Bone marrow 

CGMl 1.3 ? CML leukocytes 

CGM2 ? ? ? 

CGM6 2.2 NCA-95 CML leukocytes 
Bone marrow 

mRNA levels were assessed by northern blot or PCR analyses. 
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:::EA antibodies for cross-reaction against granulocytes is still appropriate, if 
:ross-reactivity with PSGs can be excluded. The monitoring of patients with 
:olorectal tumors might be improved by measuring NCA serum concentra
ions. Preliminary findings from analysis of a large number of sera of tumor 
)atients, patients with benign disease and healthy individuals with certain 
mtibody combinations which recognize single family members or sets of 
:EA-related antigens indicate that the sensitivity of tumor detection can be 
ncreased without unacceptable loss of specificity. Furthermore, NCA could 
:urn out to be useful as a marker for tumor progression, as the expression of 
~he NCA gene seems to increase with progressing malignancy. The PCR 
technology would allow determination of NCA mRNA levels in small 
lmounts of biopsy material. Radiolabeled antibodies specific for the CGM6 
product might improve the detection of occult inflammatory lesions. 
Presently, for this purpose, CEA cross-reactive antibodies are employed 
(D'Amico et al. 1991). CEA and NCA mRNAs (and possibly the cor
responding proteins) represent biological markers for certain tumor sub
types as shown for ovarian carcinomas. Therefore, identification of these 
mRNAs or proteins, respectively, might aid diagnosis in tumor cases of 
ambiguous histology. These promising results, however, have to be con
firmed by analyses of a larger number of tumors and sera, as well as 
corresponding normal tissues. 
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Introduction 

Neurons, endocrine cells and their neoplastic derivatives share a variety 
of similar or even identical characteristic proteins. The analysis of these 
cellular constituents provides valuable information on the nature, location 
and distribution of tumor cells in the body. 

Neuron-specific enolase, a soluble cytoplasmic glycolytic enzyme, was the 
first widely used marker protein for neural and endocrine cells and serves 
as an excellent diagnostic tool in neurologic and endocrine disease [22]. 
Recently, specific secretory products of endocrine cells, the chromograninsl 
secretogranins, which are costored and coreleased with catecholamines and 
peptide hormones, have also attracted interest as neural or endocine cell 
markers. These markers can be measured in tumor tissue or cells and also in 
serum [15, 36, 37, 41]. 

In addition to the proteins mentioned above, intracellular membrane 
proteins or constituents of the plasma membrane have very recently been 
accepted as diagnostic markers. One group of intracellular membrane pro
teins common to neural and endocrine cells is found in small translucent 
vesicles (SVs). In neurons SVs contain transmitters and are thus termed 
synaptic vesicles [6, 16]. In endocrine cells the function of SVs, which 
contain the same membrane proteins as synaptic vesicles, is unknown. If 
SVs in endocrine cells also contain transmitters, they could reflect the 
existence of a second secretory pathway in addition to the well-characterized 
release of peptide hormones from large, dense core vesicles (LVs) by 
exocytosis. 

Cell surface antigens shared by neural and endocrine cells have also been 
identified. For example, the neural cell adhesion molecules (NCAMs), have 
been found in peptide hormone- as well as steroid hormone-producing 
endocrine cells. Moreover, NCAM expression characterizes the cell-cell 
adhesion specificities between these cells [18-21, 23, 27]. In addition, 
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NCAMs have been found in a variety of rodent and human endocrine tumor 
cells, suggesting a possible application as markers [1, 2, 9, 10, 13, 17-19,21, 
24,26,31]. 

In this chapter we will depict the structure and function of synaptophysin, 
as an example of a SV membrane protein already used as an endocrine 
tumor marker, and describe the molecular and cell biology of NCAMs, a 
recently elucidated group of membrane antigens present in normal and 
neoplastic endocrine cells. 

Structure and Function of Synaptophysin 

Neurotransmission between a presynaptic nerve terminal and postsynaptic 
target cell involves discharge of transmitter molecules. The neurotransmitters 
are stored in specialized organelles, the synaptic vesicles. The specific func
tion of synaptic vesicles includes uptake and storage of neurotransmitters, 
interaction with the cytoskeleton, docking and fusion with the plasma mem
brane. Synaptophysin [6, 16] is one of the major integral membrane proteins 
of SVs (average diameter 50nm). In the SV membrane it forms hexamers, 
composed of identical subunits of 38 kDa, whose primary structure has been 
elucidated by sequencing rat, cow and human cDNA. Synaptophysin is a 
highly conserved protein consisting of four transmembrane domains as well 
as short N-terminal and extended C-terminal cytoplasmic domains (Fig. 1). 
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Fig. 1. Schematic representation of the synaptophysin mRNA il\ustrating the 
positions of the protein domains coded by the different exons. Exons are represented 
by the white boxes. The start (A TG) and stop (T AA) codons for translation are also 
indicated. The other boxes are explained at the foot of the figure. The positions of 
nuc1eotides are given in the lower panel 
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Synaptophysin incorporated into lipid membranes exhibits voltage
dependent channel activity [39] and it may dock to a complementary protein, 
physophilin, a component of the presynaptic plasma membrane, possibly 
initiating formation of a fusion pore and subsequent neurotransmitter 
release [38]. 

Isolation and comparison of the complete rat and human synaptophysin 
genes showed that, despite the difference in molecular size (16 kb in rat vs 
13 kb in man), intronlexon boundaries are precisely conserved [3]. Exon 7, 
because of a stop codon in exon 6, is not translated in either species (Fig. 1). 
The 5' upstream region is devoid of any TATA or CAAT boxes but 
is characterized instead by features typical of "housekeeping" genes. 
Specifically, GC-rich islands and four Spl-binding motifs indicate that 
synaptophysin synthesis is regulated at the transcriptional level. Sequences 
more than 1.2 kb downstream from the immediate upstream region may be 
responsible for cell type-specific expression of synaptophysin. 

Molecular and Cell Biology of Neural Cell Adhesion Molecules 

Cell-cell adhesion molecules (CAMs) - the ligands or receptors involved in 
cell-cell contact formation - are important regulators of cell assembly and 
maintenance of tissue architecture. 

The NCAMs are among the most prevalent CAMs in vertebrates. They 
are glycoproteins anchored in different ways to the plasma membrane and 
promote cell-cell adhesion through a homophilic binding mechanism. The 
different NCAMs are primary translation products arising through alterna
tive splicing of a single gene located on human chromosome 11 and mouse 
chromosome 9. They have similar extracellular domains but differ primarily 
in their plasma membrane associated and intracellular domains. For 
example, NCAM-180 (the isoform having a molecular weight of 180kDa) 
contains a cytoplasmic domain which is larger than that of NCAM-140. By 
contrast, NCAM-120 consists only of extracellular domains and is linked to 
the plasma membrane by a phosphatidylinositol anchor (Fig. 2). 

Alternative splicing can allow the fine modulation of gene expression such 
that protein isoforms with functional differences are expressed in the proper 
spatiotemporal fashion. It is a posttranscriptional process by which pre
mRNA transcribed from the gene can code a variety of protein isoforms that 
differ in function or localization. Twenty major exons in both mammals 
and birds code for the different NCAM isoforms. While exon 0 encodes 
the 5' -untranslated and leader sequences [33], exons 1-14 generate the 
extracellular sequences of all known NCAMs (Fig. 2). Exon 15 codes for 
the membrane-anchoring sequence of NCAM-120, and exon 18 codes for 
the additional cytoplasmic insert unique to NCAM-180 [4, 5, 25, 32]. 

Recently, additional exons in the NCAM gene have been discovered. 
They can be added at the exon 12/13, 13114 junction, thereby coding for the 
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Fig. 2. Scheme of the protein and exon structure of the neural cell adhesion 
molecule with a molecular weight of 140 kDa (NCAM-140). The N- and C-termini of 
the protein are indicated. Loops 1- V represent the disulfide-linked loop structures of 
the immunoglobulin-like domains. The inset explains the symbols used in the upper 
panel. The plasma membrane is indicated by the dotted box. NCAM-120 contains the 
translation product of exon 15 which is attached to the membrane via a 
phosphatidylinositol anchor. The sequence coded by exon 18 which is unique to 
NCAM-180 is shown at the right side of the schema. Minor exons are indicated by 
VASE, a and AAG. In the lower panel the exons of NCAM are represented as boxes. 
The characteristic exons of NCAM-120 and NCAM-180 are marked in addition to 
exon 0, which is not translated. The alternatively spliced minor "extra-exons" at 
exon junctions 7/8 and 12/13 are also shown. The V marks indicate alternative splice 
junctions 

hinge region of the molecule, or at the exon 7/8 junction. Genomic cloning 
revealed that three smaller exons of 15, 48 and 42 bp could be positioned 
between exons 12 and 13 [8, 28, 40]. Furthermore, an exon named SEC, 
which contains a stop codon generating a secreted NCAM form, has been 
spliced into this position [11]. A IS-nt exon (alS) with or without an 
additional AAG triplet has also been detected between exon 12 and exon 
13 [33]. It is not clear whether the 3'-terminal AAG triplet is encoded by 
a 3-nt exon [33]. An AAG triplet has also been found at the exon 13/14 
junction (D. Barthels et al. 1991, personal communication). From the 
examples given above it is obvious that the hinge region of the NCAMs 
can be modified by alternative splicing in many ways. The functional 
consequences of these insertions are as yet unknown. The structure of 
the N-terminal extracellular regions of NCAMs contains five domains which 
are similar to each other and to the homology units of immunoglobulins. 
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Thus NCAMs, like other cell adhesion molecules such as L1, F1, contactin, 
TAG-1 and MAG, are members of the immunoglobulin superfamily. 

A heparin-binding domain has been identified in the second 
immunoglobulin-like domain of NCAMs. Additionally, an N-linked oligo
saccharide has been mapped to the third immunoglobulin-like domain which 
is engaged in the autoadhesion between NCAMs of neighboring cells. It is 
the adjacent fourth immunoglobulin-like loop of NCAMs which can be 
varied by alternative splicing. A 30-nt exon, termed pi or VASE (variable 
alternatively spliced exon) , is located between exons 7 and 8 [33, 35]; 
it has been suggested that VASE may modify binding affinity [34]. Taken 
together, 198 different mRNA species could code for NCAM polypeptides 
(D. Barthels et al. 1991, personal communication) [30, 33]. The presence of 
extra exons in cellular mRNA can be detected using Sl nuclease protection 
assays. This method allows direct comparison of mRNA and labeled DNA 
or RNA probe sequences. The Sl nuclease hydrolyzes only single-stranded 
DNA and RNA probes. Thus, if the DNA or RNA probe does not pair 
precisely, tails or loops not protected by hybridization to the mRNA will be 
excised. Resolution of the undigested Sl-protected fragments of the probes 
on denaturing polyacrylamide gels yields detailed information about the 
regions of sequence homology between the probe and the mRNA (Fig. 3). 

The fifth extracellular loop of NCAMs is subject to functionally important 
posttranslational nodification. Though NCAMs have multiple carbohydrate 
attachment sites, modulation of adhesion specifically arises from differences 
in the length of homopolymers of alpha-2, 8-linked neuraminic acid units 
(polysialic acid, PSA) linked to NCAMs via a core carbohydrate. NCAMs 
occur in highly sialylated embryonic and less sialylated adult forms. The 
precise molecular mechanism whereby polysialic acid on NCAMs modulates 
the calcium-independent autoadhesion remains to be analyzed, but it is clear 
that enzymatic removal of PSA increases binding between NCAM-bearing 
liposomes and neuroblastoma cells [29]. 

Following transient expression in various embryonic structures, NCAMs 
are subsequently found predominantly in adult neural, endocrine, skeletal 
and cardiac muscle cells. Available data imply that NCAMs influence a 
number of developmental processes such as segregation of cells into discrete 
regions, axon guidance and formation and innervation of skeletal muscle [4, 
5, 23, 25, 32]. 

Regulation of gene expression can occur at the transcriptional, post
trancriptional, translational and posttranslational levels as developmental 
processes unfold. Regulation at the transcription level is initiated by the 
promoter region of the gene. It should be noted that the NCAM promoter 
does not contain a typical TATA box, and therefore initiation of RNA 
transcription occurs at several sites on the gene; this initiation mechanism 
is often observed in genes that lack this sequence. Sequences for both 
promotion and inhibition of transcription reside within 840 bp upstream of 
the main transcription start site. In this upstream region a juxtaposition 
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Fig. 3. Detection of additional exons in NCAM mRNA by SI nuclease protection 
assays. The exons of two different mRNAs as well as the labeled cDNA or cRNA 
probe with additional vector sequences used are shown at the top . The probe is 
hybridized with the mRNAs with (A) or without (B) ex on VASE followed by SI 
nuclease digestion, which hydrolyzes all single-stranded regions (indicated by the 
arrows). In A only the vector sequences are removed, whereas in B the single strand 
coding for extra-exon VASE contained in the labeled probe will be totally digested 
by SI nuclease, leaving two protected fragments. The samples are run on a 
denaturing polyacrylamide gel to determine the size of probe fragments protected 
from the SI nuclease by hybridization 

of a Spl factor-binding consensus site and a nuclear factor I-binding site 
has been mapped. Moreover, motifs, such as three A + T-rich segments 
containing A IT A motifs and an AGGA repeat which resembles negative 
regulatory elements in other promoters, were also mapped. It seems that 
negative and positive elements in the promoter, with features typical of 
"housekeeping" genes, interact to regulate the tissue-specific pattern of 
NCAM gene expression. Furthermore, a factor related to nuclear factor I is 
involved in transcriptional control of the NCAM gene [14]. 

Expression of Synaptophysin and NCAMs in Normal and Neoplastic 
Endocrine Cells 

The distribution of synaptophysin and NCAMs in normal and neoplastic 
endocrine cells is summarized in Table 1. In addition to their occurrence in 
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Table 1. Occurrence of the antigen of small secretory vesicles, synaptophysin (SYN), 
and of the neural cell adhesion molecules (NCAMs) in normal and neoplastic 
endocrine cells and tissues 

Tissues Cells and tumors SYN NCAMs 

Adenohypophysis Normal endocrine cells + + 
Adenoma + + 

Adrenal medulla Normal chromaffin cells + + 
Pheochromocytoma + + 

Adrenal cortex Normal steroid-producing cells + 
Cortical carcinoma n.d. + 

Bronchial tract Normal endocrine cells + n.d. 
Small cell carcinoma + + 
Carcinoid + n.d. 

Gastrointestinal tract Normal enteroendocrine cells + n.d. 
Carcinoid + n.d. 

Pancreas Normal islet cells + + 
Adenoma + n.d. 

Parathyroid Normal chief cells + n.d. 
Adenoma + n.d. 

Thyroid Normal C cells + n.d. 
C-cell carcinoma + n.d. 

Testis Leydig cells n.d. + 
Ovary Granulosa and luteal cells n.d. + 

n.d., not determined. 

catecholamine- and peptide hormone-containing cells, NCAMs have also 
been detected in steroid-producing cells of adrenal cortex [27] and ovarian 
granulosa and luteal cells [23]. The potential application of NCAM analysis 
in tumors derived from these tissues can be envisioned, based on a report of 
NCAM expression in an adrenocortical carcinoma [17]. Synaptophysin, on 
the other hand, occurs in all normal peptidergic endocrine cells and in 
neoplasms derived from these cells (Table 1). 

A variety of different techniques has been applied in the analysis of 
synaptophysin and NCAMs in normal and neoplastic endocrine cells. These 
analytical techniques provide precise descriptions of the extent of transcrip
tion, translation and even posttranslational modification of cellular membrane 
proteins. For example, transciption is analysed using in situ hybridization 
and Northern blot techniques in addition to the more sophisticated Sl 
nuclease protection assays, described above, which can elucidate the 
sequence of a specific mRNA. Insights into translation of synaptophysin and 
NCAMs in particular cells are provided by light and ultrastructural immuno
cytochemistry. These morphological techniques, in conjunction with 
immunological techniques such as Western blotting, can be utilized to 
analyze the anatomical arrangements related to posttranslational processing 
or modification (e.g. proteolytic modification, presence of PSA and others). 
Taken together, these techniques have been used to define the nature of 
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certain primary tumors and, importantly, to detect their metastases. It is 
also possible to identify neoplastic cells which express endocrine marker 
proteins in mixed tumors. For example, cell heterogeneity is a prominent 
characteristic in most lung neoplasms. Yet, in mixed tumors as well as 
in homogeneous tumors immunocytochemical techniques reveal different 
cell types based on their expression of NCAM-140; specifically, small cell 
carcinoma cells express NCAM-140 while mesotheliomas and squamous cell 
carcinomas do not [2, 9, 21, 24, 26]. Differential diagnosis of the lung 
tumors based on their expression of cell markers provides important insights 
for prognosis and therapy. 

Detection of synaptophysin (like neuron-specific enolase) can certainly be 
regarded as a general tool to distinguish endocrine from nonendocrine 
tumor cells. NCAMs share with other endocrine markers the property of 
differential expression in endocrine tumor cells. For example, all pituitary 
adenomas, characterized by hormone markers [2], have been found to 
contain synaptophysin and neuron-specific enolase, but NCAM-140, the 
prevalent isoform in normal and neoplastic endocrine tumor cells, was not 
detected by immunoblotting in prolactinomas, suggesting that it is minimally 
expressed in this cell type [2]. In like manner, chromogranin A, a protein 
costored and coreleased from a variety of peptide hormone-producing cells, 
has not been observed in all their neoplasms. While prolactin om as do 
not appear to contain chromogranin A [7], they can be identified by 
their hormone content and the expression of synaptophysin and neuron
specific enolase. Adenomas not expressing hormones, termed inactive 
adenomas, generally express the latter markers together with NCAM-140 
and chromogranin A; on the other hand, analysis of the hormones in serum 
or by immunocytochemistry in these adenomas is not of diagnostic value [2, 
7, 12]. 

The examples given above clearly demonstrate that analysis of membrane 
markers for endocrine tumor cells provides important contributions to a 
precise (differential) diagnosis and elucidation of the biological properties of 
the neoplastic cells even though they differ in their degrees of proliferation 
and their tendencies to form metastases. Thus, membrane marker charac
terizations form an important basis for therapeutic design and modulation of 
its effect. 
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Introduction 

Two types of serine proteases, uPA (urokinase-type plasminogen activator) 
and tPA (tissue-type plasminogen activator), are known to convert 
plasminogen into plasmin [1]. tPA is mainly involved in intravascular 
thrombolysis [1, 2] whereas uPA mediates pericellular proteolysis during cell 
migration and tissue remodeling under physiological and pathophysiological 
conditions [2, 3]. Although initially secreted in the form of an enzymatically 
inactive, single-chain proenzyme (pro-uPA), uPA exerts its proteolytic 
function on normal cells and tumor cells as an ectoenzyme after having 
bound to a specific high-affinity cell surface receptor (uPA-R) [4-6]. uPA-R 
on cells seems to be the reaction site for uP A-mediated plasminogen activa
tion, also in solid tumors. Quantitative assessments of tumor tissues, invasion 
assays with tumor explants in experimental animals and in vitro investiga
tions with tumor cells suggest that tumor invasion and metastasis are 
correlated with elevated levels of uP A and the presence of the uPA-R 
[2-6]. Tissues of primary cancer and/or metastases of the breast, ovary, 
prostate, cervix uteri, bladder, lung and gastrointestinal tract have been 
reported to contain high amounts of uP A compared to benign control tissues 
[2, 3]. uPA is produced and secreted as pro-uPA by normal cells and 
by tumor cells [2, 3]. Pro-uP A may be converted by small amounts of 
serine proteases (plasmin, kallikrein, trypsin) or cathepsin B or L into the 
enzymatically active, high-molecular-weight, two-chain form HMW-uPA 
which subsequently converts plasminogen into the serine protease plasmin 
[7 -10]. tPA, which has also been identified in normal cells and in tumor 
tissues, is not involved in tumor invasion and metastasis [2, 3, 11]. The 
enzymatic activity of uPA and tPA can be blocked by specific inhibitors, the 
plasminogen activator inhibitors PAI-1 and PAI-2. uPA, tPA, PAl-I, 
PAI-2 and uPA-R have been characterized chemically and cloned [1, 2, 12]. 
Both inhibitors are members of the serpin superfamily of proteins and react 
rapidly with uPA or tPA. Protease nexin (PAI-3) and protein C inhibitor 
may also inhibit uPA and tPA activity [1, 13]. Some of the physicochemical 
characteristics of uPA, tPA, PAI-1 and PAI-2 are listed below. 
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uPA. Glycosylated at Asn302 • Produced by kidney tubule cells, phagocytic 
cells, pneumocytes, keratinocytes, fibroblasts and tumor cells. Released as 
pro-uPA. The gene is located on chromosome 10. Gene length 6.4 kb. 
Several forms of uPA are known. Pro-uPA: Single-chain proenzyme form of 
uPA with 411 amino acids. Mr 52000. Low enzymatic activity (0.4% of 
HMW-uPA). Does not bind to PAI-l and PAI-2. Binds to uPA-R on cell 
surface membrane. Degraded by serine proteases or cathepsin B or L into 
HMW-uPA. HMW-uPA: 411 amino acids. Mr 52000. Two chains (A and B) 
linked by a disulfide bond. A-chain 158 amino acids, B-chain 253 amino 
acids. Enzymatically active. Binds to PAI-l and PAI-2. Binds to uPA-R 
on cell surface membrane. Degraded by serine proteases into the low
molecular-weight two-chain form (LMW-uPA) and the amino-terminal 
fragment (ATF). LMW-uPA: 276 amino acids. Mr 34000. Two chains 
(A' and B) linked by disulfide bonds. A'-chain 23 amino acids, B-chain 
253 amino acids. Enzymatically active. Binds to PAI-l and PAI-2. Does not 
bind to uPA-R. Active center amino acids of HMW-uPA and LMW-uPA: 
His204 , ASp255, Ser356 . A TF: 135 amino acids. Amino-terminal part of 
the A-chain of uPA. Mr 16000. Consists of the Kringle domain and the 
growth-factor-like domain (GFD). Enzymatically inactive. Does not bind to 
PAI-l and PAI-2. Binds to uPA-R on cell surface membrane. Degraded by 
endoproteinases V8 or Asp-N into Kringle and GFD. Kringle: 86 amino 
acids. Mr 10000. Enzymatically inactive. Does not bind to uPA-R, PAl-lor 
PAI-2. Function unknown. GFD: 49 amino acids. Mr 6000. Enzymatically 
inactive. Does not bind to PAI-l and PAI-2. 

tPA. Glycosylated at Asn 117 , Asn 184 , Asn448. Produced by endothelial cells 
and tumor cells. Released as pro-tP A. The gene is located on chromosome 
8. Gene length 29 kb. Liver cells (hepatocytes) contain a tPA binding site 
which functions as a clearance receptor for fluid-phase tP A. Single-chain 
tPA: 530 amino acids. Mr 70000. Enzymatically active. Binds PAI-l and 
PAI-2. Degraded by serine proteases into two-chain tPA. Two-chain tPA: 
530 amino acids. Enzymatically active. Binds also to clearance receptor on 
liver cells. Binds PAI-1 and PAI-2. A-chain 276 amino acids, B-chain 254 
amino acids. Active center amino acids: His325 , ASp374, Ser481 . 

PAl-I. Size: 381 amino acids. Glycoprotein of Mr 50000. Single chain. 
Binds to single-chain and two-chain tPA, HMW-uPA and LMW-uPA but 
not to pro-uP A. Degraded by plasmin and reactive oxygen metabolites. 
Stabilized by vitronectin. Produced by platelets, endothelial cells, granulosa 
cells and tumor cells. The gene is located on chromosome 7. The mRNA 
variants are 2.4 and 3.4 kb long. 

PAl-2. Size: 393 amino acids. Nonglycosylated form (Mr 48000) and 
glycosylated form (Mr 70000) known. Single chain. Binds to single-chain 
and two-chain tPA, HMW-uPA and LMW-uPA but not to pro-uPA. Pro-
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duced by trophoblast cells, phagocytic cells and tumor cells. The gene is 
located on chromosome 18. Found in high concentration in the plasma of 
pregnant women. 

The uPA Molecule 

The interaction of uPA-R with the uPA molecule has been characterized in 
detail. Both pro-uPA and HMW-uPA bind to receptors on the surface of 
tumor cells and normal cells via a defined peptide sequence (13-30) of the 
GFD of uPA [6, 14]. (Fig. 1, 2). This epitope resides on the ATF of the 
A-chain of uPA, which is a result of extensive digestion of HMW-uPA 

Fig. 1. Cleavage of pro-uP A by proteolytic enzymes yields enzymatically active or 
degraded HMW-uPA. The proenzyme form of uPA, pro-uPA (Mr 52000), is 
synthesized by cells as an enzymatically inactive single-chain molecule consisting of 
411 amino acids linked by several disulfide bonds. The serine proteases plasmin, 
plasma kallikrein and trypsin, as well as thermo lysin and cathepsins Band L, cleave 
pro-uPA at the peptide bond LysI58_IleI59, which converts pro-uPA into the 
enzymatically active, high-molecular-weight, two-chain form HMW-uPA. This yields 
two polypeptide chains linked by a disulfide bond: the A-chain (amino acids 1-158, 
Mr 20000) and the B-chain (amino acids 159-411, Mr 32000). Extensive proteolysis 
of HMW-uPA by plasmin results into additional cleavage of the A-chain of HMW
uPA at peptide bond LysI35_Lys!36, which yields the low-molecular-weight, two-chain 
form LMW-uPA and the amino terminal fragment, ATF. LMW-uPA consists of the 
B-chain and the residual A-chain linked by disulfide bonds. ATF consists of the 
Kringle domain and the growth-factor-like domain (GFD). Cleavage of pro-uPA bj; 
thrombin at peptide bond Arg156_Phe157 or by granulocyte elastase at Ile159_Ile1 0 

results in enzymatically inactive HMW -uP A 
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Fig. 2. Receptor-binding domain of human pro-uPA/HMW-uPA. The receptor
binding domain on pro-uPA and also on HMW-uPA resides on a loop within the 
GFD of ATF. Binding is effected by the peptide sequence 20-30. Amino acids 
10-19 are needed to attain proper conformation of GFD . Cleavage of GFD at 
peptide bond Lys23_Tyr24 destroys the receptor-binding capacity of GFD 

by plasmin into ATF and LMW-uPA. HMW-uPA and pro-uPA, but also 
purified GFD and ATF, bind to the uPA-R with high affinity [6, 14, 15]. 
LMW-uPA, which lacks ATF, does not bind to the uPA-R. The enzymatic 
center of the uP A molecule resides on the B-chain of uP A, which is part of 
both HMW-uPA and LMW-uPA [1]. Evidently, enzymatic activity of uPA 
is not a prerequisite for binding to the uPA-R. The peptide sequence 13-30 
of uP A is necessary for optimum binding to the receptor (Fig. 2). Peptide 
sequence 20-30 effects binding to the uPA-R, while peptide sequence 13-
19 is required to attain the proper conformation of the molecule. Although 
the secondary structures of EGF (epidermal growth factor) and the GFD of 
uPA are highly homologous, EGF does not bind to uPA-R. Other closely 
related molecules, such as human tPA or mouse uPA, also fail to bind to 
uPA-R [6]. Analysis of mouse and human uPA revealed that there is a 
difference of seven amino acids in the receptor-binding domain at positions 
Leu 14, Thr18, Asn22 , Lys23, Asn27 , His29, and Trp30. Five of these residues 
(positions 22, 23, 27, 29 and 30) are also different in the human tPA 
sequence. The conversion of pro-uPA to enzymatically active HMW-uPA is 
limited to the specificity of the enzyme applied. Plasmin, plasma kallikrein, 
trypsin, thermolysin and cathepsin B or L cleave pro-uPA at peptide bond 
Lys158_Ile159 into enzymatically active HMW-uPA [10]. Proteolytic action 
of thrombin and granulocyte elastase on pro-uPA, however, results in 
enzymatically inactive HMW-uPA [8, 9] . Such enzymatically active and 
inactive uPA forms are indistinguishable by SDS-PAGE [9]. Interestingly, 
enzymatically active HMW-uPA is not inactivated by subsequent elastase or 
thrombin action [9]. 
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The uPA-R Molecule 

The uPA-R has been described first in 1985 by Vassalli et al. on human 
monocytes and on the promyelocytic leukemia cell line U937 [16]. It is 
also present on tumor cell lines derived from solid tumors [17, 18]. The 
affinity constant for binding of pro-uPA or HMW-uPA to uPA-R is high 
(Ka = 109 -1010 11m) [6]. Receptor density may vary dramatically: human 
granulocytes and monocytes have very few uP A-R (between several hundreds 
and some thousands per cell), while stimulated cultured tumor cells may 
possess up to a million uPA-R per cell [17-21]. 

The following features are characteristic for the uP A -R/uP A interaction: 

- The binding region of pro-uPA/HMW-uPA is confined to uPA peptide 
sequence 20-30. 

- The affinity constant of binding of pro-uP A to uP A-R is similar to that of 
HMW-uPA. 

- BindiHg to uPA-R is independent of the enzymatic activity of HMW-uPA. 
- Once bound to uPA-R, pro-uPA can be activated by proteases to 

enzymatically active HMW -uP A. 
- Receptor-bound HMW-uPA and pro-uPA are not internalized by the cell. 

The rate of dissociation is very slow. If, however, receptor-bound HMW
uPA, but not pro-uPA, is inhibited by PAI-l or PAI-2, rapid internaliza
tion of a trimeric complex (uPA-R-HMW-uPA-PAI-1I-2) will occur. 

uPA-R was purified from U-937 cells by Nielsen et al. in 1988 [22] and 
characterized chemically in detail by Behrendt et al. [23] and Ploug et al. 
[24]. uPA-R is a cysteine-rich glycoprotein of Mr 45000-55000. Only 70% 
of the molecular mass is accounted for by protein; the residual 30% may be 
released after deglycosylation of uPA-R by N-glycanase (endo-F). The 
protein sequence deduced from the cDNA of uPA-R would account for a 
protein consisting of 313 amino acids. The mature uPA-R, however, is only 
282 amino acids long due to proteolytic processing in the carboxy-terminal 
region of nascent uPA-R [25]. The ligand-binding region of uPA-R is con
fined to the first 87 amino acids [23]. uPA-R is attached to the plasma 
membrane via a covalent linkage of the carboxy terminus of the protein 
to a glycosylated form of the phospholipid phosphatidylinositol resulting 
in a glycolipid anchor termed glycosyl-phosphatidylinositol (GPI) [25]. 
Functional uPA-R is rapidly released from cells by phosphoinositol-specific 
phospholipase C by cleaving the glycolipid anchor [25] (Fig. 3). uPA-R has 
been cloned by Roldan et al. [12]. 

Assessment of uPA and Its Receptor (uPA-R) 

Very sensitive enzymatic and immunologic techniques have been employed 
to quantify uP A in biological fluids (urine, plasma, ascitic fluid, tissue 
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u-PAR protein eOOH TERMINUS 

GPI anchor 
ETHANOLAMINE 

GLUCOSAMINE 

INOSITOL 

MEMBRANE 1.2-DIACYLGLYCEROL 

Fig. 3. Domain structure of the uPA-receptor. The uPA-R protein is composed of 
three internal repeats (domain 1, residues 1-92; domain 2, residues 93-191; domain 
3, residues 192-282). The three internal repeats are characterized by a unique 
pattern of cysteine residues. The uP A-binding epitope resides on domain 1.. The 
basic covalent structure of the glycolipid moiety is largely based on information 
derived from other GPI-anchored proteins. The linkage between the uPA-R protein 
and the glycolipid of the plasma membrane occurs via a phosphoethanolamine that 
forms an amide bond with the alpha-carboxyl group of the uPA-R protein and a 
phospho diester bond with the glycan portion of the phospholipid. The diagram was 
designed by Ploug et al. [24] and is reproduced by permission of Thieme Medical 
Publishers, New York 

extracts) of normal donors and of cancer patients (Table 1). S-2444, a 
uPA-specific synthetic amidolytic substrate (Pharmacia-Kabi, Stockholm, 
Sweden, and BACHEM, Bubendorf, Switzerland), has widely been used to 
assess enzymatic activity of HMW-uPA and LMW-uPA. Sensitive indirect 
quantitation of uP A activity is also possible by determination of the amount 
of enzymatically active plasmin generated by the action of uPA or tP A on 
plasminogen. To demonstrate plasmin activity, the synthetic ami do lytic 
substrate S-22S1 (Pharmacia-Kabi) or the fibrin (casein) clot lysis assay 
(zymography) can be applied. 

When using synthetic substrates, measurement of the plasminogen 
activators uPA and tP A in biological fluids should be done in the presence 
of quenching antibodies or specific inhibitors [26-28]. Several polyclonal 
and monoclonal antibodies to uP A and tP A are available commercially 
(e.g., American Diagnostica, Greenwich, CT, USA). The inhibitory activity 
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Table 1. Assessment of uP A a in cells and in solution 

Reaction 

Reaction of uP A in single cells or 
tissue cells with: 

a) Fluorescent antibody to uP A 
b) Antibody to uP A and then 

fluoresceinated antibody to 
immunoglobulin 

Reaction of uP A in single cells with 
fluorescent microspheres 
conjugated with an antibody 
directed to uP A 

Reaction of uP A in single cells or 
tissue cells with antibody to uP A 
and second enzyme-labeled 
antibody to immunoglobulin 

Adsorption of uP A to polymer 
membrane and then reaction with 
antibody to uPA (conjugated with 
enzyme or biotin) 

SDS-PAGE of uPA, then 
electro transfer to polymer 
membrane and reaction with 
antibody to uPA (conjugated with 
enzyme or biotin) 

Reaction with antibody to uP A 
(catching antibody), then reaction 
with a second antibody to uP A 
(conjugated with an enzyme or 
biotin) 

Competition of binding of 
radio I abe led uP A to specific 
antibody by fluid-phase uP A 

Enzymatic activity screened with: 
a) Synthetic substrates 
b) Conversion of plasminogen to 

plasmin 

Technique( s) Reference( s) 

Fluorescence 17,29,31,47,59 
microscopy, laser scan 
microscopy, flow 
cytofluorometry 

Light microscopy, 48 
fluorescence 
microscopy, laser scan 
microscopy, flow 
cytofluorometry 

Immunocytochemistry, 41, 49-55 
immunohistochemistry 

Immunodot 48 

Western blot 7,57 

Enzyme-linked 41,51, 74 
immunosorbent assay 

Radioimmunoassay 16,21,58 

Photometry (synthetic 7, 9, 48 
substrate) or plaque 
assay (lysis of fibrin or 
casein) 

·Pro-uPA, HMW-uPA, LMW-uPA, ATF, Kringle, GFD, synthetic uPA peptides. 

of PAI-l and PAI-2 can be screened by their potential to inhibit uPA 
or tPA enzymatic activity. Radioimmunoassay (RIA) and enzyme-linked 
immunosorbent assay (ELISA) techniques have been developed to quantify 
the uPA, tPA, PAI-l and PAI-2 antigens. ELISA kits are commercially 
available (e.g., American Diagnostica, Greenwich, CT, USA; Monozyme, 
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Copenhagen, Denmark; Biopool, Umea, Sweden). Indirect immuno
fluorescence was first applied to visualize receptor-bound uP A antigen on 
tumor cells by fluorescence microscopy. uPA, tPA and PAI-1I-2 antigens 
can also be detected by immunohistochemistry or immunoelectron micros
copy. These immunological techniques can be combined with the "in situ" 
hybridization technique to locate cells in tissue sections which do contain 
mRNA for these antigens in question. 

Several techniques have been employed to assess the uPA-R on nor
mal and on tumor cells (Table 2). Binding of uPA to uPA-R is species
specific, e.g., mouse uPA does not bind to human uPA-R and vice versa [6]. 
Initially, radioiodinated HMW -uP A has been used to quantify binding to 
suspended or adherent tumor cells. Stoppelli et al. demonstrated binding of 
uPA to uPA-R on the adherent epidermoid cell line A431 by the use of a 
fluoresceinated antibody directed to uP A [17]. A direct quantification of 
receptor-bound uP A on living tumor cells has been described recently in 
detail by Schmitt and coworkers [7, 29]. Laser-based flow cytofluorometry 
and confocal laser scan microscopy were used by these authors to quantify 
binding of FITC-pro-uPA to cell surface uPA-R. Miles et al. [30] and Lu 
et al. [31] demonstrated binding of both uPA and plasmin(ogen) to surface 
receptors on tumor cells. Monoclonal antibodies (mAbs) to the uPA-R can 
be used to locate uPA-R on cells by flow cytofluorometry or by immuno
histochemistry [18]. Various synthetic uPA peptides which bind to the uPA
R have been synthesized. The binding characteristics of such peptides have 
been established by Appella et al. [32]. 

The uPA Antigen Is Elevated in Tumor Tissues 

Tumor cell invasion and metastasis are correlated with elevated levels 
of proteases such as cathepsins Band D, collagenase IV or plasminogen 
activators in tumor tissues [33-39]. uPA, which is secreted by tumor cells as 
enzymatically inactive pro-uPA, seems to playa key role in mediating tumor 
cell invasion in cancer tissues. For this reason uPA has been the subject 
of several detailed biochemical and clinical investigations in recent years 
(Table 3). 

As early as 1976 Astedt and Holmberg documented the identity of tumor 
cell uP A in ovarian cancer ascitic fluid and uP A found in urine [40]. 
Subsequently, elevated levels of enzymatically active uP A were determined 
in malignant tissues of various origin [2, 3]. However, determination of 
enzymatic activity of uP A in tissue extracts is not always an exact measure 
of uP A content. Tumor tissues do also contain the inhibitors PAl -1 and 
PAI-2. Disruption and solubilization of tumor cells during preparation of 
tissue extracts free both uP A and its inhibitor (PAI-1I-2) which will then 
lead to the formation of an enzymatically inactive but artificial uPA-PAI-lI-
2 complex. Most of the uP A in tissues is present in its enzymatically inactive 
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Table 2. Assessment of uPA-receptor (uPA-R) on cells and in solution 

Reaction 

Binding of radio labeled uP A a to fluid
phase uP A-R or cell-associated 
uPA-R 

Reaction of receptor-bound uP A on 
single cells or tissue cells with: 
a) Fluorescent antibody to uP A 
b) Antibody to uP A and then 

fluoresceinated antibody to 
immunoglobulin 

Binding of fluoresceinated uP A to 
cell-associated uPA-R 

Binding of fluorescent microspheres 
conjugated with an antibody 
directed to uPA-R 

Binding of ferritin uP A to cell
associated uPA-R 

Reaction of uPA-R in single cells or 
tissue cells with antibody to uPA-R 
and then with a second antibody to 
immunoglobulin (enzyme-labeled) 

Adsorption of uPA-R to polymer 
membrane, then reaction with 
antibody to uPA-R (conjugated 
with enzyme or biotin) 

SDS-PAGE of uPA-R, then 
electrotransfer to polymer 
membrane and reaction with 
antibody to uPA-R (conjugated 
with enzyme or biotin) 

Adsorption of antibody to uP A-R 
(catching antibody) to microtiter 
plate, then reaction with uPA. 
Detection by second antibody to 
uPA-R (conjugated with an erizyme 
or biotin) 

Technique( s) 

Chemical crosslinking, 
equilibrium binding 

Fluorescence 
microscopy, laser scan 
microscopy, flow 
cytofluorometry 

Laser scan microscopy, 
flow cytofluorometry 

Light microscopy, 
fluorescence 
microscopy, laser scan 
microscopy, flow 
cytofluorometry, light 
scatter analysis 

Electron microscopy 

Immunocytochemistry, 
immunohistochemistry 

Immunodot 

Western blot 

Enzyme-linked 
immunosorbent assay 

Reference( s) 

21,58,61,63, 
118,119 

17,29,31,47,59 

7,29,31,117 

48 

19,47,62 

Ronne and 
Dano, 
unpublished 

48 

18,63 

Ronne and 
Dano, 
unpublished 

apro-uPA, HMW-uPA, LMW-uPA, ATF, Kringle, GFD, synthetic uPA peptides. 
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Table 3a. Cancer of the breast, uterus and ovary: determination of uPA in plasma, 
ascitic fluid or cancer tissue 

Type of cancer Author Year of publication Reference 

Breast Burtin et al. 1987 65 
CIavel et al. 1986, 1988 66,67 
Colombi et al. 1984 125 
Constantini et al. 1991 128 
Duffy et al. 1990, 1988, 1990, 1991 45,68, 69, 71 
Evers et al. 1982 72 
Graeff et al. 1991 73 
Grondahl-Hansen et al. 1988 74 
Hayashi and Yamada 1985 75 
Janicke et al. 1990, 1991, 1989 41,42,44 
Layer et al. 1987, 1987 76, 77 
McGregor et al. 1988 78 
Mira-y-Lopez et al. 1991 79 
Needham et al. 1987, 1988 80,81 
O'Gradey et al. 1985 70 
Sappino et al. 1987 82 
Schmitt et al. 1991,1990,1990 10,43,46 
Sherman et al. 1980 83 
Tissot et al. 1984 84 

Cervix uteri Camiolo et al. 1986 116 
Koelbl et al. 1988 85 
Larsson et al. 1987 86 
Saito et al. 1990 87 

Endometrium Bulletti et al. 1991 60 
Koelbl et al. 1988 85 
Saito et al. 1990 87 
Soszka and Olszewski 1986 114 
Whitney et al. 1985 113 

Ovary Astedt and Holmberg 1976 40 
Camiolo et al. 1986 116 
Saito et al. 1990 87 

pro-uPA form. Therefore quantification of uP A content in tumor tissues by 
ELISA has become an established laboratory method. 

Compared with other tumor-associated antigens, the content of uP A in 
cancer tissues is rather low, in the range of a few nanograms per milligram 
of protein. Two high-affinity mAbs directed to different epitopes of uPA 
(#377 and #394, American Diagnostica) were selected by us to develop a 
highly sensitive uPA-ELISA (lower detection limit of lOpg/ml). MAb #394 
is also a useful tool to detect uPA antigen in formalin-fixed, paraffin
embedded breast cancer tissues by immunohistochemical techniques [41, 
42]. MAb #394, which is directed to the B-chain of the uPA molecule, 
stained pro-uP A/uP A not only in the cytoplasm but also on the plasma 
membrane of breast cancer tumor cells, reflecting receptor-bound pro-uP AI 
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Table 3b. Cancer of the gastrointestinal tract: determination of uP A in plasma or 
cancer tissue 

Type of cancer Author Year of publication Reference 

Colon Burtin et at. 1985 88 
Camiolo et at. 1986 122 
Corasanti et at. 1980 120 
De Bruin et at. 1987, 1987, 1988, 1986 89,90, 109, 124 
Fukao et at. 1991 64 
Gelister et at. 1986 123 
Grondahl-Hansen et at. 1991 50 
Harvey et at. 1988 92 
Huber et at. 1988 93 
Kirchheimer et at. 1987 94 
Kogha et at. 1985, 1989 52,53 
Marian et at. 1990 95 
Markus et at. 1983 121 
Nishino et al. 1989 55 
Pyke et al. 1991 96 
Sier et al. 1991 51 
Sim et al. 1988 97 
Tanaka et at. 1991 98 
Tissot et al. 1984 84 
Verspaget et al. 1989 99 

Gallbladder Kirchheimer et al. 1987 94 
Huber et al. 1988 93 

Esophagus Nishino et al. 1989 55 

Pancreas Kirchheimer et al. 1987 94 

Stomach Fukao et al. 1991 64 
Huber et al. 1988 93 
Kirchheimer et al. 1987 94 
Nishino et al. 55 
Takai et al. 1991 100 
Tanaka et al. 1991 98 

Table 3c. Cancer of the urogenital tract: determination of uP A in plasma or cancer 
tissue 

Type of cancer Author Year of publication Reference 

Bladder Gorelik et al. 1990 101 
Hasui et al. 1989 102 
Mitsubayashi et al. 1987 127 

Kidney Hata et al. 1989 111 
Kirchheimer et al. 1985 103 

Prostate Hienert et al. 1988 104,129 
Kirchheimer et al. 1984, 1985 105,106 
Wojtukiewicz et al. 1991 107 
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Table 3d. Cancer of the lung and the liver: determination of uP A in plasma or 
cancer tissue 

Type of cancer Author Year of publication Reference 

Lung Hayashi and Yamada 1990 126 
Markus et al. 1980 108 
Oka et al. 1991 115 
Sappino et al. 1987 82 
Veale et al. 1990 110 
Wajima 1991 56 

Liver Huber et al. 1988 93 
Kirchheimer et al. 1985 112 
Wojtukiewicz et al. 1990 91 

Table 4. Quantitative assessment of uPA, tPA, PAI-1 and cathepsin D in breast 
cancer tissue extracts 

Antigen Mean SD Median 

uPAa 3.04 (0.25) 2.52 (0.14) 2.38 (0.24) Ilg/mg protein 
tPAa 17.87 (11.03) 21.04 (13.35) 9.39 (6.60) Ilg/mg protein 
PAI-1a 1.75 (0.07) 2.72 (0.08) 1.03 (0.05) Ilg/mg protein 
Cathepsin D 53.52 (11.09) 37.15 (17.34) 44.47 (5.99) p moles/mg protein 

ain the presence of 1 % (v/v) of the nonionic detergent Triton X-lOO [41]. 

Breast cancer (primary tumors; n = 274) in italic; normal breast and benign diseases 
(fibroadenoma, mastopathy; n = 27) in parentheses. 

uPA. The uPA-ELISA detected a statistically significant difference in pro
uP A/uP A content in breast cancer tissue extracts compared with normal 
breast tissue (Table 4) [10, 42, 43]. Breast cancer tissue extracts contained 
about 12 times more pro-uPA/uPA antigen than benign breast tissues. 
PAl -1 and cathepsin D antigen were also elevated (25 times more PAI-1 
and 5 times more cathepsin D). No statistically significant difference 
between tP A antigen in breast cancer tissue and normal tissues was ob
served [10, 42, 43]. Pro-uPA/uPA antigen was also quantified in the plasma 
of breast cancer patients. Again, no statistically significant differences in 
pro-uP A/uPA levels were detected in plasma of patients with primary breast 
cancer, breast cancer patients who developed metastases after surgery of the 
primary tumor and a healthy control group [43]. Elevated levels of uPA 
antigen have also been detected in tumor extracts of other solid tumors 
(Table 3). 
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=:linical Relevance of uP A 

\1easurement of tumor-associated proteases has gained considerable im
)ortance during the past 3 years as it has become evident that, in addition to 
listomorphological features of the tumor and the established markers for 
:ell proliferation, proteases may serve as independent predictors of tumor 
Invasion and metastasis. Such factors are urgently needed to predict the 
:mtcome of the disease, especially in node-negative breast cancer patients. 
Cathepsin D, a lysosomal protease which is produced by many normal cells 
but secreted in excess by breast cancer cells, has been shown in breast 
cancer patients to be a valuable prognostic indicator to predict shorter 
overall survival and higher risk of relapse [33-35]. Likewise, breast cancer 
patients with relatively high pro-uP A/uP A content showed statistically 
significantly shorter relapse-free survival and shorter overall survival than 
those patients having tumors with lower pro-uPA/uP A levels [41, 42, 44, 
45]. Determination of cathepsin D or pro-uP A/uP A content in breast cancer 
tissue extracts does not select the same group of patients, as cathepsin D 
and uPA are not correlated [10, 42]. 

The clinical course of breast cancer disease is associated not only with a 
high content of either cathepsin D or uP A but also with increased PAI-1 
[42]. Patients with high PAI-l antigen content in their primary tumor have a 
significantly higher relapse rate than patients with a low PAI-1 content, 
similar to uPA. We have shown recently that, including uPA and PAI-1 in a 
multivariate analysis, the two factors are of independent prognostic value 
for predicting the outcome of the disease [42]. Moreover, using a combina
tion of both independent factors, uP A and PAl -1, the group of patients at 
high risk for relapse could be divided even further. Patients with tumors 
exhibiting high uPA and high PAI-1 content carry a maximal risk of relapse. 
Thus, by combination of uP A and PAl -1 a more individualized estimation of 
prognosis will become possible in breast cancer patients. In the future this 
may be of great importance for the clinical decision as to whether adjuvant 
chemotherapy should be given or not. In contrast to uPA, tPA is not 
significantly elevated in breast cancer primary tissues and therefore is not an 
indicator of poor prognosis [11, 42, 46]. Nevertheless, determination of tPA 
antigen may serve as an indicator of good prognosis in breast cancer, as tP A 
secretion by tumor cells is modulated by estrogen-mediated stimulation of 
tumor cells. tP A content in breast cancer tissue is thus related to func
tional steroid hormone receptors. For the proteases cathepsin Band Land 
collagenase IV, which are also elevated in breast cancer tissues, no detailed 
clinical studies concerning the course of the disease have yet been published. 
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Introduction 

Considering the therapies which are available today for human gliomas, the 
most promising new developments are to be expected from advances in the 
understanding of glial cell biology together with the technical capacity to 
manipulate cells by biochemical or molecular biological means. Herein, the 
exploration of growth factor pathways that may be deregulated has provided 
new understanding of the disease as well as therapeutic perspectives. The 
concomitant expression of growth factor receptors and secretion of growth 
factors resulting in autocrine self-stimulation of cells, which is frequently 
found in oncology [1,14], is also present in glial tumors and will be presented 
from the neuro-oncological aspect. 

The Role of Growth Factors in Glial Oncology 

Early clinical observations implied a role for growth factors in the biology of 
gliomas. Comparing histology and in vitro behavior of primary cultures of 
anaplastic gliomas and glioblastomas, it was frequently seen that histology 
does not allow the prediction of culture development and dynamics. Two 
glioblastomas which show all the necessary histological hallmarks, such as 
necrosis and endothelial cell proliferation, but behave differently in vitro are 
compared in Fig. 1. Some glioma cultures spontaneously differentiate in 
vitro and others continue to proliferate and finally become established as 
immortal cell lines. Such differences of behavior in vitro must be related to 
the capacity to sustain in vitro a milieu similar to the in vivo situation -
probably by secretion of a complex combination of growth factors. 

The hypothesis of growth factor secretion by glial tumors was first tested 
by adding tumor cyst fluids to primary cultures of gliomas or other indicator 
cell lines. This resulted in a stimulation of cell proliferation in all cases, 
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Fig. 1. Two glioblastomas and the corresponding cell cultures. Upper panel: 
Conventional histology and phase-contrast micrographs of cultured cells and 
immunostainings for glial fibrillary acidic protein (GFAP). This case differentiated in 
culture in both culture conditions and remained unchanged for 2 months . Bottom 
panel: Conventional histology and phase-contrast micrographs of the evolution in cell 
culture together with a GFAP stain in passage 1 

proving that there is active growth factor secretion by tumors in vivo [56]. 
Next the autocrine hypothesis was tested in more stable systems such as cell 
lines. Twenty-four glioma-derived cell lines have been generated in our 
laboratory (Table 1). Twenty of these, including sub lines or lines obtained 
after passage through the nude mouse, were tested for autocrine activation 
by adding conditioned serum-free medium to autologous cultures which had 
just been changed to serum-free medium. Dose-dependent stimulation of 
proliferation was seen in 50% of cell lines, while the others proliferated 
independently, as seen in two representative examples in Fig. 2 [59]. Of 
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Table 1. Growth factors and oncogenes in gliomas 

Growth factor (receptor)" Production by glioma 

EGFffGfa 
EGF-R 
PDGF-A 
PDGF-B 
PDGF-Ra 
PDGF-Rb 
Acidic FGF 
Basic FGF 
FGF-R 
NGF 
NGF-R 

Yes 
Often overexpressed 
Yes 
Often overexpressed 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
?? 

" A hyphenated R designates a receptor. 
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Fig. 2. Two cell lines exemplifying autocrine stimulation (NCE-G96) and 
independence of proliferation from autologous conditioned medium (C-MED; NCE
G22). The cells were seeded at 20000 cells per well and then autologous conditioned 
serum-free medium (Sf-MED) was added in the indicated proportions. The cells 
were then left to grow and counted in a Coulter counter after 3 days 

course, such results have to be interpreted with caution because they were 
obtained in cell lines adapted to the in vitro situation, and the actual 
proportion of cell cultures which are dependent on autocrine growth factor 
secretion may be higher before adaptation. The high proportion, however, 
of cell lines growing "independent" of autocrine growth factor secretion 
indicates that therapeutic strategies aimed at neutralizing this autoregulatory 
pathway may be doomed to failure in a significant proportion of patients. 
This was supported by our findings that the blockade of growth factor 
pathways by suramin, a polyanionic agent (200 Ilg/ml) which prevents 
epidermal growth factor (EGF), fibroblast growth factor (FGF) and platelet
derived growth factor (PDGF) from interacting with the cellular signalling 
mechanisms [16, 20, 30, 44], did so only incompletely in several cell lines 
[58]. 
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Most of the known growth factor systems have been related to glial 
differentiation or the biology of gliomas [57] (Table 2). The systems analyzed 
in greatest depth are those of PDGF, FGF and EGF. In addition, insulin
like growth factors (IGFs) and, recently, nerve growth factor' (NGF) have 
been linked with glial biology. Whereas there are true indications of a 
physiological and pathophysiological role of IGFs in glial development or 
neoplasia, the indications for the involvement of NGF are vague. NGF 
is produced by glioma cell lines (Hamel et aI., unpublished data) but as yet 
there is no evidence that NGF receptors are present or transmit a growth 
stimulatory signal to glial cells. NGF has recently been shown to bind to the 
trk oncogene product which is related to the tyrosine kinase family of 
receptors but there is no evidence of trk expression in gliomas yet. 

Table 2. Clinical data of glioma-derived cell lines 

Cell line Patient's Patient's Histology WHO Location 
(NCE-G) sex age (years) grade 

22 F 56 Anaplastic 3 Medio-occipital 
astrocytoma 

28 M 66 Gliosarcoma 4 Left parietal 
44 F 64 Glioblastoma 4 Left parietal 
55 M 65 Astrocytoma 3 Right occipitoparietal 
59 M 66 Anaplastic 4 Left temporomedial 

astrocytoma 
60 F 68 Anaplastic 4 Right parietotemporal 

oligodendroglioma 
61 M 58 Anaplastic 4 Right temporo-occipital 

astrocytoma 
62 F 4 Glioblastoma 4 Left temporoparietal 
63 M 52 Glioblastoma 4 Right occipitoparietal 
84 F 47 Anaplastic fibrillary 3 Left temporoparietal 
96 F 9 Anaplastic 4 Left frontal 

astrocytoma 
111 F 47 Glioblastoma 4 Left temporoparietal 
112 M 51 Glioblastoma 4 Right temporal 
118 F 54 Glioblastoma 4 Right frontal 
120 M 59 Glioblastoma 4 Left temporoparietal 
121 F 53 Glioblastoma, 4 Left occipitoparietal 

recurrent 
122 M 50 Glioblastoma 4 Right frontal 
123 M 68 Glioblastoma 4 Left parieto-occipital 
124 M 58 Anaplastic 4 Right temporal 

astrocytoma 
130 M 51 Anaplastic 4 Right temporal 
140 M 59 Glioblastoma 4 Right occipital 
141 M 52 Glioblastoma 4 Left frontal 
142 M 58 Glioblastoma 4 Left temporal 
167 M 50 Anaplastic 4 Right parietal 

astrocytoma 
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PDGFs are growth factors which have been shown to promote division of 
glial precursor cells during development and are responsible for determina
tion of differentiation pathways or lineage selection of glial cells [40, 41]. 
PDGFs are made by gliomas, as are their receptors (PDGF-R). All possible 
forms of dimers between the A and B chains have been demonstrated in cell 
lines, and likewise expression of both genes has been seen [28]. PDGFs 
and PDGF-R constitute a strong autocrine loop but there are differences 
between the AA homodimer, on the one hand and the AB heterodimer 
and the BB-form, on the other, with the AA homodimer being a weaker 
mitogen [27]. Recent findings demonstrated correspondingly different forms 
of PDGF-R, an alpha and a beta form. Using molecular probes and in 
situ hybridization it appears, in original tumor tissues, as if the glial cells 
preferentially make PDGF-AA whereas the hyperplastic endothelial cells 
make PDGF-BB. The PDGF-AA produced by glioma cells interacts only 
with the A-type receptor, also located on the glioma cells. The PDGF
B type receptor, however, binds all forms of PDGF, is found on the 
endothelial cells and is suspected to be crucial for neovascularization. Thus, 
there may be two separate loops for the PDGF system within one tumor, as 
supected from in situ hybridization results (M. Nister, Asilomar conference 
communication). If this holds true, the in situ results are in contrast to in 
vitro results from cell cultures, in which binding of all forms of PDGFs could 
be found to cultured glioma cells. In this context we looked at gene expres
sion of the two different PDGF receptors in our cell lines using northern 
blots and found that they are not made in parallel and also with great 
differences in quantity (Fig. 3). 

The basic and acidic FGFs are of well-established relevance in glioma 
biology [10, 26, 48]. The factors have been shown to be produced, although 
there is no clear evidence for secretion as there is no appropriate signal 
peptide. However, it is speculated that secretion is accomplished by com
plexing of the FGFs to components of the extracellular matrix. From such a 
reservoir it might be released by proteolysis, but one must accepted that 
there is no primary role of FGFs as secreted, autocrine growth factors. 
Firm evidence has been produced for a role of at least acidic FGF in neo
vascularization. In develop metal biology, an immortalizing action of basic 
FGF on glial precursor cells together with PDGF has been observed [3]. 

The other growth factor system which has been equally extensively 
described is the EGF/EGF-R complex. Secretion of transforming growth 
factor alpha (TGFu), a homologue to EGF, is frequently seen in neoplasia 
and has also been firmly established for gliomas [28, 42]. Secretion of EGF 
is negligible. This became an interesting finding together with the fact that 
the corresponding receptor for both peptides, EGF-R, is often overexpressed 
in gliomas, a finding recorded in original tumor specimens [22, 49]. This 
overexpression was found to be due to gene amplification or gene rearrange
ments [2, 22]. In the meantime it has been established that EGF-R over
expression is a constant finding in about 50% of high-grade gliomas. The 
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Fig. 3. Platelet-derived growth factor receptor gene expression analyzed by northern 
blot. Using probes for the PDGFu receptor, PDGFp receptor and c-erb-B2 (HER-
2), results with different cell lines (Table 1) are shown, indicating that the levels of 
expression differ among the cell lines. Only one cell line shown (underlined) is 
negative for gene expression of the PDGFu receptor. Those not marked turned out 
to have a weak signal after longer exposure (not shown). Equal amounts of RNA 
based on actin probing were loaded 

gene for EGF-R is located on chromosome 7 and numerical increase lias 
become an accepted cytogenetic feature of glioblastoma [15] (Fig. 4). For 
reasons of completeness it needs to be mentioned that the gene for the 
PDGF A chain is also located on chromosome 7 [45]. 

EGF has a broad spectrum of effects on glial cells as well as glioma cells. 
It regulates differentiation, proliferation and migration [7, 23, 43, 53]. From 
our own experiments and the reports of others we have to conclude that 
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Fig. 4. Karyotype of human glioblastoma cell obtained by G-banding technique after 
2 weeks in culture. The typical numeric increase of chromosome 7 (box) as well as 
characteristic losses of chromosomes 9, 10 and 13 is seen, together with several other 
random aberrations which are not derivatized in detail 

EGF is not as strong a mitogen for glioma cells in culture as are the FGFs or 
PDGFs [55]. Nevertheless, overexpression of EGF-R is a strikingly constant 
feature and must serve a function even if it is not yet clear what that 
function is. 

One of the first questions arising in this context is the possible molecular 
mechanism for gene activation and/or overexpression. Chromosomal trans
locations have been shown to cause oncogene activation [13], and genomic 
rearrangement and gene amplification have been shown for the EGF-R gene 
in a high proportion of gliomas in early studies. In later studies this could 
not be confirmed to occur as frequently as suspected, and it is usually not 
seen in cell lines. In our own series we looked at genomic rearrangement 
with Southern blots but found no restriction fragment size heterogeneities 
(Fig. 5B), indicating that the gene is most likely not expressed due to 
relocation to another transcriptional control unit within the genome. The 
analysis of the EGF-R protein, however, has revealed many anomalies, 
some of which may well be related to prolonged half-life or decreased rate 
of internalization and therefore less degradation. These mutants, which have 
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been found by the analysis of the EGF-R gene transcripts, can affect the 
extracellular domain with or without alteration of ligand binding, as well as 
all other domains of the molecule [17, 47]. Mutants affecting the extracellular 
domain, e.g., the frequently found mutant with a deletion of 801 bases 
in the region coding for a part of the extracellular domain which is not 
involved in ligand binding [47], even provide a unique site of antigenicity 
ideal for drug targeting with monoclonal antibodies. Mutants affecting the 
intracellular kinase domain may, through constitutive kinase activation, be 
of transforming character [11]. Altogether these alterations show remark
able structural and functional diversity. They were detectable only after 
gene-transcript analysis became available, because previously the only 
known variation of the EGF-R was a truncated molecule secreted by A431 
cells [51]. Our own studies with affinity cross-linking using disuccinimidyl 
suberate only revealed molecular species of 170000 Da [54]. The diversity of 
mutations of the EGF-R implies that it is difficult to relate the origin of 
glioblastoma to a specific mutation within the EGF-R gene. The assessment 
of the relevance of EGF-R is further complicated by the finding of clonal 
heterogeneity of EGF-R expression within one tumor as well as differences 
of expression between individual tumors. It is certain, however, that the 
EGF-R expression is associated with higher histological grade and persistent 
proliferation in tissue culture, as we observed a loss of EGF-R in those 
cultures that ceased to proliferate after weeks or months [54]. 

Another oncogene-related molecule has been found to be of close 
similarity to the EGF-R. The product of the c-erb-B2 (HER-2) gene was 
also assumed to be an EGF-R binding protein, but mean while a specific 
ligand for the molecule has been isolated and completely described (H.M. 
Shepard, personal communication). It appears to be of relevance in other 
tumors such as mammary carcinoma and ovarian cancer but has only recently 
been analyzed in gliomas. When FACS data for EGF-R and HER-2 on cells 
from glioma cell lines are compared it appears that there is an inverse 
correlation, as has been shown for the two molecules in the other cancers. 
Overall, HER-2 expression was much rarer in glioma cell lines than the 
expression of EGF, but it was clearly demonstrable in some cases (Fig. 5). 
It was also of interest to see that all cell lines expressed HER-2 on the 
mRNA level but that not all cells were positive at the protein level, hint
ing at possible intrac€llular control mechanisms though sequestration or 
degradation. 

With the fact becoming accepted that the EGF/TGFa and EGF-R system 
may not be as crucial for proliferation in gliomas as other growth factor 
systems, interest has shifted towards the analysis of EGF/EGF-R in migra
tion or tumor invasion. Especially in the context of malignant gliomas this is 
very relevant, because any therapy comprising a local component such as 
topical application of immunotoxins, cytotoxins or cytokines is hampered by 
the fact that glioma cells migrate readily through the brain and can be found 
many centimeters away from the original site of the lesion [4]. It would thus 
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Fig,S. Left: Detection of EGF-R and the c-erb-B2 (HER-2) expression on the cell 
surface by staining with monoclonal antibodies and subsequent analysis by 
fluorescence-activated cell separation (FACS). With cell line SK-Br-3 as reference, 
three different glioma cell lines (Table 1) were analyzed and showed relatively high 
expression of both receptors (NCE-GI22 and NCE-GI42) or only of EGF-R (NCE
G61). Right: Southern blot of genomic DNA isolated from 12 glioma cell lines, 
digested with EcoRI and probed with a cDNA recognizing c-erb-Bl 

be attractive to find mediators for the migratory activity, and EGF has 
already shown in early experiments that it might be of relevance in this 
respect to glia cells [53]. To study this aspect, multicellular spheroids are 
useful tools, and standardized migration assays have been developed [23]. 
Advantage is taken of the spontaneous formation of spheroids by cultured 
cells after they are placed on top of soft agar. These spheroids can be placed 
into culture dishes where they attach and can be treated with individual 
growth factors. In such an assay it could again be demonstrated that the 
response of individual cell lines to growth factors is as heterogeneous as it is 
in respect to proliferation (Fig. 6). However, it has become apparent that 
EGF is much more constantly efficacious in stimulating migration than 
in stimulating proliferation, and in the former activity it may match the 
importance of PDGF and the FGFs. 

There is no doubt that growth factors are relevant to the pathophysiology 
of gliomas. They serve an autostimulatory purpose and mediate migration 
signals as well. However, from experiments with antagonization of individ
ual growth factors as well as whole growth factor systems it appears as if the 
growth factors are not the transforming agents themselves. The addition of 
suramin for example, a substance which blocks the action of EGF, FGFs 
and PDGFs, is not sufficient to reverse the transformed phenotype or even 
inhibit proliferation [58]. Rather, it appears that the growth factors serve a 
role which is appropriate to the cellular program that is enacted at the time 
when a transforming event takes place in a cell. There is a great diversity 
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Fig. 6. The effect of growth factors (E, EGF 10-6 M; F, FGF 80pg/ml; P, PDGF
AA 4 nM) on cell migration was tested in multicellular spheroids which were 
maintained in serum-free culture and assessed after 4 days of culture. Top, Spheroids 
from cell line NCE-G61; bottom, spheroids from cell line NCE-G96 
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of transforming processes, as had to be expected on the basis of clinical 
experience. 

The Genetics of Glioma and the Role of Suppressor Genes 

From daily clinical experience it is evident that glioblastoma, the most 
malignant form of glioma, arises either de novo with no sign of preexisting 
disease or will slowly develop from a low-grade lesion within a matter of 
years (Fig. 7). Thus two genetic mechanisms may be postulated: deregula
tion of a very fundamental cellular regulating gene and sequential loss of 
control mechanisms together with the acquisition of advantageous genes. 
Analyzing the genetic aberrations which have been shown to be involved in 
glioma development and progression, both components appear to be equally 
important: amplification and overexpression of advantageous genes and loss 
of control or "suppressor" genes [1, 52]. 

The only oncogene of which overexpression has been clearly shown to be 
associated with the development of brain tumors is the v-sis gene that 
encodes a PDGF-B like molecule and is homologous to the cellular c-sis [6]. 
FGF had to be modified to carry a signal peptide for secretion but then was 
able to tranform cells in culture. The EGF-R gene itself, when transfected 
as wild type into cultured cells, causes an EGFITGFa-dependent trans
formation, in contrast to some of the deletion mutants which are constitu
tively activated. Overexpression of the EGF-R wild-type without constant 
stimulation by exogenous EGF appears to be without transforming effect 
[11, 46]. Thus, the focus of attention is shifting towards the suppressor 
genes, which have been shown to give clues in many types of neoplasia. 

Loss of genetic information or mutations in control genes have been 
shown to be related to many tumors. Retinoblastoma is a classic case in 
which the loss of a gene on chromosome 13 is related to the familial form of 
the disease [8, 21]. The corresponding gene product, named pRB, is thought 
to take part in the regulation of gene transcription through interaction with 
transcription factors and probably serves as a fundamental nuclear regulator 
[5]. Another gene, located on chromosome 17p, has been shown to be 
frequently mutated or lost in cancer and is called the p53 gene as it encodes 
a protein of a molecular mass of 53 kDa, p53. 

As far as gliomas are concerned, loss of heterozygosity for loci on 
chromosome 17p, indicating allelic loss, have been demonstrated [9, 18], as 
have frequent losses on chromosome 9 possibly involving the interferon 
genes [19]. The 17p alterations can be found very early in the glioma disease 
and can be detected in low-grade gliomas. Deletions of the interferon genes, 
however, are closely associated with the more anaplastic varieties. During 
progression to the rapidly recurring, highly malignant variants a very specific 
allelic loss of chromosome 10, which mayor may not be associated with 
amplification of the EGF-R gene, is found [25]. Loss of chromosome 10 is 



Fig. 7a,b. Series of computed 
tomography studies from two 
patients illustrated the 
different clinical courses of 
glioma. a A 50-year-old man 
had an investigation (top) 
because of recurrent episodes 
of sudden deafness; the 
findings were normal. Scans 
taken 6 months later because 
of dizziness and drowsiness 
(bottom) showed a tumor 
which turned out to be 
glioblastoma. b The slow 
progression of a glioma in a 
young woman, beginning as a 
low-grade lesion in 1985 (top) 
and 1987 (middle) and 
progressing to anaplastic 
glioma by 1991 (bottom) 
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also present in the primary glioblastomas which occur in the absence of 
symptoms for preexisting low-grade disease. 

Mutations of p53 leading to loss of function of this gene are related to 
the loss of genetic information on chromosome 17p and are thus found 
frequently in gliomas [29]. There appears to be a whole range of possible 
point mutations, and most of these lead to an increased half-life of the 
molecule, which may be useful for detection as discussed in the legend 
to figure 8 (Fig. 8). Such analysis, however, has to be compl~mented by 
further gene analysis because a positive immunostaining may be decep
tive (Fig. 8). We have so far analyzed only our cell lines, but these show 
mutations in 30% of cases and complete loss of detectable protein. also 
in 30%, a higher incidence than in cell lines derived from other types of 
tissues. The pRB gene is also lost in many gliomas, but only in high-grade 
tumors [50] (W. Hamel, unpublished observations). This holds true in cell 
lines as well as in primary samples, thus making it less likely that the loss is 
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Fig. 8. Left: Immunofluorescence of two glioma cell lines after staining with mono
clonal antibody PAb1801. The nuclear staining of NCE-G96 (top) which has no 
mutation in the highly conserved regions of the p53 gene is comparable to the 
staining of NCE-G59 (below) which bears a point mutation at codon 273 leading to 
an amino acid exchange. Right: Such findings are complemented by immunoblot 
experiments. Immunoprecipitation was done using PAbI801. The precipitates were 
separated on a SDS-PAGE gel and transferred to nitrocellulose. The detection was 
achieved using a rabbit anti-p53 antiserum and a radioactive second antibody against 
rabbit IgG. Three types of signal were obtained and can be compared with the 
control cell lines SV-80 (positive control) and SAOS-2 (negative control). Cells 
showing an intense signal are suspicious of being mutant for p53 and it is tempting to 
declare cell lines exhibiting weaker signals wild type. In this example both is equally 
deceptive as mutations were found in NCE-G112, NCE-GI23 and NCE-G59 but not 
in NCE-G96. The negative lanes indeed indicate either that these cells have lost the 
p53 gene completely or that the molecule is mutated beyond recognition of the 
antibody (NCE-G44) and (NCE-GI20) 
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due to cell culture adaptation. It thus appears that losses of cellular control 
or "suppressor" genes are frequent in gliomas and occur independently 
from each other, as only one cell line (NCE-G 130) has lost function of both 
genes, at least when analyzed on the protein level. 

Perspectives 

While the description of the growth factor pathways has contributed greatly 
to our biological understanding of the glioma disease, little has emerged that 
is of use for therapeutic purposes. The overexpression of EGF-R may 
provide a target molecule for monoclonal antibody therapies [12], which 
might even become highly specific when directed against glioma-associated 
mutants. The antibodies may then be used to shuttle interfering substances 
to the tumor. We believe that growth factors are epiphenomenal to a 
superimposed program brought on by an elementary transforming event 
such as loss of function of a suppressor gene such as p53, RB or the gene yet 
to be identified on chromosome 10. It will be very tempting to replace 
defective genes such as the suppressor genes [24] by whatever means may 
become available for gene transfer. 
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Introduction 

The detection of the amplification of the oncogene HER-2/Neu/c-ERB-B2, 
henceforth referred to simply as "ERB-B2," is gaining in importance in 
the prognosis and therapy of mammary carcinoma. This paper will review 
various possible methods of detection at DNA, mRNA and protein levels 
from the viewpoint of the clinically active oncologist and assess the value of 
such detection in the areas of diagnosis and therapy. 

The results of investigations carried out by a joint working group from 
the Department of Obstetrics and Gynecology and the Institute of Human 
Genetics at the University of Hamburg as well as those of other groups are 
taken into account. 

Methods of Detection 

ERB-B2 can be detected in multiple normal tissues. A number of adeno
carcinomas in various organ systems, including the breast, show amplifica
tion of this particular oncogene. If amplification is present, it is always fre
quently associated with overexpression at the mRNA level (van de Vijver et al. 
1987; Kraus et al. 1987). At the same time, in the presence of amplification 
at the DNA level and overexpression at the mRNA level, the ERB-B2 
protein shows an increase (Mori et al. 1987). Numerous molecular biological 
and, subsequent to the development of antibodies against the ERB-B2 
protein, immunohistochemical methods are today available for assessing the 
clinical relevance of ERB-B2 amplification. Blotting procedures, however, 
whether Southern, Northern or Western blots, are not suitable for routine 
methods from the clinical viewpoint due to the instrumentation required and 
the extensive work involved in carrying out individual analyses. Bearing in 
mind that analyses carried out for the purpose of establishing a prognosis 
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should involve the consequent testing of all tumor tissue, whether primary 
or metastatic, such methods, which also require substantial quantities of 
tissue, are not suitable. Consequently, studies presented to date with these 
techniques have been based on relatively small patient groups with different 
bases either in respect of the tumour status or the therapy involved. 
Immunohistochemical methods could well represent a solution to this prob
lem, especially as such techniques can be carried out for patients with long 
follow-up periods on formalin-fixed mounted tissue specimens. 

A significant number of monoclonal and polyclonal antibodies capable of 
reacting with ERB-B2 protein have been produced (e.g., Gullick et al. 1987; 
Mori et al. 1987; Musoko et al. 1989). On assessing the analyses carried out 
in formalin-fixed, paraffin-mounted specimens, ERB-B2 protein staining can 
be found only in tissue showing ERB-B2 gene amplification. Tumours with 
a normal number of ERB-B2 gene copies show no staining. In the case of 
frozen specimens, however, membrane staining can be observed in specimens 
with normal gene copy characteristics (Slamon et al. 1989). The interpreta
tion of the staining with respect to clinical relevance is thus dependent on 
the technique employed. Weighing the clinical relevance of the technique 
presented a major point in the characterization of an acceptable border
line between so-called positive and negative results as required by the 
clinician. 

Besides difficulties due to heterogeneity especially known for breast 
cancer, the term amplification demonstrates this problem. 

ERB-B2 Amplification and Prognosis 

Since the first report by Slamon et al. (1987) on the relevance of ERB-B2 
amplification for the prognosis of primary mammary carcinoma, numerous 
additional publications have appeared. The significant interest in this aspect 
is due to the problems involved in the treatment of primary carcinoma 
subsequent to surgery. 

Based on a meta-analysis of currently more than 100,000 patients with 
surveillance times up to 10 years, we now know that adjuvant systemic 
therapy can result in a reduction in mortality and a prolongation of the 
recurrence-free state. 

Figure 1 shows the progress that can currently be achieved through 
adjuvant systemic therapy. Dependent on the most important prognosis 
factor in primary nonmetastasizing carcinoma - involvement of the axillary 
lymph nodes - there is a curative rate of about 70% in node-negative and 
30% in node-positive patients after 10 years in those patients not treated 
systemically. The remaining 30% of node-negative and 70% node-positive 
patients presumably died within 10 years due to recurrence. If the whole 
group of node-negative and node-positive patients were to be treated, 
an effectiveness of adjuvant systemic therapy, whether hormone or chemo-
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therapy, in one in five cases, i.e., 20% could be assumed. Therapy would 
be meaningless in 80% of such cases. Thus, a "cure" through adjuvant 
therapy could, depending on the nodal status, be expected in 6% of node
negative patients and 14% of node-positive patients. Consequently, assum
ing that the whole patient group were treated, 94 of 100 node-negative 
patients would have been treated in vain, as they would still have suffered 
recurrence, or the treatment would have been in vain, as they would have 
been cured in any case without treatment. Therefore, the aim of the inves
tigation for characterizing the primary tumor is to define the patient group 
that is to be treated. 

Currently it is thought that all node-positive patients should be treated, 
whereas the situation regarding node-negative patients is somewhat 
problematic. Therapy currently recommended for both groups is illustrated 
in Table 1. In characterizing low-risk and high-risk situations, prognosis 
factors are taken into account; these include morphological criteria such as 
tumor type and size, various types of receptors - in particular the EGF 

Table 1. Consensus statement on the adjuvant therapy of 
lymph node-negative and lymph node-positive breast 
cancer. St. Gallen 1992 

Node negative High risk ER - High risk ER + 

Premenopause CHT CHT +/- TAM 
Postmenopause CHT +/- TAM TAM +/- CHT 
Senium TAM (CHT?) TAM 

Node positive ER- ER+ 

Premenopause CHT CHT +/- TAM 
Postmenopause CHT +/- TAM TAM +/- CHT 
Senium CHT (?) TAM 

CHT, chemotherapy; TAM, tamoxifen; ER, estrogen 
receptor. 
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receptor which shows a certain homology with the ERB-B2 protein - as well 
as proliferation parameters like, for example, the S-phase fraction or the 
ploidy status. 

ERB-B2 amplification and overexpression along with other parameters 
are also taken into account today. 

In order to clarify the relevance of ERB-B2 amplification, our group 
carried out Southern blot analyses on 197 patients with primary mammary 
carcinoma and compared the results with various other prognosis parameters. 

Some 21.5% of the tissue specimens investigated showed ERB-B2 
amplification. In respect of nodal status, an amplification of 15.9% was 
established in the case of node-negative patients in contrast to 25.7% in the 
case of node-positive patients (p = 0.259). 

Correlation was also established with the number of affected lymph 
nodes. Patients with a low axillary tumor burden of one to three lymph 
nodes exhibited lower amplification than patients with a high number of 
axillary lymph node metastases. A certain relationship was also established 
with the receptor status; estrogen receptor-negative patients with unfavor
able Prognosis exhibited gene amplification more frequently than their 
receptor-positive counterparts. This was particularly the case for the 
progesterone receptor. Histological grading, also a well-known prognosis 
parameter, showed the highest degree of significance with respect to ERB
B2 amplification. On comparing grade I and II tumors with those of grade 
III, an amplification of 15% was established in contrast to 27.9% for gra:de 
III (p = 0.085). No correlation was established with the tumor size, also a 
prognosis parameter. 

On the basis of the examples given, correlation was established between 
ERB-B2 and other prognosis factors. The Kaplan-Meyer estimate with 
regard to the free interval is illustrated in Fig. 3. According to this, patients 
with ERB-B2-amplified tumors have significantly shorter free intervals, 
based on a monitoring period of 15-52 months (median 30 months). This 
result is in accordance with other studies. 

The most important publications of these on node-negative tumors are 
summarized in Table 2. Further investigations using larger patient groups 
undergoing uniform subsequent treatment, and in particular investigations 
on node-negative patients will be necessary to enable final conclusions to be 
drawn on the relevance of ERB-B2 amplification in respect of prognosis. 
Retrospective investigations using immunohistochemistry show, however, 
that ERB-B2 amplification is relevant in prognosis. 

Apart from the relevance in prognosis, there is an interesting correlation 
between amplification and localization of metastasis. In our 197 patients, a 
different organ distribution in relation to amplification status was established. 
As shown in Table 3, visceral metastasis was found more frequently in ERB
B2-positive patients. Liver metastasis was particularly and significantly 
prevalent. This observation has in the meantime also been confirmed by 
other groups (KaUioliemi et al. 1991). 
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[,able 2. ERB-B2 amplification in node-negative patients 
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Table 3. Sites of recurrence by c-erb-B2-amplification status 

Site c-erb-B2 positive c-erb-B2 negative p Value 
(n = 26) (n = 42) 

n % n % 

Brain 3 11.5 4 9.3 n.s. 
Liver 11 42.3 5 11.9 0.02 
Lung 9 34.6 11 25.6 n.s. 
Other viscera 2 7.7 3 7.0 n.s. 
Bone 11 42.3 23 55.8 n.s. 
Soft tissue 11 42.3 18 39.1 n.s. 
Multiple sites 13 50 21 48.8 n.s. 

n.s., not significant. 

The prognostic relevance of ERB-B2 amplification is thus possibly not 
only characterized by increased cell proliferation but also by the prevalence 
of unfavorable localization of metastasis. 

ERB-B2 amplification can hence be employed in deciding whether to use 
adjuvant therapy or not in the case of primary tumors. However, in cases of 
metastasis, ERB-B2 amplification currently cannot be employed in deciding 
whether to use chemotherapy or hormone therapy. 
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Introduction 

The growth of nOfmal and neoplastic cells is generally believed to depend o n 
a concerted regulation of growth factor signals which are mediated via 
specific membrane receptors to the nuclear target st ructures. The family 
of growth factor receptors is divided into subgro ups according to their 
functional and structural domains (review: [1 3]). Three very closely related 
members of the tyrosine kinase subgroup are the epidermal growth factor 
receptor, EGF-R/erb-81 with transforming growth factor alpha (TGF-a) and 
EGF as ligands [12], the related erb-B2/c-neu receptor with one candidate 
ligand [10] and the recently descirbed erb-B3 receptor with no known ligand 
[8]. Despite the important progress in our knowledge , which has been based 
on structural analyses after cloning the respective genes, the regulation and 
the interdependent activities of these signal-transducing cellular compounds 
remai n to be full y characterized. Within the concert of signals triggering 
cellular growth and differentiation , lymphokines and interleukins - produced 
predominantl y, but not exclusively, by hematopoietic cells - are thought to 
playa major role. The network of cytokines (review: [11) comprises factors 
like tumor necrosis factor alpha (TNF-a) and Iymphotoxin (LT or TNF-P) 
which were originally thought to play a key role in the body's defense 
against transformed cells, but whose pluripotent activities are now becoming 
more and more evident [3]. 

We became interested in the influences of cytokines on epithelial cells 
when we started to work on the growth regulation of gastrointestinal and 
particularly pancreatic cancer , aiming to establish a better basis for thera
peutic efforts. This paper will present some of our recent data on the 
expression of the EGF receptor (EGF-R/erb-BI) and the related erb-B2/c
neu receptor in the pancreas and we will further ~escribe the regulation o f 
the corresponding mRNA and protein expression after treating tumor cells 
with TNF or other cytokines as shown in Fig. 1. 

WagcncrlNeumanli (Eds. ) 
Molecular diagnostics of Cancer 
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'p"ha al tumot cell Fig. 1 

Results and Discussion 

Immunoperoxidase staining of acetone-fixed cryosections from human 
pancreatic tissues with antibodies specific for EGF-R/erb-Bl or erb-B2 
respectively showed a high percentage of positivity for both growth factor
receptors in tumor specimen (Table 1). Using three different monoclonal 
antibodies (mabs) specific for erb-B2 in parallel, over 50% of pancreatic 
adenocarcinomas revealed cytoplasmic and/or membrane staining confined 
to the ductal cells. Based on comparisons with similarly processed breast 
tumor tissue, which reacted much more strongly, no indication for a high 
gene amplification rate in pancreatic tumors was found. This finding concurs 
with the results of Southern blot analyses of nine pancreatic tumor cell 
lines with one amplified sample only. In an independent set of specimens 
tested with anti-EGF-receptor mab 425, a comparable range of positive 
staining was found in the analyzed panel of tumor tissues. No correla
tion with the differentiation grade of the adenocarcinomas was found, as 
described previously [7]; however, the proportion of positive samples is 

Table 1. Immunoperoxidase staining of pancreatic tissues 
with erb-B2- and EGF-R-specific monoclonal antibodies 

Tissue type 

Adenocarcinoma 
Chronic pancreatitis 
Normal pancreas 

erb-B2/c-neu 

6111 (54%) 
1/6 (17%) 
117 (14%) 

erb-BlIEGF-R 

11/21 (52%) 
5/12(42%) 
0/14 (0%) 

The three monoclonal antibodies (TA I, CB 11, anti-c
neu/Ab2) which were used for erb-B2 immunostaining 
showed similar staining patterns and intensities. The 
respective results are not discriminated here. Staining was 
restricted to ductal cells. Staining of the EGF-R was 
achieved by mab 425 (Merck, Darmstadt); only strong 
staining was scored positive. 
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likely to be underestimated, because another mab (kindly provided by W. 
Weber, Hamburg) gave even stronger staining of some frozen sections. 
Normal pancreatic duct cells failed to show significant immunostaining 
for either receptor. EGF-R and erb-B2 were also expressed in chronic 
pancreatitis tissue, albeit less frequently and mostly with lower intensity. 
The results obtained with nonmalignant tissue specimens suggest that these 
growth factor receptors may be involved in proliferative responses of ductal 
epithelial cells to monocytic or lymphocytic infiltration during local 
inflammation. 

In order to establish an in vitro system for studying the regulation of both 
receptors in response to cytokine treatment of tumor cells, we first decided 
to investigate a panel of pancreatic tumor cell lines, some of which had been 
established in our laboratory from primary cultures. The results of the 
analyses of protein and mRNA expression are summarized in Table 2: 11112 
were positive for erb-B2 protein, 7/9 for the respective mRNA, with fairly 

Table 2. Immunoperoxidase staining of tumor cell lines 
with erb-B2- and EGF-R-specific monoclonal antibodies 
and comparison with northern blot analyses 

Cell line 

PancTu I 
Panc Tu II 
QGP-1 
Colo 357 
HPAF 
Capan 1 
Capan 2 
SW850 
SW979 
818-1 
818-4 
818-7 
PT45-P1 

erb-B2/c-neu 
Protein mRNA 

+/++ ++ 
+1+-
+ n.d. 
± -(++: pA+) 
+ + 
+ ±(+: pA+) 
+ n.d. 

+ (±: pA+) 
+1++ (+: pA+) 
+/++ (+/++: pA+) 
+ n.d. 
n.d. (+: pA+) 

EGF-R/erb-B1 
Protein mRNA 

+ +/-
+/++ n.d. 
++ n.d. 
± + 
+ 
+ +/-
++ + 
n.d. +/-
+/± ++ 
+ + 
+/++ + 
+ ++ 
+ + 

The relative intensities of increasing membrane positivity 
after immunoperoxidase staining are indicated as -, ±, 
+ or + +, with / indicating heterogenous staining. The 
antibodies used for the receptor protein determination 
are described in the footnote to Table 1. The results of 
northern blot analyses with total (20 Jlg) or poly A + 
RNA (pA +) are also given in relative intensities. n.d., 
not done. The DNA probes used were a 714-bp BamHII 
EcoRI human cDNA fragment of the cerb-B2 Amprobe 
(Amersham, Braunschweig) and a 760-bp EcoRI human 
DNA fragment derived from a A431 cDNA libary (kindly 
donated by W. Weber, Hamburg). Northern blotting was 
performed as described previously [5]. 
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A B1B - 4 Pancreatic Cancer Cells 

E G F - R m RNA: Cytokine modulation (72 hrs ) 
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Fig. 2. Expression of EGF-R mRNA after cytokine treatment. Total RNA (20llg 
per lane) was subjected to northern blot hybridization. Ethidium bromide staining or 
hybridization with a constitutively expressed c-raf-l probe served as control for 
loading of gels. Transcript sizes (here 10.5 kb) were determined from an RNA ladder 
(BRL) 

good agreement at both levels. In contrast to the EGF-R mRNA levels 
detected by northern blot analyses of 20 Ilg total RNA, we found polyA + 

RNA enrichment to be necessary for the detection of erb-B2 mRNA in 
many cases. The expression of EGF-R mRNA and protein accompanied the 
expression of erb-B2 in the vast majority of cell lines tested. Compared to 
the overall 50% of receptor-expressing tissue specimens, this finding may 
indicate an additional in vitro growth advantage and/or selection mode for 
these two receptor systems. 

The pancreatic tumor cell line A818-4 was used for further studies on the 
regulation of growth factor receptors by cytokines. Northern blot analyses 
revealed a dose-dependent increase of EGF-R mRNA levels in TNF-a- or 
TNF-fJ-treated cells but not in interferon gamma (IFN-y)-treated cells (Fig. 
2). The effect of TNF-a was studied on a broader panel of cell lines, 
extending the observation of EGF-R upregulation to all pancreatic cell lines 
investigated (n = 6). Moreover, one of the corresponding ligands, TGF-a, 
was not only constitutively expressed, but also upregulated upon TNF 
treatment in all cell lines (Fig. 3). To extend the findings to the protein 
level, we investigated the TNF-mediated upregulation of the EGF receptor 
by FACS analyses (Fig. 4). The three cell lines studied revealed a significant 
increase in EGF-R binding sites for mab 425 upon cytokine treatment of the 
cells for 48 h. Further quantitative analyses showed TNF to be sufficient for 
an up to 4.5-fold increase in EGF binding sites on A818-4 cells. The 
mechanism of this TNF effect with respect to signal transduction pathways 
and protein synthesis dependency will be described elsewhere in detail 
(Schmiegel et aI., manuscript in preparation). As many of the cell lines 
coexpressed EGF-R and erb-B2 mRNA, we wanted to know whether these 



Cytokine-Mediated EGF-R in Pancreatic Tumors 179 

TNF-cr 

TGF - a: 

Ethidium 
bromide 

.-
I 

co .-
co 
-+ 

r-
I c:: 

0 co .-
co 3: 

- + - + 

N 
<::> c: .-t 
Lon u.. I co c « 
3: c.. a. co 

c .-
VI u :c co 

- + - + -+ - + 

-4.5kb 

- 285 

- 185 

Fig. 3. Expression of TGF-a mRNA after TNF treatment of various tumor cells. 
RNA was isolated from pancreatic (WIDR: colorectal) cancer cells after treatment 
with 1000 U Iml TNF for 48 h. For northern blotting see legend of Fig. 1 
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Fig. 4. Expression of EGF-R protein in pancreatic tumor cells after cvtokine 
treatment. Tumor cells were treated with cytokines for 48 h (U/ml as indicated). 
After mild trypzinisation, cells were incubated with mab 425, followed by indirect 
FITC staining and F ACS analyses 

two closely related growth factor receptors are identically regulated via 
cytokines. To our surprise, a time course experiment with RNA isolated 
from TNF-treated A818-4 revealed a TNF-induced decrease of erb-B2 
mRNA on northern blots (Fig. 5). Interestingly, this decrease was followed 
by a reduction in c-myc mRNA levels, suggesting high levels of erb-B2 to 
positively influence the growth of these pancreatic tumor cells. As the 
former northern blot was done with cytoplasmic RNA, we tested a total 
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Fig. S. Expression of erb-B2/c-neu mRNA in TNF-treated tumor cells. Total 
cytoplasmic RNA was isolated from cells which were grown in the presence. of 
1000 Vlml for the indicated periods of time. Northern blot was rehybridized with a 
c-myc probe, indicating a downregulation of this oncogene after a transient 
(maximum at 2h) TNF-induced increase (note the reduced amount of RNA from 
untreated cells in the left lane) 

RNA-containing northern blot with both receptor probes in parallel (Fig. 
6). Again, a striking inverse relation of both mRNA levels was observed: 
EGF-R mRNA was upregulated 4 h after TNF-incubation of cells, and 
downregulation of erb-B2 mRNA started at the same time. Moreover, 
coincubation of A818-4 cells with TNF and the protein synthesis inhibitor 
cycloheximide (CHX), revealed that both effects are dependent on de novo 
protein synthesis, as they could be blocked by CHX. Reprobing of the 
northern blot with a c-raf-l probe served as a control for loading of the gel 
with 20 Ilg of total RNA per lane. The striking effects of TNF on these two 
growth factor receptors was confirmed by another independent experiment, 
where TNF was shown to be superior to IFN-y and a combination of TNF 
with IFN; TNF-a was substitutable by TNF-p. As mentioned above for the 
EGF-R protein, we also studied the levels of erb-B2-encoded protein after 
TNF treatment of pancreatic tumor cells. These studies were performed 
using a novel enzyme immunoassay and, as shown in Fig. 7, a dose
dependent decrease of erb-B2 protein in cellular extracts of A818-4 cells was 
detected 36 h after addition of TNF. Taken together, all assays performed so 
far undoubtedly unveil an inverse TNF-induced regulation of the two closely 
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Fig. 6. Inverse regulation of erbB-2- and EGF-R-mRNA by TNF. An amount of 
1000U/ml TNF was used in this time course experiment. RNA in the right lane was 
isolated from cells which were co-incubated with TNF and cycloheximide (5 !!g/ml) 
for 4h. Rehybridization with a c-raf-l probe served as a control for loading the gel, 
as this mRNA was found not to be regulated by cytokines (in contrast to actin) 
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Fig. 7. Decrease of erbB-2 protein in TNF-treated Cells. Pancreatic tumor cell lines 
A818-1 and A818-4 were treated with increasing doses of TNF for the indicated time. 
Cellular extracts were prepared according to the mnanufacturer's protocol for the 
erb-B2/c-neu ELISA (Oncogene Science/Dianova). The relative concentration of 
erb-B2 protein in U/ml was standardized to milligrams of total protein 
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related and often co expressed growth factor receptors, with an increase in 
EGF-R when erb-B2 is decreased. 

From a functional point of view it is of interest that the net effect of TNF 
treatment of these pancreatic adenocarcinoma cells is a negative one with 
respect to growth [11]. In general, the EGF receptor is believed to positively 
contribute to proliferation of cells. Consequently, an increase of the respec
tive mRNA and protein, concurred by an increase of the corresponding 
ligand, should result in a stimulation of growth. The negative outcome in 
our system points either to a dominant effect of erb-B2 (due to its decrease) 
or to additional unknown factor(s) triggered by TNF. In an attempt to shed 
some light on this, we treated A818-4 cells with antisense oligonucleotides 
directed against the mRNAs coding for EGF-R, erb-B2 or TGF-a and with 
the respective control oligonucleotides. As seen in Fig. 8, treatment with 
EGF-R-specific antisense oligonucleotides (kindly provided by G. Keri, 
Budapest) reduces the incorporation of thymidine into newly synthesized 
DNA by A818-4 cells in a dose-dependent manner. This suggest a positive 
role for the EGF-R in growth regulation. Corresponding analyses of TGF-a
and erb-B2-targeted antisense oligonucleotides also revealed a positive con
tribution of these compounds towards cellular growth (Fig. 9). In addition, 
we tested the functional significance of EGF-R and other tyrosine kinase 
receptors by using specific inhibitors previously described as tyrphostins [9]. 
The results, demonstrated in Fig. 10, again underline the positive contribu-

Treatment of A818-4 Cells with anti-sense Oligonucleotides 
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Fig. 8. Decreased DNA synthesis in EGF-R-anti-sense oligonucleotide-treated 
pancreatic tumor cells. Cells (7 x 104/ml) were grown with 0.5% FCS in micro titer 
plates and incubated with sense control oligonucleotides or antisense 
oligonucleotides (kindly donated by G.Keri, Budapest) targeting the EGF-R 
mRNA. DNA synthesis was labeled with 2l-lCi/ml3H-thymidine over the last 4 h of a 
total incubation period of 24 h prior to harvesting 
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Treatment of A818-4 Cells with anti-sense Oligonucleotides 
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Fig. 9. Influence of erb-B2 and TGF-u antisense oligonucleotides. Pancreatic tumor 
cells were incubated with increasing concentrations of phosphothioate 
oligonucleotides (Biometra) for 48h as described in the legend to Fig. 7. * Another 
stabilized version of erbB-2 antisense oligonucleotide, prepared by G.Keri, Budapest 
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Fig. 10. Inhibition of DNA synthesis in tyrphostin-treated cells. Tumor cells were 
incubated with tyrosine kinase inhibitors (kindly donated by G. Keri, Budapest) for 
27 h in the presence of 0.5% FCS. Cellular growth assay was done as described in 
the legend to Fig. 7 

tion of these receptors by showing a drastic and dose-dependent decrease in 
thymidine incorporation after treatment of A818-4 cells with two different 
tyrphostins. However, when we used the EGF receptor for an exogenous 
stimulation of cell growth by the corresponding ligand(s), to our surprise 
we observed a striking inhibition of proliferation after adding increasing 
amounts of EGF, starting with extremely low doses (Fig. 11). The negative 
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Treatment of A818-4 Cells with Growth-Factors 
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Fig. 11. Long-term incubation of A818-4 tumor cells with growth factors_ Monolayer 
cells were grown in 0.5% FCS and incubated with either epidermal growth factor or 
TGF-a as indicated_ Medium was changed twice during the I-week treatment. 
Growth assay was done as described in the legend to Fig_ 7 
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Fig. 12. Morphological changes of A818-4 cells induced by TGF-a _ Monolayer cells 
were treated with 20 nM TGF-a overnight prior to phase-contrast microscopy 

effect of the other ligand, TGF-a, was even more dramatic_ Neither shorter 
incubation periods nor pulse treatment inverted the inhibition achieved 
by both EGF-R ligands_ The antiproliferative activity of TGF-a was 
accompanied by drastic morphological changes when this growth factor was 
added to pancreatic tumor cells, indicating the induction of differentiation
related processes (Fig_ 12)_ These changes were even more dramatic than 
those observed after TNF treatment [6)-
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In summary, the opposing effects of exogenously added growth factors 
and endogenously synthesized ligands (the positive effects of which are seen 
when the autocrine loop was either functionally or structurally blocked by 
tyrphostins or anti-sense oligo's, respectively) can be interpreted by two 
mechanisms: the first possibility is based on a cooperative effect (cross-talk) 
between the two receptors, EGF-R and erb-B2, which is supported by the 
recent finding that EGF-R and erb-B2 can indeed function as heterodimers 
[4]. As long as the erb-B2 ligand is not fully characterized or may target 
both receptors [10], and as at least one other potential ligand for the EGF 
receptor has been described [2], the complete understanding of this "two
receptor/four-ligand system" is hampered. The second explanation is based 
on the assumption that "private" autocrine loops contribute to the un
controlled growth, characteristic for the malignant phenotype, and these 
cytoplasmic effects may strongly differ from extracellular ("public") 
autocrine loops. The poor response of A818-4 cells to either anti-EGF-R- or 
anti-TGFa-blocking antibodies supports this view, but a complete "private" 
autocrine loop is supposed to enable tumor cell growth independent of the 
seeding density, which was not the case with A818-4 cells. Our failure, 
so far, to block pancreatic tumor cell growth in vitro only by inhibitory 
antibodies against EGF-R/TGF-a may also be related to peculiar steric 
conditions on the surface of these tumor cells. 

The cytokine-mediated regulation of growth factor receptors and their 
corresponding ligands and the functional studies of these effects with respect 
to proliferation as described in this paper corroborate the complexity 
of cytokine/growth factor networks in tumors. The findings may warn us 
against jumping to conclusions based on either nonmalignant models (such 
as fibroblasts) or on a particular cell line only (such as A431) for a real 
understanding of the role of the "best studied" growth factor receptor, the 
EGF receptor, in malignancy. 
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This contribution is intended to illustrate a system of specific in vivo immune 
diagnosis and therapy of solid tumors and is structured into three sections, 
each introducing one part of an idiotypic cascade that characterizes this 
system. The first section gives a personal interpretation of the problem of 
therapeutic management in the context of colorectal carcinomas, followed 
by the approach used to construct chimerized immunoglobulin derivatives 
for tumor targeting and specific passive immunotherapy. Finally, the charac
terization of an idiotypic network cascade will be described and its implica
tions for active immunotherapy of CEA-expressing tumors will be discussed. 

Current Status of Management of Colorectal Cancer 

Colorectal cancer is rated among the most common solid carcinomas in 
western societies with respect to both incidence and mortality. Usually, 
colorectal carcinomas are diagnosed only at a late stage, and a high propor
tion of patients already have regional and/or distant metastases. Apart from 
surgery there are no effective therapeutic measures. Specifically, chemo
therapy has proven almost completely unsuccessful. 

The UICC meeting in Hamburg in 1990 reached a sobering conclusion 
concerning the effectiveness of chemotherapy in the therapy of solid tumors. 
In public statements even the protagonists of combined chemotherapeutic 
protocols showed increasing ambivalence when assessing the relation be
tween the benefit for the patient and the massive side effects. Similar 
conclusions have recently been reached by the Arbeitsgemeinschaft fi.ir 
Internistische Onkologie der Deutschen Krebsgesellschaft (AIO). In their 
compilation of studies (reviewed in [42]) it is stated that the clinical response 
rates to cytostatic drugs such as 5-fluorouracil and other fluoropyrimidines, 
mitomycin C and others are below 20%. Combination of drugs increased 
cytotoxic effects without significant prolongation of survival, and was 

Wagener/Neumann (Eds.) 
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therefore not recommended. Local chemotherapy of, for example, liver 
metastases of colorectal carcinomas by intra-arterial administration via the 
proper hepatic artery was not generally recommended. Apart from being 
strenuous for the patient, the effort involved in this method is immense 
in relation to the prospects of success. In addition, it simply cannot be 
regarded as a general therapy concept. Finally, adjuvant chemotherapy for 
gastrointestinal carcinomas was not recommended by the AIO. 

General Characteristics of Colon Cancer 

The picture sketched above is particularly unsatisfactory in light of the fact 
that colorectal carcinomas regularly possess features that set them apart 
from other gastrointestinal tumors. I believe that these features are worth 
mentioning, if only to explain, in part, the results of chemotherapy. Systemic 
chemotherapeutic protocols may fail because colorectal carcinomas, like 
cancers of other organs (e.g., breast and lung), possess a high proportion 
of resting cells, in the Go phase of the cell cycle. In a recent review 
by Tannock, some general conclusions were reached from studies on the 
growth rates of tumors of different organ systems [52]. Briefly, tumors that 
were responsive to chemotherapy (e.g., lymphomas, testicular cancer and 
tumors in children) were usually growing more rapidly, with doubling times 
of 4-7 weeks. In the group of less responsive cancers it was found that 
primary colon carcinomas were by far the slowest growing tumors, with a 
volume doubling time of 90 weeks. Finally, metastases derived from slowly 
growing tumors tended to proliferate more rapidly than the tumors from 
which they were seeded. Due to the anatomic and functional design of the 
colon, even fair-sized cancers often remain silent for years. Therefore, a 
large colon tumor is the result of lack of clinical symptoms and not of rapid 
proliferation. If the rate of proliferation is one criterion for susceptibility of 
a tumor to chemotherapy, colon cancer is probably a very poor candidate. 
As a consequence, it may turn out that the slow growth rate of these cancers 
will severely limit the potential of modern, more biologically oriented 
therapeutic concepts aiming at the interruption of proposed growth control 
mechanisms like autocrine and paracrine loops. 

On the other hand, diagnostic and therapeutic approaches that reach 
resting malignant cells in this type of solid, slow-growing tumor would 
be largely independent of proliferation and could be envisioned as com
plementing primary therapy, provided these cells could be specifically 
detected. 

The Carcinoembryonic Antigen as Tumor Marker 

The human carcinoembryonic antigen (CEA) was first described in 1965 [19] 
and has since become the best-characterized tumor-associated antigen. An 
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excellent discussion of CEA and its cross-reacting antigens is provided by 
Zimmermann elsewhere in this volume. Therefore, I would merely like to 
add here that expression of CEA is maintained in over 90% of all colon 
tumors [49]. With the exception of its luminal apical expression in the 
colonic mucosa, CEA is expressed nowhere in the body and ectopic CEA
positive cells can be regarded as malignant. It appears that CEA may, for 
these reasons, make an excellent target for tumor imaging and specific 
immunotherapy approaches by CEA-specific antibodies. If so, there are basi
cally three requirements for an antibody to be used in in vivo applications: 

1. It has been known for a long time that in addition to CEA there are a 
number of immunologically related but physicochemically distinct antigens 
present in different normal tissues and body fluids [2, 15,26,35-37,51]. 
From molecular cloning of the genes coding for these antigens [1, 22, 38, 
41] the CEA gene family has emerged. (For details, see the chapter by 
Zimmermann). The close relatedness among the members of this gene 
family emphasizes the critical role of specificity of anti-CEA antibodies 
that are planned to be used in humans. For example, the administration 
of antibodies that bind to nonspecific cross-reacting antigen (NCA) , a 
major CEA-related antigen expressed on the surface of granulocytes and 
macrophages, has led to severe granulocytopenia and side effects in 
patients [14]. However, there are a number of monoclonal antibodies 
(mabs) that recognize CEA-specific epitopes. We used the murine mab 
T84.66, because it possesses one of the highest affinities to CEA (2.6 x 
10-10 IImol) [55] and was shown not to cross-react with CEA-related 
antigens of different sources by means of western blotting and enzyme
linked immunosorbent assay (ELISA) [36, 37, 56]. Comparison of 
immune reaction of mab T84.66 with a cross-reactive antibody is shown 
in Figs. 1 and 2. Immunohistochemistry data demonstrate that mab 
T84.66 only shows a weak reaction with epithelial structures of pancreas 
acini [35]. It has been shown that the 111in-Iabeled murine mab T84.66 is 
well suited for tumor targeting both in animal xenograft models [23] and 
in humans [4]. Typical results obtained with T84.66 are shown in Figs. 3 
and 4. Clinical studies have been performed on more than 200 patients so 
far (A. Raubitschek and J.E. Shively, personal communication). 

2. The use of xenogeneic immunoglobulins in humans almost always results 
in "Human anti-mouse antibodies" (HAMA) [13, 28, 57]. Since cancer 
patients need long-term monitoring, this immune response clearly limits 
the necessary repeated in vivo application of antibodies. Although 
serious clinical complications with immediate-type allergic reactions are 
rarely observed, the formation of immune complexes between HAMA 
and the xenogeneic immunoglobulin drastically reduces the antibody's 
half-life in the circulation, therefore rendering it inefficient for the 
intended purpose. Most frequently, the HAMA response is directed 
against the Fc part of the xenogeneic mab that is coded for by the 
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Fig. 1. Binding of mab T84.1-E3 to CEA and related antigens from perchloric acid 
extracts in Western Blot analysis. Lane 1: primary colorectal adenocarcinoma. Lane 
2: normal human bile. Lane 3: normal meconium. Lane 4: human spleen. T84.1-E3 
was used at a concentration of 0.51 mg/L 

T84.66A3.1 Hll 

Fig. 2. Binding of mab T84.66 A3.1-Hll (referred to in the text as T84.66) to CEA 
and related antigens from perchloric acid extracts in Western Blot analysis. Lane 1: 
primary colorectal adenocarcinoma. Lane 2: normal human bile. Lane 3: normal 
human spleen. T84.66 was used at a concentration of 0.51 mg/L 
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Fig. 3. Radioimmunoszintigraphy of 
a nude mouse bearing a colorectal 
carcinoma transplant in the hind 
leg. Antibody used was 111 In-labelled 
murine T84.66. Note the high liver 
uptake of the antibody. (By kind 
permission of Drs. J.D. Beatty and 
J.E. Shively, City of Hope Nat!. 
Medical Center, Duarte, California) 

Fig. 4. Radioimmunoszintigraphy of liver 
metastasis in a patient with colorectal 
cancer. Top part: anterior view. Bottom 
part posterior view. Two metastases are 
clearly discernable despite the high 
unspecific liver uptake. Metastases have 
been confirmed surgically (By kind 
permission of Drs. J.D. Beatty and J.E. 
Shively, City of Hope Nat!. Medical 
Center, Duarte, California) 
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constant region genes of light and heavy chain. Chimeric human/mouse 
immunoglobulins, in which the xenogeneic constant region genes are 
replaced by human counterparts, are thought to be the solution to this 
problem, and a number of groups have published reports on the genera
tion of such antibodies [5, 30, 40, 41, 45, 50]. Maximum humanization of 
xenogeneic antibodies is achieved by transplanting the hypervariable 
regions (CDRs) of the xenogeneic mab onto the backbone of a human 
antibody [44, 54]. However, since certain framework residues in the 
variable region genes are crucial for conformation of CDRs [11, 12], this 
loop-grafting approach can result in a major loss of affinity of these 
grafted antibodies. We have generated chimeric anti-CEA antibodies 
that retain the complete variable region genes. 

3. Finally, the antibody's efficiency in reaching the tumor target will depend 
on a number of parameters, one' of which clearly is the size of the 
antibody. The superiority of immunoglobulin fragments over complete 
antibodies is a well-documented fact with xenogeneic antibodies [8-10, 
20]. Since genetic engineering allows this parameter to be changed almost 
at will, the generation of recombinant antibody fragments of various sizes 
can be included when designing a chimeric antibody. 

In recent years very encouraging results have been reported by the group 
of Mach and Buchegger on the passive immune therapy of colon tumor 
xenografts in nude mice [9]. The importance of their approach can be 
summarized in three points: (1) the tumors were well established before the 
start of the treatment; (2) the authors used l311-labeled F(ab'h fragments 
of murine antibodies, and three antibody fragments of different epitope 
specificity were used simultaneously; (3) the treated mice were given full 
"intensive care," including bone marrow transplantation. Disregarding the 
latter point, the high success rate of this model can be explained by the 
simultaneous targeting of different epitopes together with the use of frag
ments, synergistically resulting in the delivery of a higher radiation dose to 
the tumor. 

Construction of CEA-Specific Chimeric Human/Mouse Antibody Fragments 

Starting from chimeric human/mouse T84.66 [39], we have generated gene 
mutations of the antibody coding for different chimeric immunoglobulin 
derivatives with the specificity of T84.66 as a systematic approach to study 
the effects of different fragments with the same antigen-binding properties. 
The genes constructed from whole chimeric T84.66 are shown in Fig. 5. For 
the constructs a number of manipulations of the human hinge region of 
immunoglobulin G1 (lgG1) are necessary. The hinge region of human IgG1 
is coded for by a small exon between antibody domains CHI and CH2 and 
contains three cysteine residues. The first cysteine forms the disulfide bridge 
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with the respective residue of the light chain, while the other two cysteines 
create disulfide bonds between the heavy chains. Specifically, two Fab frag
ments were generated that differed by the presence or absence of the first 
hinge region cysteine. Therefore, the chains in the corresponding fragment 
are held together only by hydrophobic interactions. The gene construct for 
the F(ab')z was generated by introducing a reading frame shift just 3' of the 
most C-terminal cysteine residue. This led to a translational stop codon in 
the next antibody domain CH2 . The monovalent antibody fragment was 
generated by changing cysteine codons 2 and 3 to glycine codons, thereby 
eliminating the disulfide bridges between the heavy chains. The expected 
molecular weights for Fab, monovalent fragment and F(ab')z are around 
50 kDa, 75 kDa and 100 kDa respectively. 

The site-directed mutagenesis methods we employed included plasmid
based mutagenesis protocols with slight modifications that allowed for selec
tion of mutations over wild-type hinge region genes [27, 47]. These methods 
generally gave only very low mutation frequencies caused by the size of 
the genomic inserts of our chimeric constructs. We therefore developed a 
mutagenesis method which is shown schematically in Fig. 6. The first step 
includes the generation of a hinge deletion mutant (Fig. 7). It has to be 
noted that two of the suitable restriction sites are dcm-methylated in plasmid 
DNA prepared from normal E. coli K12 bacteria. Therefore the DNA was 
prepared from a dcm- strain previously transformed with the plasmid. This 
allows the removal of the hinge domain after partial digestion with the 
restriction enzyme Stul. Since in the deletion mutant plasmid a StuI site is 
regenerated that cannot be methylated compared to the site at position 21 of 
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cloning into HINGE region deletion mutant 
characterization of new gene by sequencing 

expression in eukaryotic cells producing 
the chimeric immunoglobulin light chain 

Fig. 6. General strategy for the construction of chimeric human/mouse immuno
globulin derivatives by manipulation of the human HINGE region gene 

the gene (Fig. 7), growth of the plasmid in dcm+ bacteria yields DNA that 
can only be restricted with StuI at the site of the deletion. The mutated 
hinge regions described below were inserted in this cloning site to yield 
genes coding for the respective antibody fragments. 

The amplification of the hinge region by the polymerase chain reaction 
(peR) [46] is shown in Fig. 8. Briefly, oligonucleotide primers containing 
internal EcoRI restriction sites were used to amplify the region from the 
wild-type gene, followed by restriction with EcoRI. Ligation of the restricted 
DNA was carried out under conditions favoring monomeric circles [31]. A 
second round of peR was performed using primers, one of which harbored 
the mutation. This amplification can only be successful if the DNA fragment 
obtained during the first round is ligated to circles or head-to-tail con
catemers. After this second peR, the amplified product was ligated under 
the same conditions as above, followed by restriction with EcoRI, which 
reconstitutes the proper arrangement of the cassette. Since one of the 
primers in this second peR represents the mutagenic oligonucleotide, all 
fragments contain the intended mutation by definition. The mutated hinge 
region cassette was then inserted into the StuI site of the hinge deletion 
plasmid by blunt end ligation. Since this regenerated the EcoRI sites at both 
ends of the cassette, a convenient cloning site for insertion of other muta-
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I'ig. 7. Restriction map of the human IgG 1 constant region gene for the restriction 
~nzymes Stu I and Bgl I. Domain exons of the human IgGl gene are depicted by 
)lack boxes. Stu I restriction sites were used for the generation of the deletion 
nut ant. Recognition sequences for are given in the lower right part of the figure. 
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:eported. The deletion mutant was obtained after partial digestion with Stu I as 
;hown in the left lower part of the figure. S: Molecular weight standard. Numbers 
refer to respective Stu I fragments of human the HINGE region gene 

tions or the creation of fusion proteins was obtained. DNA sequence analysis 
;howed that aU the plasm ids obtained with this rapid system harbored 
the intended mutations. AU chimeric antibody fragments shown in Fig. 5 
ilave been expressed in eukaryotic ceUs after electroporation as described 
previously [39]. In this study whole chimeric T84.66 has been shown to 
ilave antigen-binding properties identical to the murine mab. As expected, 
:himeric antibody fragments secreted by ceU lines previously transfected 
with the respective gene constructs also show the anti-CEA specificity of 
the parent T84.66. As an example of comparable binding of CEA, whole 
::himeric T84.66 and a chimeric Fab fragment are shown in an inhibition 
ELISA (Fig. 9). The fragment used (clone Fab 10) resembles the chimeric 
f84.66 fragment lacking the disulfide bond between light and heavy chain 
'lnd therefore was regarded as the most unstable construct among the muta-
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Fig. 8. PeR-based site-directed mutagenesis of the human HINGE region gene. 
Primer sequences for the first round of amplification contain internal restriction sites 
(Eco RI). Mutagenic primer for the second round of amplification is indicated 
by lightning bolt with the mutation underlined. The other primer for the second 
amplification is boxed 

tions generated. Binding of whole chimeric antibody (clone 6IC1) to 
immobilized CEA was inhibited using serial dilutions of biotinylated murine 
T84.66. Superimposable inhibition curves were obtained for the chimeric 
antibody molecules. This indicates that the Fab fragment possesses an affinity 
constant for CEA comparable to that of the murine T84.66 immunoglobulin. 
By ELISA the existence of a human Fc terminus was shown by an Fc
specific polyclonal goat antiserum for the monovalent fragment (Dianova, 
Hamburg), while it was missing in the F(ab')z fragment and in both Fab 
fragment mutations. Further thorough characterizations that precisely assess 
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Fig. 9. Comparison of binding of chimeric immunoglobulin molecules to CEA. 
Clone 6 I Cl: whole chimeric T84.66 immunoglobulin. Clone Fab#lO: chimeric 
T84.66 Fab fragment lacking the inter-chain disulfide bond (see also Fig. 5) 

both affinity constants and molecular weights will be published elsewhere 
(Neumaier et aL manuscript in preparation). 

We hope that in vivo experiments using these chimeric antibody fragments 
will provide us with the opportunity to study biodistribution, clearance 
profiles and tumor penetration using molecules of the same specificity 
and affinity but different sizes. This will be especially interesting for the 
monovalent antibody fragment because of its favorable intermediate size. 
The possible mediation of biological effector functions may make this 
construct a useful tool for both imaging and therapy. 
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Generation of Monoclonal Anti-idiotypic Antibodies Mimicking 
a CEA-Specific Epitope 

In immunoglobulins, the binding of an epitope and the mimicry of this same 
epitope represent two opposite principles of one single structural concept, 
its "negative" and "positive" form respectively. At the interface between 
these interacting complementary forms the specificity and function of anti
bodies is decided. 

As a concept for active specific immunotherapy, anti-idiotypic antibodies 
have been suggested to trigger the patient's immune system against his 
tumor burden, an idea based on the idiotype network theory proposed 
by Jerne in 1974 [24]. This theory states that one can generate, through 
an immunological cascade of network interactions, antibodies which 
would represent the internal image of given epitopes of a nominal antigen. 
Anti-idiotypic immunoglobulins could act as network antigens and induce 
humoral and cellular cytotoxic effects against antigen-bearing cells. The 
usefulness of such antibodies as vaccines has been shown for a number of 
bacterial and viral antigens (reviewed in [48]). Promising antitumor effects 
of idiotype vaccines in experimental animal systems have been described 
[16, 28, 43]. With respect to human studies, anti-idiotypic antibodies have 
been reported for the treatment of solid tumors such as melanomas [33] and 
gastrointestinal carcinomas [21]. In the latter study, Herlyn et al. used a 
goat polyclonal anti-idiotype vaccine and reported partial clinical remissions 
in some colon cancer patients. The majority of their patients showed an 
increased humoral response towards the nominal antigen after therapy, 
demonstrating that some antibodies in the anti-idiotypic goat serum provoked 
an antigen-specific anti-anti-idiotypic response (Ab3). This may indicate 
that idiotype vaccines bearing internal images of human tumor-associated 
antigens have potential as modulators of the immune response in malignant 
diseases. In this context, it has been demonstrated that the presentation 
of epitopes might, in the context of immune network control, break the 
tolerance to an antigen-positive malignant cell [7]. On the other hand, the 
induction of humoral antitumor response alone may not be sufficient, and 
cellular immune mechanisms may be required for major effects in the course 
of the disease. Unfortunately, no appropriate animal model systems exist 
that can be used to examine T-cell cytotoxicity functions triggered by a given 
anti-idiotype, unless antigenic determinants are shared between animal and 
human tumors. As an example, Mittelman et al. have reported encouraging 
results after treatment of melanoma patients with a murine monoclonal anti
idiotype (maId) bearing the internal image of a shared determinant on the 
"high-molecular-weight melanoma-associated antigen" (HMW-MAA) [33]. 
Unfortunately, such determinants are not available in the CEA system. 
Until suitable animal systems become available, anti-idiotypes presenting 
CEA-specific determinants can only be tested for their functional effects in 
clinical trials. Recently it was demonstrated for the first time that the 
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response against internal images of an antigen can result in delayed-type 
hypersensitivity reactions in tumor patients [32]. This establishes that anti
idiotypes also trigger cellular immunity functions in tumor rejection. 

For reasons laid out above, mab T84.66 was thought to represent an 
excellent candidate to generate maIds mimicking a CEA-specific antigenic 
determinant. It was speculated that the specificity of the idiotype for CEA 
may be critical in that harmful autoimmune disease could result from 
using internal image maIds against mabs binding to CEA-related antigens. 
Similarly, Bhattacharya-Chatterjee et al. have argued that immunization 
with complete CEA may provoke autoimmune reactions [3]. Mab T84.66 
has been used as the immunogen to generate maIds in syngeneic Balb/c 
mice [17]. Among a number of hybridoma antibodies that showed binding 
to paratope-related idiotope structures on T84.66, one (maId 6G6.C4) 
appeared to functionally mimic the T84.66 epitope according to the follow
ing criteria: 

MaId 6G6.C4 binds to private idiotopes on mab T84.66, since it reacted 
neither with murine isotype control immunoglobulins nor with a panel of 
murine monoclonal anti-CEA idiotypes. Among these is mab CEA.66, 
which recognizes two epitopes on CEA, one of which has been shown to 
overlap with the T84.66 epitope [18]. The failure of maId 6G6.C4 to bind to 
mab CEA.66 can be interpreted in different ways. It is possible that the 
two epitopes are structurally entirely independent and the observed cross
inhibition is due to steric hindrance. Alternatively, mabs T84.66 and CEA 
66 may share parts of their epitopes. In this case, the result indicates 
either that maId 6G6.C4 does not contain the part of the T84.66 epitope 
recognized by mab CEA.66 or that it is an accurate image of the T84.66 
epitope with the "CEA.66 part" alone not being sufficient to bind to mab 
CEA.66. In experiments comparable to the one described by Monestier et 
al. [34], we found that maId 6G6.C4 bound neither the denatured nor the 
reduced idiotype, indicating that the correctly assembled antigen-binding 
region of native T84.66 is required for the formation of the immune com
plex. In addition to immunochemical characterization, maId 6G6.C4 can be 
used to raise CEA-specific polyclonal Ab3 antisera in rabbits. This strongly 
suggests that the maId functionally mimics CEA in vivo. Specifically, in 
ELiSAs the CEAI Ab3 immune complex can be inhibited to background 
values by addition of soluble CEA. In western blots, Ab3 antiserum 
specifically recognizes CEA of different sources (Fig. 10). No reaction was 
observed with up to 100 ~g of a crude lung tumor extract containing NCA, a 
major CEA-related glycoprotein present, for example, on the surface of 
granulocytes, or with up to WOng of purified NCA (Fig. 11). When diluted 
to give comparable staining, a commercially available anti-CEA antiserum 
clearly detected purified NCA and NCA in the tumor extract. These results 
clearly demonstrated that the Ab3 response against the anti-idiotype had a 
high specificity for CEA in that it did not recognize epitopes shared between 
CEA and NCA. Two CEA maIds have recently been reported by others in 
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Fig. 10. Demonstration of CEA-specificity of anti-antiidiotypic antiserum (Ab3) by 
Western Blot. Lanes 1 and 4: Fetuin (200ng). Lane 2. CEA (lOng). Lane 5: CEA 
(200ng). Lanes 3 and 6: CEA-negative crude lung tumor extract (200ng). Lanes 1-3 
were incubated with anti-CEA antiserum (Dakopatts), 1:10.000 dil. Lanes 4-6 were 
incubated with Ab3, 1:10 dil 
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Fig. llA,B. Crossreactivity of anti-antiidiotypic antiserum (Ab3) with CEA-related 
antigens by Western Blot. Panel (A): Lanes 1 and 6: 100 ng purified NCA. Lanes 2 
and 5: 50 ng purified NCA. Lanes 3 and 4: 25 ng purified NCA. Panel (B): Lanes 1 
and 6: lOOllg tumor extract. Lanes 2 and 5: 10 Ilg tumor extract. Lanes 3 and 4: 
11lg tumor extract. Immunostaining was identical for both panels. Lanes 1-3 were 
reacted with anti-CEA (Dakopatts), dil. 1:10.000. Lanes 4-6 were reacted with Ab3, 
dil. 1:10 

different idiotypic cascades [3, 53]. Bhattacharya-Chatterjee et a1. [3] 
investigated the specificity of Ab3 antisera by immunohistochemical means, 
which is difficult, since CEA-related antigens such as NCA are expressed in 
various tissues, including colon. On the other hand, in a crude tumor extract 
the antiserum did not react with glycoproteins that were said to be NCA by 
molecular weight, indicating specificity, although the presence of CEA
related antigens was not demonstrated immunochemically. The other report 
showed reaction of the Ab3 antiserum with purified CEA [53]. These 
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authors stated that sequence homology to CEA in the CDRs of their maId 
M7-625 was observed. However, since paratopes are complex structures 
defined by conformation, the relatedness to the epitope on the nominal 
antigen may not be obvious from comparison of primary sequences. 
Recently, Bentley et al. investigated an idiotype/anti-idiotype system. They 
reported that idiotypic mimicry of the external image was not obtained, 
although significant sequence homologies between CDRs and the nominal 
antigen could be observed [6]. In summary, we can conclude that maId 
6G6.C4 can act as a surrogate antigen for CEA in rabbits and may possibly 
do so in humans. Further work with maId 6G6.C4 is currently in progress in 
our laboratory and will hopefully provide us with a new reagent for active 
immunotherapy of CEA-positive gastrointestinal carcinomas. 

Future Perspectives with Anti-idiotypic Antibodies 

In order to optimize the potential usefulness of anti-idiotype antibodies in 
human malignancies, it may be important to direct the immune system 
preferentially towards the paratope structures of a useful maId. In this 
respect, engineering of murine maIds to chimeric human/mouse antibodies 
will be important to avoid immune responses that are mainly directed 
against constant region domains, as has been observed with xenogeneic 
mabs in humans [13, 57]. Other means of improvement may include the use 
of cocktails of appropriate maIds that bear images of different CEA-specific 
epitopes. Buchegger et al. [9] showed that this strategy had a marked effect 
on the outcome of passive immunotherapy in a tumor xenograft model. 

Apart from the immediate medical implications discussed above, internal 
image anti-idiotypes also can be considered as valuable technical and 
scientific tools: 

1. An idiotype-specific ligand can be used for highly specific affinity chroma
tography of chimeric idiotype antibody fragments that otherwise are 
difficult to purify from complex mixtures such as ascites or tissue culture 
supernatant. 

2. The characterization of protein structures is also very important for 
assessment of structure-function relationships in general, not only in 
immune complexes. By learning more about the interactions, we might 
be able to predict structural requirements for efficient protein design. 
Structural data from crystallization analyses are only available for a 
limited number of proteins and will most certainly be hard to obtain 
for highly glycosylated proteins like CEA. On the other hand, copying 
antigenic determinants onto the antigen-binding "pocket" of an immuno
globulin by sequential immunizations in idiotypic cascades can be expected 
to circumvent most of these problems. Crystallographic analyses of a 
number of Fv fragments of immunoglobulins have, with the obvious 
exception of the antigen-binding regions, revealed the highly con-
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served "monotonous" structure of the frameworks of antibody domains. 
Furthermore, framework key residues influencing the conformation 
of the CDRs have been identified [12]. For these reasons, antibody 
molecules are the best understood complex molecular structures so far 
[25]. Recently, it became possible to predict the structures of Fv frag
ments with high fidelity from sequence data alone by computer modeling 
prior to crystallization of the antibody molecules [11]. This indicates that 
in the very near future X-ray analyses may not be necessary - at least for 
antibodies - to obtain an accurate model of structure. As a consequence, 
unknown structures of the immunoglobulin are reduced to the individual 
antigen-binding regions. Epitopes can be displayed by internal image 
antibodies, with the effect that noncrystallizable antigens may become 
functionally accessible after crystallization or by computer modeling of 
the anti-idiotype. Protein design may ultimately lead to synthetic network 
antigens the functional significance of which has been previously assessed 
by means of their respective internal image anti-idiotype antibodies. 
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Milestones of Development 

It is worth remembering that pOSItive tumor localization with labeled 
antibodies was one of the founder technologies of nuclear medicine (for 
review see [lD. However, the enthusiastic approaches in the 1950s were 
abandoned when it became clear that the target structures detected by the 
then available polyclonal antitumor antisera were not actually tumor-specific 
at all, but, for example, directed against ectopic normal components such as 
peritumoral fibrin [2-4]. 

This period was followed by the era of oncofetal antigens, i.e. carcino
embryonic antigen (CEA) [5, 6] and alpha-fetoprotein [7, 8], the initial 
focus being on in vitro diagnosis by the radioimmunoassay technique. 
Somewhat later, immunoscintigraphy experienced a revival [9, 10] which 
was nurtured by the introduction of the nude mouse xenograft system [9] 
and by the usage of affinity-purified antibodies (references in [11 D. 

The most influential advance with respect to immunoscintigraphy, i.e., 
monoclonal antibody (MAb) technology, followed shortly thereafter. The 
impressive progress that was achieved using this methodology rested on two 
elements: (1) MAbs proved to be highly valuable for the identification of 
new tumor antigens; (2) at the same time, these MAbs could be used as 
reproducibly available targeting vehicles. Despite the great potential of the 
MAb approach, the search for tumor-specific antigens was clearly elusive. In 
a kind of compensatory endeavor many researchers set out to demonstrate 
that tumor-associated antigens which are not exclusively expressed on tumor 
cells may still represent reasonable targets for diagnostic tumor localization, 
with the proviso that the antigen density in the target tissue should be high 
enough and that concurrent antigen expression in normal tissue should be 
negligible. 

The second half of the 1980s was dominated by the search for method
ological improvements with respect to MAb labeling. Iodine nuclides were 
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replaced first by JIlIn chelates [12, 13] and then by 99mTc, the latter nuclide 
being either introduced into the disulfide scaffold of the hinge region 
(Schwartz method; for references see [14]) or also conjugated via a chelate 
[15]. The most ambitious goal envisaged, but yet not fully accomplished, 
consists in implementing nuclides or nuclide pairs with the potential for both 
immunolocalization and radioimmunotherapy (see below) and in using 
positron-emitting nuclides for immunopositron emission tomography [16]. 

State of the Art in Immunoscintigraphy 

Technetium-99m has clearly paved the way for high-quality immuno
scintigraphic images of many different tumor types (for reviews see, e.g., 
[17, 18]), diagnostic accuracy being typically above 90% [19]. Interestingly 
enough, the forerunner of tumor-associated antigens, namely CEA, still 
seems to compete fairly well with second- and third-generation target 
molecules. In view of the fact that circulating target antigen does not 
substantially impair the localizational power of labeled MAbs and that 
postsurgical monitoring by in vitro assays invariably requires a method for 
detecting/confirming the source of marker production in vivo, MAb/antigen 
systems allowing for a combination of in vitro and in vivo diagnosis seem to 
represent the best candidates for continuing success and broad application. 
In the absence of back-up by an in vitro monitoring strategy, immuno
localization will be hard pressed to compete with the superb localization 
achieved by magnetic resonance imaging and computed tomography. 
Further improvements of radio labeling techniques and the usage of radio
nuclides and antibody fragments in carefully designed combinations will 
change little in this respect. More far-reaching expectations are linked to the 
approach of chimerizing/humanizing MAbs [20, 21]. This will result in a 
great reduction of human-anti-mouse antibody (HAMA) response [22, 23], 
thus allowing for multiple applications of the antibody, and in a marked 
prolongation of the serum half-life of intact antibody [23, 24], which, how
ever, is an ambiguous achievement with respect to imaging contrast. 

Future Developments 

Novel approaches and methodological advances are expected to emerge 
from the following: 

- Combination of immunoscintigraphy and radioimmunotherapy 
- Multimodal targeting strategies involving low-Mr radiopharmaceuticals 

and bifunctional vehicles 
- Shift towards ligand-based tumor localization 
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I mmunoscintigraphy and Radioimmunotherapy 

This combination promises substantial contributions to tumor therapy with 
both labeled and unlabeled antibodies. With respect to serotherapy it is 
trivial to state that every version of this approach will be based on a detailed 
knowledge of the kinetics of accumulation of MAbs or MAb conjugates in 
the target tissue, the biodistribution in the rest of the organism, and the 
consequences of variations in route or regime (e.g., duration of application, 
dose variation or MAb modification). All this requires the usage of an 
approapriately labeled antibody which can be detected by gamma cameras 
and gamma counters. For illustrations of the potential, the reader is referred 
to work on the tumor therapy with antibodies against the EGF receptor and 
related molecules [25-27]. 

The combination of immunoscintigraphy and radioimmunotherapy (RIT) 
is almost as classic as immunoscintigraphy per se, since the pioneering 
attempts at tumor localization by labeled antibodies were readily followed 
by RIT [4, 28]. In the era of MAbs and MAb-defined target antigens, novel 
possibilities were elaborated. These were particularly fruitful with respect 
to leukemias/lymphomas, because a wealth of lymphocyte differentiation 
antigens was identified with the MAb technology. These served as markers 
for histologic/cytologic diagnosis and as target antigens for diagnosis and 
therapy in vivo. Due to the fact that such target antigens are by definition 
expressed both on normal and malignant lymphocytes, MAb application 
invariably results in the visualization of normal and malignant lymphatic 
tissue and yields information as to the distribution of circulating normal and 
leukemic cells. Figure 1 shows an example from our own work, the sequence 
of immunoscintigrams being performed 30min, 12h, 3 days and 6 days after 
injection of 11lIn-labeled MAb HD37 into a patient with B lymphoma 
processes. The antibody was directed against the CD19 B lymphocyte dif
ferentiation antigen [29]. The images illustrate the distribution pattern of the 
subpopulation of lymphocytes which is positive for the CD19 antigen (i.e., 
mainly in bone marrow and spleen) and give an indication of the kinetics 
and the magnitude of labeled antibody accumulation in the lymphoma 
processes. From such studies a radiation dose estimate may be obtained, 
provided the therapeutic nuclide is identical to or closely follows the bio
distribution of the diagnostic nuclide. Hence, it can be decided on the basis 
of immunoscintigraphy results whether or not individual patients are 
amenable to RIT. 

Using this strategy, a number of groups have performed RIT studies, 
success being mainly achieved in the lymphoma indication [30-34] (Table 
1). This is most likely due to three factors: (1) the notorious radiosensitivity 
of lymphomas, (2) the favorable accessibility of leukemic cells and - to some 
extent - of lymphoma tissue, and (3) the fact that the concomitant elimina
tion of mature normal lymphocytes can be tolerated. Attempts to proceed 
towards hopefully curative RIT were further stimulated by the possibility of 
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30min 12 h 3d 6d 

Fig. 1. Immunoscintigrams of a patient with B-lymphoma. The time course analysis 
of radioactivity distribution performed with IlIln-labeled MAb HD37 highlights 
initially the blood pool, bone marrow, spleen and liver. Lymphoma processes 
are clearly visualized (arrows) after prolonged accumulation time (3 and 6 days). 
The study was performed in cooperation with B. D6rken and G . Moldenhauer 
(Heidelberg) 

Table 1. Radioimmunotherapy: selected studies 

Authors Tumor entity No. of Monoclonal Activity Response % 
patients antibody (PR/CR) 

Order et al. Hepatocellular 66 Antiferritin 20-30mCi 1311 48 (17/5) 
1985 [65] carcinoma 

Rosen et al. T-lymphoma 5 nOI 100-150 mCi 1311 100 (2 + 3/0) 
1987 [66] 

Eary et al. Non-Hodgkin's 5 MB-l 230-600mCi 1311 100 (114) 
1990 lymphoma 
[34,67] 

Denardo B-lymphoma 15 Lym-l 100 mCi/m2 131 I 100 (817) 
et al. 
1990 [31] 

Bergh et al. Astrocytoma 10 MUC2-63 5-30mCi 90y 20 (2/0) 
1990 [68] 
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escalating radiation dose and coping with bone marrow toxicity by marrow 
transplantation [35]. With respect to RIT of solid tumors, available data are 
scarce and far less promising. 

It is fair to state that further improvements of RIT methodology are 
clearly needed. New labeling procedures may provide improvements with 
respect to radiation properties and pharmacokinetic as well as biodistribu
tional parameters [36]. The catalogue of suggestions comprises, for example, 
novel conjugates [37-39] of iodine nuclides (including 1251 [40]), 90y [32, 
41-43], and 186/188Re [19, 44]. Furthermore, humanization of antibodies is 
expected to be most beneficial, since this will lead to a prolongation of half
life (together with an increased area under the time/concentration curve) 
and to a dramatic reduction of HAMA induction, the latter point being of 
paramount importance with respect to repeated MAb application. However, 
it has to be realized that in the case of chelators conjugated to (humanized) 
MAbs, antibody induction in patients may be directed against this moiety as 
well and may prove to be equally deleterious (A. Epenetos, personal 
communication). 

Multimodal Targeting Strategies 

The limitations of macromolecule targeting into solid (tumor) tissue have 
been amply documented [45-47]. In the light of these data, a reduction of 
the size of the antibody molecule, i.e., down to Fab (50kDa), Fv (25 kDa 
[48]), or dab (12 kDa [49, 50]), will have only limited effect, being given that 
such reduction is invariably accompanied by a dramatic acceleration of 
plasma clearance [50] and by a loss in affinity in the order of 1-3 logs. 
Hence, it was desirable to conceive a targeting strategy where the radio
nuclide is transported by a carrier with Mr below 1 kDa. We now have at 
our disposal evidence from two different systems: 

1. Targeting with bispecific antibodies (bsMAbs). The bsMAb is con
structed such that one arm is directed against the tumor-associated 
antigen while the other arm binds to the radio nuclide complex [51-54]. 
Binding of the bsMAb to the cell surface is equivalent to the introduc
tion of an artificial receptor for the low-Mr radiopharmaceutical. The 
potential of the approach has been demonstrated by localization studies 
[54,55]. According to the findings, the advantages ofthe bsMAb approach 
are high localization contrast and short accumulation time. Thus, 
the approach may be further elaborated towards positron emission 
tomography, which would allow for a dynamic quantification of uptake in 
relatively small volume elements. When using appropriate chelators and 
bsMAbs directed against these [56, 57, 57 a], the 68Ga radionuclide, 
which emits positrons with a 1-h half-life, comes into play. A strategy of 
this kind may prove to be superior to the use of positron emitters, e.g., 
1241 [16], for directly labeling the antibody. 



212 S. Matzku and H. Bihl 

2. Combination of MAb, biotin and (strept-)avidin. In this system, 111ln- or 
99IDTc-Iabeled biotin plays the role of the low-Mr radiopharmaceutical, 
while the avidin component represents the artificial receptor targeted to 
the tumor cell surface [36, 58, 59]. Preliminary clinical studies with a 
three-step procedure demonstrate that high contrast and rapid visualiza
tion of the tumor may be achieved by careful adjustment of the dosage 
and the timeframe of application of the components [59, 60]. 

Targeting of Physiological Receptors with Labeled Ligands 

Before considering the introduction of artificial receptors and the use of 
synthetic ligands, nuclear medicine scientists were already actively engaged 
in studies that directly addressed the issue of specific ligands to natural 
receptors. Hence, the recent report on the application of labeled EGF for 
scintigraphic tumor localization [61] mayor may not be considered a sequela 
to targeting approaches with anti-epidermal growth factor receptor anti
bodies [25-27]. Another recent example along the lines oftargeting bioactive 
ligands to a receptor that is highly expressed on selected tumor types 
involves the use of labeled somatostatin or a somatostatin analogue [62, 63]. 
This work has found enormous interest because it represents yet another 
approach of linking localizational endeavors to a therapeutic strategy 
[19, 64] and because it promises the amalgamation of positron emission 
tomography and tumor targeting by labeled biomolecules [19, 64]. 

Final Remarks 

Biomedical research has thrown up a wealth of new methods whose potential 
with respect to tumor localization being far from exhausted. However, 
careful analysis of current evidence reveals that some of the basic facts of 
physiology, e.g., restrictions on the relative size of compartments or on 
the transport of macromulecules across tissue barriers, may not be easily 
overcome. In addition, and most importantly, it has to be accepted that 
the introduction of immunoscintigraphy into general clinical practice is 
dependent not on the usefulness of the method in isolation, but on its 
merits relative to competing methods. In clinical oncology, new diagnostic 
modalities will meet substantial reservations unless they are accompanied by 
or lead to new therapeutic approaches. This aspect may prove decisive with 
respect to the future development of immunolocalization strategies. 
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