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Preface

On the basis of the agreement signed between UNESCO and the Government of the Republic of
Poland the International Institute for Cell and Molecular Biology of UNESCO was officially
inaugurated in October 1995 in Warsaw, Poland, as part of the activity of the Global Network for
Molecular and Cell Biology (MCBN) of UNESCO. The occasion was marked by the bringing
together in Warsaw of a broad spectrum of cell and molecular biologists from around the world
under the auspices of the Global MCBN UNESCO. At the conclusion of that week-long
celebration it became clear that Polish cell and molecular biology had come of age in terms of its
depth, vigor and impact on the global scene. At the suggestion of Professor Angelo Azzi,
chairman of Global MCBN UNESCO, we considered the challenge of compiling a volume in the
Molecular and Cell Biology Updates (MCBU) Series that would address the molecular basis of
cancer and its therapy, but one that would additionally serve to highlight Polish contributions to
this field of research.We accepted the challenge presented to us by Professor Azzi and are
grateful to all contributors of the present volume for making this a pleasant and stimulating
project.

We requested each contributor to present his personal perspective of respective topics. As a
consequence, we hope that each contribution has a distinctive individual flavor which reflects the
role played by individual research groups in advancing science. We believe that this approach to
the preparation of the contributions serves to distinguish this volume from many of the more
archival review volumes. This approach also serves to foster the objective of highlighting the
various Polish contributions from their respective individual perspectives.

The scope of a topic such as the molecular aspects of cancer and its therapy is clearly very
broad. While we have sought to make the scope of this volume as broad as possible by inviting
contributions from diverse scientists engaged in cancer research today, we realize that no one
compendium of this kind can do full justice to the subject matter at hand. To the editors goes the
blame for any omissions and oversights.

September 11, 1997 Andrzej Mackiewicz
Pravin B. Sehgal
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Genetic control of metastasis

J M. Backer and C.V. Hamby

Department of Microbiology and Immunology, New York Medical College, Valhalla, NY 10595, USA

Introduction

The major cause of cancer mortality is metastatic dissemination of primary tumors. Our ability to
develop effective antimetastatic therapeutics depends on knowledge of the underlying molecular
processes. Even more pressing is the necessity to identify patients at risk of metastatic disease. It
is estimated that by the time of diagnosis, approximately 30% of patients with breast or prostate
cancer are already the victims of metastatic disease [1, 2]. Reliable identification of these patients
would permit the administration of systemic therapies at the earliest possible time, and would
avoid subjecting patients with localized disease to harmful and expensive procedures.

Metastatic dissemination of primary tumors is a complex, multistep process (see [3, 4] for
recent reviews). Animal models, including the nude mouse model for metastatic dissemination of
human tumor cells, have been developed to study this process (see [5] for review). In these mo-
dels, tumor cells are injected into animals in order to form primary tumors, which subsequently
metastasize to distant organs. Experimental evidence indicates that injection of tumor cells into the
organ corresponding to their origin (orthopic injection) yields more relevant results than
subcutaneous (ectopic) injection [6]. A supplementary approach is to determine the ability of
tumor cells to colonize various organs after intravenous or intracardial injection of cells into
animals. Unfortunately, it is not known to what extent colonization assay measures the metastatic
potential of tumor cells which were selected in primary tumors. For example, it is possible that
cells which colonize lungs in an intravenous injection assay do not have the traits necessary for
leaving the primary tumor or for intravasation. Thus, the ‘true’ measure of the metastatic potential
of tumor cells may be obtained only in experiments where metastases are the result of the disse-
mination of cells from the primary tumor.

Animal studies of metastatic dissemination have revealed several crucial steps in this process
[3, 4]. Tumor cells must leave the primary tumor, enter the blood circulation (intravasate), travel to
a distant organ, exit the circulation (extravasate), grow to form an avascular micrometastasis in a
new environment, induce a host angiogenic response, and grow further to form a vascularized
macrometastatic lesion. Some steps in this process are similar to those which occur in primary
tumor growth, and many of the molecular mechanisms underlying tumor growth are most likely
to be operational in metastatic lesions. For example, invasion of the surrounding tissue [7],
remodeling of the extracellular matrix [8], and the induction of the host’s angiogenic response [9]
take place in both primary tumors and metastatic lesions. Thus, it was thought possible that the
same set of genes may control both the tumorigenic and metastatic phenotype of cancer cells.
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However, experiments in the early 1980s demonstrated that the fusion of metastatic and non-
metastatic tumor cells yielded non-metastatic but tumorigenic hybrid cells. These experiments
suggested that the metastatic phenotype is controlled by metastasis suppressor gene(s) which are
inactivated in metastatic tumor cells. The existence of separate negative regulators of the meta-
static phenotype was further substantiated in experiments with microcell-mediated transfer of
individual chromosomes in metastatic tumor cells. The hybrids obtained in these experiments
formed non-metastatic tumors. Further research led to the identification of at least three putative
metastasis suppressor genes, whose transfection into metastatic cells yielded clones that in animal
models formed non- or weakly metastatic tumors. Very recently, three different genes were impli-
cated in the positive regulation of the metastatic phenotype, since inhibition of their expression via
ribozymes significantly decreased the ability of cells to colonize various organs in animal experi-
ments.

Taken together, experimental research on the genetic control of metastasis may be summarized
in two very general statements:
(1) There are genes which control the metastatic phenotype independently of the tumorigenic

phenotype.

(2) The genetic control of metastasis may involve both positive and negative regulatory genes.
The present review will summarize experimental evidence for genetic control of metastasis and
discuss molecular characteristics of putative metastasis control molecules.

Suppression of metastatic potential in cell fusion experiments

Early evidence that the tumorigenic and metastatic capabilities of tumor cells derived from solid
tumors may be controlled by different genes were provided by cell fusion experiments with
murine cells. In these experiments metastatic and non-metastatic cells were tagged with different
selectable markers, fused, and hybrid cells carrying both markers were selected and assayed. The
hybrids obtained with five different systems were tumorigenic but non- or weakly metastatic.
Selective suppression of metastatic potential observed in these experiments was explained by the
existence of metastasis suppressor gene(s), which are active in non-metastatic cells. The opera-
tional definition of metastasis suppressor genes implies that their loss, inactivation or underex-
pression led to acquisition of the metastatic phenotype.

In the first experiment of this kind, Ramshaw et al. [10] fused a tumorigenic and highly
metastatic clone of 13762 MAT rat mammary adenocarcinoma with a tumorigenic but non-
metastatic clone of DMBA-8 rat mammary adenocarcinoma. Three hybrid clones were tested and
found to be tumorigenic upon injection of 1-5x 10% cells in the footpads of normal rats. How-
ever, no tumor cells were found in popliteal lymph nodes, as tested by the ability of collagenase-
dissociated cells from lymph nodes to form colonies in soft agar.

Sedebottom and Clark [11] fused the metastatic derjvative of a C57B1 mouse melanoma cell
line with either a non-metastatic derivative of the same cell line or with diploid CBA T6T6
lymphocytes. The tumorigenicity and metastatic dissemination of hybrid cells were tested by
injecting 5x 10* cells subcutaneously into the backs of newborn sublethally-irradiated syngeneic
mice. Testing of ten melanoma/melanoma clones revealed a 98.5 % tumor take incidence, but only
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3.8 % incidence of metastasis (calculated from Table III in [11]). Testing of seven melano-
ma/lymphocyte hybrids revealed a 100% tumor take, but only 3.2 % incidence of metastasis
(calculated from Table I in [11]).

Layton and Franks fused highly metastatic CMT 167 mouse lung cell carcinoma cells and
non-metastatic L-M mouse cells of mesenchymal origin [12]. Of nine hybrid clones that were
tumorigenic only one produced a few lung metastases upon subcutaneous injection of 5% 10°
cells into nude mice.

Turpeenniemi-Hujanen et al. [13] fused a highly metastatic subclone (B 16-F10RR) of mouse
B16 melanoma either with C3H mouse embryo fibroblasts or with mouse peritoneal macro-
phages, and also fused a highly metastatic subclone (UV-22378R) of a mouse fibrosarcoma with
mouse peritoneal macrophages. The hybrids were tumorigenic in both syngeneic and nude mice
after subcutaneous injection of 10° cells. The same hybrids, unlike parental metastatic cells, did
not form lung metastases upon tail vein injection of 10° cells [12].

Ichikawa et al. [14] fused highly metastatic and non-metastatic subclones of Dunning rat
prostatic cancer cells derived from a prostatic adenocarcinoma of a Copenhagen rat. This group
found two hybrids were tumorigenic but non-metastatic upon subcutaneous injection of 108 cells
into the legs of Copenhagen rats. Passage of non-metastatic tumors in vivo led to the appearance
of metastatic variants. Cytogenetic analysis of these new metastatic variants revealed a consistent
loss of chromosome 2, which suggests that a metastasis suppressor gene for prostate cancer may
be localized on this chromosome. It should be noted that this work was the first to demonstrate
that suppression of metastatic potential in cell fusion experiments may be attributed to a specific
chromosome. These experiments paved the way to a new approach to the search for metastasis
suppressor genes: chromosome transfer-mediated suppression of metastatic potential of tumor
cells.

Suppression of metastatic potential in chromosome transfer experiments

In order to determine the chromosomal location of putative metastasis suppressor genes, two
groups employed microcell-mediated chromosome transfer. In these experiments, mouse A9 cells
containing a single human chromosome tagged with the selectable neomycin resistance gene were
used as a source of microcells. Microcells are subnuclear particles containing a limited amount of
genetic material packaged in a micronucleus surrounded by a rim of cytoplasm and intact plasma
membrane. The micronucleation of cells is induced by colcemid treatment, and enucleation of
micronucleate cells is induced by cytochalasin B [15]. Fusion of microcells with target cells and
selection of hybrids for neomycin resistance allows the introduction of a specific human
chromosome carrying a selectable marker into appropriate host cells. The chromosomes for a
transfer are selected on the basis of frequency of chromosomal abnormalities in a particular type
of cancer.

In experiments with rat prostate tumor cells, Ichikawa et al. [16] found that introduction of
human chromosome 11 into a highly metastatic subclone of Dunning rat prostate tumor cells
yielded hybrids which were tumorigenic but non-metastatic upon injection (5x 10° cells/mouse)
into nude mice. Detailed analysis of human chromosome 11 fragments retained in hybrids
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revealed that putative metastasis suppressor gene(s) may be localized to the region 11p11.2-13
[16]. Similarly, tumorigenic but non-metastatic clones were obtained after introduction of human
chromosomes 8, 17 or 10 into highly metastatic subclones of Dunning rat prostate tumor cells
[17-19]. Introduction of the pter-ql4 region of human chromosome 11 into rat mammary
carcinoma cells did not affect either tumorigenicity or the metastatic potential of these cells [18].
The latter result suggested that at least some metastasis suppressor genes may be either tumor
specific or species specific.

Welch et al. [20] found that introduction of human chromosome 6 into metastatic c8161
human melanoma cells suppresses their metastatic potential, but not tumorigenicity, in a nude
mouse assay. The same group reported that that introduction of human chromosome 11 into
highly metastatic MDA-MB-435 human breast carcinoma cells yielded tumorigenic, but weakly
metastatic clones [21]. Human chromosome 11 did not suppress the metastatic potential of rat
mammary carcinoma cells [16]. Taken together, the suppressive potential of human chromosome
11 in rat prostate tumor cells and human breast carcinoma cells strongly suggests the presence of
a common metastasis suppressor gene. Indeed, further studies revealed that a gene named KAIJ
located on 11p11.2 may be responsible for the suppression of metastatic dissemination of dif-
ferent tumor cells.

Suppression of metastatic potential in transfection experiments

Transfection experiments provide direct proof that a certain gene can act as a metastasis suppres-
sor gene. In these experiments the cDNA of a putative metastasis suppressor gene is transfected
into highly metastatic tumor cells, and the tumorigenicity and metastatic dissemination of trans-
fected cells is assayed in animal models. The underlying assumption for these experiments is that
the levels of expression of the active metastasis suppressor genes are low in highly metastatic
cells, and that this defect may be compensated by introduction of an intact transgene. However,
three points must be kept in mind. First, phenotypic effects observed with a particular clone, or
even few clones of transfected cells, may still be attributed to a fortuitous integration of a trans-
gene. Second, the effect of the transgene may be specific for a given type of tumor cell. Third, it
appears that in transfected cells the suppression of metastatic potential is not always associated
with enhanced production of the protein encoded by the transgene (see discussion below).

Hypothetically, candidates for testing as metastasis suppressor genes may be obtained by
subtractive hybridization [22] or mRNA differential display screening of cDNA prepared from
highly metastatic and weakly metastatic subclones of the same cell line [23]. It is possible to
narrow the search to chromosomes that suppress metastatic potential in chromosome transfer
experiments [24]. Finally, it is possible to hypothesize that a known gene may act as a metastasis
suppressor, based on the activity of its product, and to test this hypothesis in direct transfection
experiments.

With all these technical capabilities by the end of 1996 only three genes, namely nm23, KAIl,
and SOD2 passed the transfection test. The history of discovery, the accumulated knowledge and
hypotheses related to the mechanisms of action are quite different for these three putative meta-
stasis suppressor genes and we will discuss them separately.
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Nm23 genes and metastasis control

The mouse nm23 gene was originally cloned using a subtractive hybridization strategy applied to
highly metastatic and weakly metastatic subclones of murine K-1735 melanoma cells [22]. The
original discovery of the nm23 gene was quite a serendipitous event, since a subsequent study of
a broader panel of K-1735 subclones did not confirm an inverse correlation between metastatic
potential and the level of the nm23 gene expression [25]. However, results from many labora-
tories from 1988 to 1996 support the involvement of #m23 in metastasis control. The research on
nm23 can be summarized as follows:

Nm23 genes and proteins

There are two highly homologous human genes, nm23-HI and nm23-H2 (formally assigned as
NME] and NME?2), that are mapped, 4 kb apart, to the region 17q21.3 [26, 27]. Nm23 genes en-
coding evolutionary conserved proteins were also found in other species. The genomic structure
of the nm23-H1 gene has been reported [28]. Two new human mm23-related genes (DR-nm23
and nm23-H4), which encode proteins that are 70% and 55 % identical to nm23-HI and nm23-
H2 gene products, have been discovered recently and mapped to chromosome 16 [29, 30].

Nm23-H]I and nm23-H2 genes encode two highly homologous enzymes which were dis-
covered and characterized decades ago as nucleoside diphosphate kinase (NDPK) A and B, re-
spectively. A review of published data and our own experiments with approximately 20 human
tumor cell lines indicate that the amount of cellular NDPK B as a rule is several times higher than
the amount of NDPK A. The regulation of nm23 gene expression is not well understood. In hu-
man cells the expression of these genes is controlled by independent promoters [27]. In rat cells
transcription of the rat homologue of nm23-H2 is initiated from a wide range of sites and differ-
ent transcripts are translated with different efficiency [31]. So far, a correlation between the levels
of nm23 mRNA and proteins has been reported only by one group [32]. However, in several
systems there was no correlation between nm23 mRNA and protein levels [32—-36] suggesting
that NDPK protein levels may be regulated post-transcriptionally [36~38].

NDPK A and NDPK B are 153 amino acids long, 17 kDa proteins with 88 % identity and two
distinct regions of sequence divergency at aa37-53 and aa124-150. NDPKs from several organ-
isms, including human NDPK B, have been crystallized as hexamers with regions of sequence
divergency exposed on the outer surface of the hexamer [39]. In solution, in the presence of DTT,
recombinant NDPK A and B form hexamers [40]. The proteins readily form heteromers in
solution.

Subcellular localization of NDPK

NDPK appears to be present in different cellular compartments. Part of cytosolic NDPK is
associated with microtubules [34, 41]. Part of cellular NDPK is associated with various mem-
branes [42]. Urano et al. [43] reported expression of NDPK A, or of both NDPK A and B, but
not of NDPK B alone, on the cell surface in several cell lines. Recently, a substantial part of the
cellular NDPK B was found to be associated with chromatin in the nuclei of cultured cells [44].
NDPK is also a marker enzyme for the intermembrane space between the inner and outer
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mitochondrial membranes, and was found in contact points between inner and outer mitochond-
rial membranes (see [45] for review).

Biochemical activities of NDPK A and B

A well-established enzymatic function of NDPKs is to catalyse the transfer of terminal phos-
phoryl groups from ATP to nucleoside- and deoxynucleoside diphosphates via a phospho-
histidine protein intermediate according to the following scheme:

ATP + NDPK(!'8his) = ADP + NDPK(!'®his~P)
GDP + NDPK(!!®his~P) = GTP + NDPK(* 3his)

It has been suggested that NDPK may control different signal transduction pathways by modu-
lating the supply of GTP to various GTP-binding proteins [42]. Two recent reports indicated that
NDPK may act as a phosphotransferase, by transferring phosphate groups to other proteins. The
reported targets were a histidine in ATP-citrate lyase [46] and serine/threonine residues of some
proteins in cell extracts [47]. It remains to be established whether in eukaryotic cells, phospho-
transferase activity of NDPK plays a role in signal transduction similar to that of bacterial
histidine kinases [48].

Several additional activities were reported for NDPK B, indicating that it may be a multifunc-
tional protein. A recently discovered activity of recombinant NDPK B is its ability to act as a
transcription factor by making contact with the GGGTGGG sequence motif [49]. This motif is
present in the c-myc promoter and it was reported that NDPK B binds to and activates the trans-
located c-myc allele in Burkitt’s lymphoma [50]. Further studies suggested that, at least in vitro,
this activity does not depend on the catalytic activity of NDPK B [51] and may reflect the ability
of NDPK B to bind single-stranded polypyrimidine sequences [52]. Mutational analysis of
NDPK B identified arg-34, asn-69 and lys-135 as critical for DNA binding and suggested a
structural model for it [40].

Another recently discovered activity of NDPK is the ability to inhibit differentiation of mouse
myeloid leukemia cells induced by dexamethasone [53, 54]. This activity was observed with
mouse, rat and human NDPK A and B, with catalytic inactive human NDPK B (118cys), and,
paradoxically, with both N-terminal [1-60 and 1-108] and C-terminal [61-152] peptides.
Finally, a yeast two-hybrid system screen revealed that NDPK B, but not NDPK A specifically
interacts with members of the ROR/RZR nuclear orphan receptor subfamily [55]. This activity
appears to be retained by the N-terminal 60 amino acid portion of NDPK B.

Clinical and experimental correlations between nm23 gene expression and metastatic potential
of tumor cells

Both the enzymatic activity of NDPK and the level of mRNAs are frequently increased in rapidly
proliferating cells and in many human tumors in comparison with surrounding normal tissues
[56]. However, the interest in nm23 genes is driven by the finding that in some tumors and tumor
cell lines, particularly in human breast tumors, progression towards a more metastatic phenotype
has been associated with a decrease in nm23 mRNA level and NDPK immunostaining [56]. It
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should be noted, however, that the statistical significance of this association for breast cancer is
currently a matter of controversy [57, 58]. It was also found that loss or low levels of expression
of NDPK proteins are associated with abnormal differentiation in some tumors and cancer cells
[59-62] and with abnormal postembryonic development in Drosophila [34, 63].

Transfection experiments with nm23

There are three reports on the transfection of nm23 ¢cDNAs in mouse and human tumor cells.
Leone et al. [64] transfected a mouse nm23-1 ¢cDNA into a highly metastatic subclone of mouse
K-1735 melanoma cell line, and assayed the metastatic dissemination of transfected cells after
either tail vein (2% 10* cells/mouse) or subcutaneous injection (1X 10* cells/mouse). Five
randomly selected transfected clones and two clones selected for high level of expression of the
nm23-1 gene were compared with a corresponding number of vector-transfected clones. The
growth rate and the ability of cells to grow in soft agar were not affected by nm23-1 transfection.
However, tumor take and tumor growth were lower for nm23-I-transfected cells as compared
with vector-transfected cells [64]. In addition, a significant reduction in metastatic dissemination
of nm23-1-transfected cells as compared with vector-transfected cells was found in both tail vein
and subcutaneous injection experiments. Thus, in this system, transfection of nm23-1 affected
both tumorigenic and metastatic potential of mouse melanoma cells.

In the first experiment with a human tumor cell line, Leone et al. [65] transfected nm23-H1
¢DNA and nm23-H2 cDNA into human breast carcinoma MDA-MB-435 cells. Pooled trans-
fected clones (bulk transfectants) were as tumorigenic as control (vector-transfected) cells, and
displayed unaltered tumor growth rates upon injection of 1x 10° cells/mouse either into mamm-
ary fat pad or subcutaneously. However, tumors formed by bulk nm23-HI-transfected cells
produced significantly fewer metastatic lesions than control tumors. Thus, the nm23-H1 gene
appeared to fit the operational definition of a metastasis suppressor gene, capable of inhibiting
metastatic potential of cells without affecting their tumorigenicity.

The metastatic potential of bulk nm23-H2-transfected cells was similar to that of control cells,
suggesting distinctively different functions for nm23-HI and nm23-H2 genes in human breast
carcinoma cells. The diminished metastatic potential of the nm23-HI-transfected cells was con-
firmed in experiments with two individual clones selected for their high level of expression of a
transgene. The same clones also displayed diminished tissue culture characteristics usually asso-
ciated with the metastatic phenotype such as growth in agar, responsiveness to chemotactic
stimuli, and inhibition of differentiation [65-67]. According to Leone et al. [65] no individual
clone with high levels of expression of the nm23-H2 transgene were found among over 50 indivi-
dual transfected cell lines’ clones. Direct measurements of NDPK activity in bulk and individual
transfected cell lines did not correlate with the amount of protein as assessed by Western blot
analysis.

The results of the transfection of mouse nm23-1 cDNA into mouse cells [64] and human
nm23-1 cDNA into human cells were different in two respects. First, the ability to grow in soft
agar was inhibited only in transfected human cells. Second, tumorigenicity was inhibited only in
transfected mouse cells. However, the latter effect may be specific for mouse K-1735 melanoma
cells. In recent experiments with another murine melanoma cell line, Baba et al. [68] transfected
either mouse nm23-1 cDNA, or mouse nm23-2 cDNA, or both nm?23-1 and nm23-2 cDNAs, into
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highly metastatic subclones of the mouse B16 melanoma cell line. Two clones were selected from
each transfection for further studies. The growth rate and the ability of cells to grow in soft agar
were not affected by transgenes, individually or together. Furthermore, unlike transfected murine
K-1735 melanoma cells [64], the presence of a transgene in B16 cells did not affect tumor growth
after subcutaneous injection of 5% 10° cells/mouse. However, in a lung colonization assay, the
number of pulmonary metastases formed by transfectants after tail vein injection of 2x 10° cells/
mouse was significantly lower than that formed by vector-transfected cells. With the usual reser-
vations about the relevance of lung colonization assays, these results suggest that in mouse
melanoma cells both nm23-1 and nm23-2 genes may act as negative regulators of certain func-
tions related to metastatic dissemination.

Transfection of human nm23-H1, or nm23-H2, or both nm23-H1 and nm23-H2 ¢cDNA into
the same subclone of mouse B16 melanoma cells failed to affect primary tumor growth and
metastatic dissemination of cells in the lung colonization assay. Baba et al. [68] noted that mouse
NDPK B protein encoded by nm23-2 and human NDPK B protein encoded by nm23-H2 pro-
teins differ only in amino acid residues 124, 131, and 140 clustered at the C-terminus of the
molecule. These residues are not crucial for catalytic activity of NDPK B [39], or DNA-binding
activity of NDPK B [40]. One possible explanation for these results is that the difference in three
amino acid residues between mouse and human NDPK Bs is recognized by as yet unknown
protein(s) that interact with NDPK B and mediate its phenotypic effects.

Further evidence that functions of nm23-HI and nm23-H2 are different was obtained in expe-
riments with Drosophila [69]. Null mutations in the Drosophila awd gene encoding NDPK
cause lethality after puparium formation. Although Drosophila’s NDPK is 78 % identical to
either human NDPX, only NDPK B (nm23-H2) can rescue phenotypes caused by awd null
mutations (although at different doses of transgene for rescuing different phenotypic charac-
teristics of the awd null mutants). Neither NDPK A nor catalytically inactive NDPK B were
effective, suggesting that catalytic activity of NDPK is necessary but not sufficient for biological
functions in this system.

Opposite effects of NDPK A and NDPK B?
Transfection of human nm23-H1 ¢DNA in human breast carcinoma cells suppresses their meta-
static potential without affecting tumorigenicity in a nude mouse model [65]. Thus, human nm23-
H]I appears to act as a true metastasis suppressor gene in breast carcinoma cells. Correlation data
support this role of the nm23-HI gene in at least some tumors (see [56] for review). It is possible
that the product of nm23-HI gene, NDPK A, acts as a negative regulator of the metastatic
phenotype by affecting as yet unknown regulatory circuits in tumor cells. However, NDPK A
readily binds NDPK B, the product of the nm23-H2 gene, for which a host of activities has been
reported [51, 55, 69]. Thus, it is possible that the biological activity of NDPK A is based on its
ability to sequester NDPK B in heteromers, while NDPK B acts as a positive regulator of the
metastatic phenotype. Finally, it is possible that both NDPK A and NDPK B may act either inde-
pendently, or titrate each other out depending on the cell type.

In order to analyse these alternatives experimentally, we have created a panel of human breast
carcinoma MDA-MB-435 cells transfected with cDNAs for catalytically active NDPK A and
NDPK B, and with cDNAs for catalytically inactive NDPK A/T and NDPK B/T created by
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substituting his'*® with tyrosine. The MDA-MB-435 cell line has been used by Leone et al. [65]
for transfection of cDNA for catalytically active NDPK A and NDPK B. We also created a
similar panel of human melanoma line IV CI1 cells [36] transfected with the cDNAs for
catalytically active NDPK A and NDPK B, and with cDNAs for catalytically inactive NDPK A/T
and NDPK B/T. We reasoned that catalytically inactive NDPK A/T and NDPK B/T may act as
dominant negative mutants for those functions of NDPK which are mediated by interactions with
some protein(s) and which require catalytic activity of NDPK. In experiments described further,
we have used bulk transfected cells (pooled transfected clones) in order to avoid possible bias in
the selection of clones with fortuitous transgene integration sites.

Experiments are now in progress to evaluate the tumorigenic and metastatic potential of MDA-
MB-345 cells and human melanoma line IV Cl1 cells transfected with catalytically active and
catalytically inactive NDPK A and NDPK B. Preliminary results indicate that human breast
carcinoma and human melanoma cells transfected with catalytically inactive NDPK B/T are tumo-
rigenic, but have a significantly lower metastatic potential than control (vector-transfected) cells.
Assuming that NDPK B/T acts as a dominant negative mutant we hypothesize that wildtype
NDPK B may act as a positive regulator of metastatic potential.

Tetra span transmembrane protein superfamily (TM4SP) and metastasis control

Several recent publications indicate that members of the tetra span transmembrane protein super-
family (TM4SP) may act as metastasis suppressor genes. TM4SP proteins [70, 71] are integral
membrane proteins with presumably four transmembrane domains, a major extracellular N-glyco-
sylated loop and intracellular N- and C-termini. Most members of the family were identified as
cell surface antigens in leukocytes and assigned names according to the CD nomenclature,
although subsequent studies established their expression in various mammalian tissues and in
some intracellular membranes. The functions of TM4SP proteins are not known, but indications
are that they may be involved in cell-cell and cell-matrix interactions. Several members of this
family are coupled to signal transduction pathways [71]. Members of this family form complexes
with other cell surface molecules such as MHC class II antigens, CD4 and CD8, which are
known to be involved in signal transduction. One of the TM4SP proteins (CD82) has recently
been independently cloned by Dong et al. [24], as a metastasis suppressor gene for prostate
cancer on human chromosome 11p11.2, and named KAIl (for kang ai, anti-cancer in Chinese).

KAIl, a new metastasis suppressor gene

A putative metastasis suppressor gene for prostate cancer was mapped to the region p11.2—13 of
human chromosome 11 by microcell-mediated chromosome transfer [16]. Dong et al., cloned the
KAII gene using Alu-PCR fragments [72] of p11.2—13 to screen a cDNA library prepared from
a microcell hybrid of Dunning rat prostate cancer cells, AT6.1-11-1, containing a fragment of
human chromosome 11 from centromere to region 11p13. The metastatic potential of AT6.1-11-1
cells is significantly lower compared to other microcell hybrids, AT6.1-11-2 and AT6.1-11-3,
containing smaller fragments of human chromosome 11 from centromere to region p11.2. The
2.4 kb KAIl cDNA obtained through this screening contained a sequence encoding a predicted
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29.6 kDa member of TM4SP protein which was identical to three cDNA clones isolated indepen-
dently in different laboratories. Transfection of KAI1 cDNA in highly metastatic ATF6.1 prostate
tumor cells yielded clones whose tumorigenicity in nude mice was similar to that of parental cells.
However, the ability of transfected cells to form lung metastasis in nude mice was significantly
lower than that of the vector-transfected cells (p<0.001 for two clones and p<0.02 for one
clone). Similar results were obtained in experiments with mice with severe immunodeficiency
disease (SCID). Thus, KAII appeared to act as a true metastasis suppressor gene capable of
inhibiting the metastatic potential of cells without affecting their tumorigenicity.

The same group used immunohistochemical analysis to screen expression of the KAII gene in
98 primary prostatic tumors and 32 metastases [73]. The expression of the KAII gene was signi-
ficantly decreased (p<0.05) in the progression from normal prostatic tissue to localized prostate
cancer to metastatic prostatic cancer. It is interesting that expression of the KAIl gene was de-
creased in normal prostatic tissue of 20% patients with prostate cancer. The latter result suggests
that downregulation of KAIl gene may be driven by epigenetic factors rather than by genetic
alterations in the structure of this gene. Indeed, microsatellite analysis of 34 primary tumors and
12 metastases did not reveal a single instance of allelic loss of the KAIT gene. Likewise, SSCP
analysis of KAII gene exons from ten prostatic metastasis did not reveal any mutations [73].

Two recent papers evaluated the role of KAII gene expression in the progression of non-small
cell lung cancer [74] and pancreatic cancer (NSCLC) [75]. Adachi et al. [74] reported that the
overall survival rate of NSCLC patients with KAIl-positive tumors was higher than that for
patients with KAIl-reduced/negative tumors (77.4% vs 38.5%, p=0.002). The level of KAIl
gene expression was determined by RT-PCR analysis of RNA purified from fresh and frozen
tumor samples. In fact, multivariate analysis with the Cox regression model revealed an
association of high KAII gene expression with the overall survival rate (p=0.046).

Guo et al. [75] reported that expression of the KAII gene, as measured by Northern blot ana-
lysis, is upregulated in pancreatic cancer tissue in comparison with normal pancreatic tissue. In
situ hybridization experiments revealed that the KAIl gene was overexpressed in pancreatic can-
cer cells and not in normal cells within the cancer tissue. However, comparison of KATl mRNA
levels in stage I to IV pancreatic tumors revealed a significant (p<0.05) negative correlation
between tumor progression and expression of the KAI7 gene. It is noteworthy that there was no
correlation between KAII gene expression and postoperative survival time, which was limited to a
median time of 5—6 months.

It should be noted that microcell-mediated transfer of the fragment of human chromosome 11
containing the KAII gene into metastatic mammary rat carcinoma cells did not change their
metastatic potential [18]. This result suggests that the metastasis-suppressing function(s) of KAII
gene may be tumor specific. In this respect, effects of KAII are reminiscent of observations that
downregulation of nm23 correlates with metastatic progression in some, but not all tumors [56].

The functions of KAII in tumor cells are unknown. The cDNA for this gene has been cloned
by three independent groups [76-78]. Gaugitsch et al. [76] cloned KAIl cDNA under the name
R2 by subtractive hybridization of a cDNA library of stimulated Jurkat cells. The homology
search revealed that R2 belongs to TM4SP proteins and that the level of R2 mRNA is elevated in
activated lymphoid cells. Gil et al. [77] cloned KAI1 cDNA under the name IA4 using transient
expression of a monocytic U937 cell cDNA library in COS cells and a panning strategy with
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anti-IA4 monoclonal antibody. This group established that expression of IA4 is a marker of
lymphocyte activation with IL-2, PHA, and Staphylococcus aureus Cowan 1. In human monocytic
U937 cells, tumor necrosis factor o (TNF-cor) and IL-6 upregulated expression of IA4. Exposure
of U937 cells to saturating doses of IA4 antibody led to a rapid (seconds) increase in cytosolic
free Ca®*, suggesting that IA4 may be involved in Ca?* regulation. Finally, Imai et al. [78] cloned
KAIl cDNA under the name C33 by screening an expression library with antibody against C33
antigen. C33 antigen was originally identified as a target for antibody which inhibited syncytium
formation, induced by the human T cell leukemia virus type 1 (HTLV-1) in human T cell line
MOLT-4. This group established that C33 is heavily N-glycosylated and that the pattern of
glycosylation is different in HTLV-1* and HTL V-1~ cells.

Although the biological functions of TM4SP proteins are unknown, two other members of this
family were recently implicated in the development of malignant and metastatic phenotypes.

CD63 glycoprotein

Two groups reported that another member of TM4SP family, a melanoma-specific antigen CD63
(ME491), may function as a tumor suppressor gene. CD63 is a lysosomal membrane glycopro-
tein which is also expressed on the surface of melanoma cells and platelets [79, 80]. It was found
that transfection of CD63 cDNA in H-ras-transformed NIH 3T3 cells yielded clones with de-
creased ability to grow in nude mice after subcutaneous injection [81]. Similar results were
obtained when a genomic CD63 clone (in an episomal vector) was transfected into KM3, a
human melanoma cell line negative for CD63 [82]. One of the transfected clones was assayed for
its ability to grow in a nude mice after intradermal injection and was found to grow significantly
less vigorously than a control (vector-transfected) clone. In addition, after tail vein injection of
3x10% cells the CD63 transfectant formed significantly fewer subcutaneous and peritoneal
metastatic nodules than control cells.

MRP-1/CD9 glycoprotein

Ikeyama et al. [83] reported that another member of the TM4SP superfamily, the MRP-1/CD9
protein, may be involved in control of metastatic phenotype. MRP-1/CD9 is a 24-27 kDa
glycoprotein which is expressed in hemopoietic tissues, in many nonhemopoietic tissues and in
human tumor cell lines [84]. Monoclonal antibodies to CD9 induce platelet activation and aggre-
gation [85]. The M31-15 monoclonal antibody against MRP-1/CD?9 inhibits motility of MAC10
cells derived from a human lung adenocarcinoma [84] and overexpression of MRP-1/CD9 pro-
tein in several type of cells suppressed their motility [83]. Somewhat contra-intuitively,
overexpression of MRP-1/CD9 in highly metastatic mouse melanoma BL6 cells also resulted in
the suppression of their ability to form lung metastasis upon intravenous injection of 10° cells
into BALB/c nu/nu mice [83]. The potential ability of MRP-1/CD9 to suppress metastatic
dissemination was further supported by the finding of a lower expression of this protein in breast
cancer metastatic lymph nodes as compared with primary tumors [86].
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Manganese superoxide dismutase and control of metastatic potential

Manganese superoxide dismutase (MnSOD) is a nuclear DNA-encoded mitochondrial enzyme
that converts superoxide radicals formed in mitochondria into H,O,. Superoxide radicals are
potent genotoxic agents and also apparently serve as second messengers in some signal trans-
duction pathways [87]. MnSOD is encoded by the SOD2 gene and there are indications that it
may function as a tumor suppressor gene [88]. Safford et al. [89] reported that overexpression of
human MnSOD in highly metastatic mouse fibrosarcoma cells (FSa-II) yielded clones which
were tumorigenic, but weakly metastatic, upon injection of 1-2x 10° cells into the feet of synge-
neic mice. Thus, it appears that in this heterologous system MnSOD may function as a true meta-
stasis suppressor capable of inhibiting metastatic potential of cells without affecting their tumori-
genicity. Chromosome transfer experiments in human cells supported this possibility, since intro-
duction of human chromosome 6 carrying SOD2 [90] into highly metastatic human melanoma
cell line c8161 yielded tumorigenic but weakly metastatic clones [20]. However, direct transfec-
tion of human SOD2 cDNA into ¢8161 cells did not change their metastatic potential [91]. The
total amount of MnSOD protein and total antioxidant activity of MnSOD has not been altered in
transfected cells as compared with control (vector-transfected) cells. The latter result suggests a
highly regulated level of expression of the SOD2 gene in human melanoma cells, which in turn
may explain the difference between the results of transfection experiments with mouse [89] and
human [91] cells.

E-cadherin and control of tumorigenicity and metastatic potential

Several reports suggest that E-cadherin molecules may be involved in control of the metastatic
phenotype. Although these reports do not contain direct experimental evidence separating the
effects of E-cadherin on tumorigenicity and metastatic dissemination of primary tumor, they
nevertheless merit discussion in this review. The first step in tumor cell metastatic dissemination
is separation from other tumor cells, for example the disruption of homophilic interactions be-
tween tumor cells. These interactions are mediated by cadherins, a family of transmembrane
glycoproteins that provide for Ca®*-dependent cell-cell adhesion [92]. The extracellular N-
terminal 113 amino acid region apparently defines the specificity of the cell-cell binding, while the
intracellular C-terminal domain interacts with cytoskeletal proteins and is necessary for mobiliz-
ing the ability of cells to bind to each other. Several lines of evidence indicate that the level of
expression of E-cadherin (uvomorulin) may play a crucial role in the metastatic dissemination of
certain types of tumor cells. First, low levels of expression of the E-cadherin gene correlate with
the progression of human prostate cancer {93, 94]. Second, reduced expression of E-cadherin is
associated with increased invasiveness of human colorectal carcinoma cell lines in tissue culture
assays [95]. Third, transfection of mouse E-cadherin cDNA into human colon carcinoma cell line
COKFu resulted in transfectants with decreased growth rates in vitro and in the subcutis of nude
mice, and with decreased ability to form lymph node metastasis after intravenous injection [96].
However, ectopic expression of E-cadherin in mouse HaCa4 cells derived from a mouse skin
carcinoma produced a clone (E62) which remains metastatic [97].
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The regulation of expression of the E-cadherin gene occurs on several levels. Graff et el., [98]
demonstrated that downregulation of E-cadherin in some prostate and breast tumors may be
caused by hypermethylation of the promoter region. Yoshimura et al. [99, 100] demonstrated that
increased expression of E-cadherin on the cell surface may be achieved by altering the pattern of
glycosylation of this protein. The experiments were based on the notion that the beta-1-6 struc-
ture of N-linked oligosaccharides, formed by beta-1,6-N-acetylglucosaminyltransferase (GnT-V),
is associated with metastatic potential. In order to decrease the level of beta-1-6 structures,
Yoshimura et al. [99] overexpressed a competing enzyme, beta-1,4-N-acetylglucosaminyltrans-
ferase (GnT-III), in B16-hm, a highly metastatic subclone of mouse B16 melanoma cells. This
experiment resulted in transfectants with decreased ability to form lung metastasis after intra-
venous injection into syngeneic and nude mice. Further study established that E-cadherin was
glycosylated by GnT-1II in transfectants, and that the turnover of E-cadherin in the GnT-III
transfectants was slower, resulting in the increased presence on the cell surface.

Unfortunately, the metastatic dissemination of cells transfected with E-cadherin or GnT-III
was assayed in intravenous injection experiments which do not allow for the separation of effects
of E-cadherin on the growth of primary tumor and the ability of the primary tumor to metastasize.

Potential positive regulators of metastatic dissemination

To discover positive regulators of metastatic potential, which selectively enhance metastatic disse-
mination of tumor cells without affecting their tumorigenicity, appears to be even more difficult
than the search for metastasis suppressor genes. It should be noted however, that positive regu-
lators of metastatic dissemination would be more conventional targets for the development of
antimetastasis therapeutics than negative regulators. Although several strategies for selective
inhibition of target proteins are available (dominant negative mutants, ribozymes, antisense con-
structs, knockout constructs), all of them require prior knowledge of putative positive regulators
of metastasis.

A ribozyme-based approach to inhibiting expression of proteins suspected to have a role in the
control of metastatic dissemination has been tested recently by three groups. The approach is
based on constructing ribozymes with the catalytic hammerhead RNA sequence flanked with
RNA sequences complementary to a targeted mRNA. Expression of targeted ribozymes in
mammalian cells leads to decreased expression of a targeted protein [101, 102]. Unfortunately, all
three groups have chosen to test metastatic potential of constructed tumor cells in the colonization
assay based on intravenous or intracardial injection of tumor cells, and therefore (as discussed
above) it is impossible to establish whether their findings will be true for cells disseminating from
primary tumors.

Hua and Muschel [103] expressed a ribozyme-targeting metalloproteinase 9 (MMP-9) in a
metastatic rat embryo fibroblast line 2.10.10 that was transformed by ras and v-myc and
constitutively expresses MMP-9. MMP-9, as well as other metalloproteinases, is implicated in
invasion and metastasis [8]. Expression of MMP-9 ribozymes in 2.10.10 cells yielded clones
which, upon subcutaneous injection into nude mice (5% 10° cells/mouse), were as tumorigenic as
parental cells, or cells overexpressing untargeted hammerhead ribozymes. However, the ability of



14 JM. Backer and C.V. Hamby

these cells to colonize nude mouse lungs after tail vein injection of 5x 10* cells was significantly
lower in two tested clones than in control cells.

Melandsmo et al. [104] expressed a ribozyme targeting the mRNA of CAPL (sntsl) gene in
OHS, a human osteosarcoma cell line established from a patient with multiple skeletal metastases.
When these cells were injected intracardially into immunodeficient nude rats the tumors were
formed in spinal vertebrae and long bones. The CAPL gene encodes a protein which belongs to
the S-100 family of Ca®* binding proteins implicated in control of signal transduction pathway,
and in control of cytoskeletal and motor functions via activation of giant protein kinases [105,
106]. Expression of CAPL ribozymes in OHS cells did not affect their tumorigenicity as
measured by subcutaneous injection of 1x 109 cells into nude mice. However, the expression of
CAPL ribozymes significantly inhibited the ability of transfected cells (three clones tested) to
form spinal tumors upon intracardial injection of 1X 10 cells into nude rats.

Finally, Yamamoto et al. [107] designed a ribozyme targeting mRNA of the alpha 6 subunit of
the VLA-6 (a6B1) integrin receptor which recognizes laminin. Expression of this ribozyme in the
human fibrosarcoma cell line HT1080 yielded clones with significantly reduced expression of
VLA-6 and dramatically reduced ability to colonize lungs of nude mice upon tail vein injection.
Unfortunately, the authors did not present evidence on the tumorigenicity of the selected clones
and therefore it is impossible to establish whether inhibition of VILA-6 expression is related spe-
cifically to a metastatic phenotype. Hopefully, either a ribozyme-based strategy, or a recently
reported dominant negative receptor strategy of downregulating VL.A-6 expression [108], will
discriminate the contribution of this receptor to tumorigenic and metastatic phenotypes.

Summary

Three types of experiments clearly demonstrated that different genes control the ability of cells to
form a primary tumor and to metastasize from the primary tumor. First, there are three reports
that fusion of metastatic and non-metastatic cells produced non-metastatic, but tumorigenic cells
[10-12]. Second, there are six reports that introduction of specific normal human chromosomes
into metastatic cells suppresses their metastatic potential, but does not affect tumorigenicity [16—
21]. Third, there are three reports that transfection of cDNA for nm23-HI, KAIl and SOD?2
genes into metastatic cells suppresses their metastatic potential, but does not affect tumorigenicity
[65, 24, 89]. In addition, there are several reports that transfection of cDNA for MRP-1/CD9,
beta-1,4-N-acetylglucosaminyltransferase, and ribozymes for MMP-9, CAPL, and alpha 6
subunit of VLLA-6 suppresses the metastatic potential of tumor cells in intravenous (or intracar-
dial) injection assays.

Currently, the crop of identified metastasis control genes is much smaller than that of onco-
genes or tumor suppressor genes. Perhaps activation of oncogenes and/or inactivation of tumor
suppressor genes equipped cells with means nearly sufficient for formation of primary tumor and
for metastatic dissemination. If this is the case, then alterations in only a few genes may be
necessary for successful metastatic dissemination of tumor cells. However, it is possible that there
are numerous metastasis control genes whose discovery has been hindered by at least three expe-
rimental problems. First, there are no tissue culture experiments that can separate effects of
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transgenes on tumorigenic and metastatic potential of tumor cells. Therefore, validation of putative
metastasis control genes requires costly and lengthy in vivo experiments. Second, in vivo experi-
ments are designed to detect inhibition of metastatic potential. Thus, positive regulators of meta-
static potential can be detected only through strategies that lead to the ‘loss-of-function’ (domi-
nant negative mutants, ribozymes, knockouts). These strategies in turn require pre-existing
knowledge, or at least suppositions, about functions of the targeted gene. Third, strategies based
on differential screening of highly metastatic and non-metastatic subclones of the same tumor cell
line require validation of any findings on a large number of subclones in order to be considered
statistically significant.

However, the results of transfection experiments suggest that manipulation of single genes
(nm23, KAIl, SOD2) may be sufficient for dramatic decreases in metastatic capabilities of tumor
cells. Given the reservations about translation of ‘nude mouse’ results to ‘real’ tumors, the
results of transfection experiments suggest that identification of genetic control elements of meta-
static dissemination may lead to new targeted anti-metastatic therapeutics.
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Introduction

While the evidence for the genetic basis of cancer is mounting [reviewed in 1-3], at the same time
it is becoming apparent that growth factors and cytokines may play critical roles in determining
the phenotypic expression of cancer [4—6]. Interleukin-6 (IL-6) decreases intercellular and sub-
stratum adhesiveness in lines of human ductal breast carcinoma cells [7—12]. Dyshesiveness is a
cardinal pathological feature of breast carcinoma [13]. Ductal breast carcinoma cells are morpho-
logically heterogeneous not only within the same tumor, but also in sublines originating from the
same line of tumor cells. In the Ro subline of the ZR-75-1 cells IL-6 converts cuboidal/polygonal
cells to stellate cells with long processes [7]. The morphologically altered ZR-75-1-Ro cells
separate from each other and display enhanced directional motility although their proliferation is
suppressed. No evidence was obtained of growth factor-inducible cell-cell separation with trans-
forming growth factor-c. (TGF-o), TGF-B,, epidermal growth factor (EGF), or insulin-like
growth factor (IGF-1) [9]. Colonies of ZR-75-1-Ro cells formed in the presence of acidic fibro-
blast growth factor (aFGF) or basic fibroblast growth factor (bFGF) (10 or 100 ng/ml) did
however show some evidence of cell-cell separation.

A distinctive response of human ductal breast carcinoma cells to IL-6 has recently been de-
scribed [11, 12]. The Tx subline of ZR-75-1 cells is characterized by angular/fusiform morpholo-
gy [11, 12]. In response to IL-6 most of the ZR-75-1-Tx cells round up while only some become
fibroblastoid. Many of the rounded cells detach from the substratum. These spherical cells con-
tinue to divide, as do cells that remain adherent [11]. The detached spherical cells commonly lack
pseudopodia and do not translocate directionally. The distinctive IL-6 induced phenotypic chan-
ges in the Ro and Tx sublines of ZR-75-1 cells are reversible upon incubation of the cells in IL-6
free medium for several days [7, 11].

The FGF family of growth factors consists of at least seven members which act upon a wide
variety of cells (reviewed in [14—16]). Besides stimulating proliferation, they are capable of
inducing or inhibiting differentiation. FGFs show neurotrophic and angiogenic activities and play
important roles in development. aFGF activates, via the tyrosine phosphorylation activities of its
receptor, a number of signal transduction pathways [reviewed in 14], including the protein kinase
C pathway [17-21].

* This review represents a synthesis of two manuscripts left unfinished by the late Dr. Igor Tamm.
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ZR-75-1-Tx breast carcinoma cells treated with aFGF for 1 to 3 days lose their predominantly
angular/fusiform shape and become polygonal/cuboidal/spherical. Cells displaying the altered
morphology commonly form clusters. A small fraction of the aFGF-treated cells detaches from
the substratum. The cell-detaching effect of IL-6 and aFGF together exceeds the sum of the ef-
fects of each agent used alone. Through cooperative interaction with aFGF even very low concen-
trations of IL-6 suffice to produce a marked antimorphogenetic effect. Furthermore, low con-
centrations of aFGF markedly enhance IL-6 action. The sensitivity of the actions of aFGF and
IL-6 to kinase inhibitors is consistent with a requirement for protein tyrosine kinase function in
the actions. Protein kinase C activation by phorbol esters modulates dyshesive effects of IL-6 and
aFGF, as well as development of the actin-cytoskeleton and integrin-mediated focal adhesions.

Antimorphogenetic action of E. coli-derived human recombinant IL-6 in ZR-75-1-Tx
breast carcinoma cells

Baculovirus-derived IL-6 was used in previous studies that characterized the action of this cyto-
kine in ZR-75-1-Tx cells, including its interaction with aFGF under serum-free conditions [11,
12]. Figure 1 documents the dose dependence of the morphological changes induced by E. coli-
derived IL-6 in cultures of ZR-75-1-Tx cells treated for 2 days. ZR-75-1-Tx cells not treated with
IL-6 are epithelioid but pleiomorphic with angularity of the outline a predominant feature
(Fig. 1A). At 0.04 ng/ml, IL-6 caused only localized rounding involving small numbers of cells
(Fig. 1D); at 0.2 ng/ml cell rounding is moderate with numerous singlets present (Fig. 1C); and
at 1 ng/ml more than half the cells have rounded (Fig. 1B). Some rounded cells remained attached
to the culture surface, while others completely detached and were free-floating in the medium. As
illustrated in Figure 2, after a 3-day exposure of ZR-75-1-Tx cells to IL-6 the number of detached
cells in the culture medium was dependent on IL-6 concentration in the range from 0.008 to
5 ng/ml. Increasing the concentration beyond 5 ng/ml did not increase the effect.

Figure 3 (panel B) shows that IL-6 induced cell detachment was evident within 1 day from the
beginning of treatment, and increased with time as indicated by a comparison of numbers of non-
adherent cells in IL-6-treated vs control cultures. Taken together, the photomicrographic and cell
enumeration data show that the nonadherent cells represent only a fraction of the rounded cells
observed by microscopic examination of cultures, as noted previously [11]. IL-6 had no effect on
the total number of cells in the culture (Fig. 3C), which indicates that the population sizes of
control and JL-6-treated cells were comparable at all times. Due to IL-6 induced cell detachment,
the number of adherent cells in IL-6 treated cultures was lower than in control cultures (Fig. 3A).

Expressing nonadherent cells as percentages of total cells present gives a measure of the kine-
tics of the IL-6-induced detachment. For the cultures shown in Figure 3 in controls on days 1, 2,
and 3 these were 1.5, 2.1 and 1.0%, whereas in IL-6 treated cultures they were 10.7, 11.6 and
22.0%, respectively. On the sixth day of incubation, when the total counts had reached 2.4 X 10°
cells/em? for control and 3.0x 10° cells/cm? for IL-6 treated cultures, the respective percentages
of nonadherent cells had decreased to 0.1 and 11.0%. Time-lapse cinemicrographic observations
indicated that on prolonged incubation a fraction of the detached, rounded IL-6-treated cells
readhered to the substratum.
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Figure 1. Rounding of ZR-75-1-Tx breast carcinoma cells as a function of IL-6 concentration. Cultures were
photographed 2 days after the beginning of treatment. Two cultures were used per variable. (A) Control; (B) IL-6
(1 ng/ml); (C) IL-6 (0.2 ng/ml); (D) IL-6 (0.04 ng/ml). Final magnification x 164.
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Figure 2. Number of detached ZR-75-1-Tx cells as a function of IL-6 concentration. Coulter counts were done on
supernatant media 3 days after the beginning of treatment with IL-6. Two cultures were used per variable. The
number of nonadherent cells in control cultures was 0.138x 10% cells/cm?. The mean of the coefficients of variation
for the seven pairs of determinations was 1.55% and the range was from 0 to 3.48 %.
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Figure 3. IL-6 does not affect the proliferation rate of ZR-75-1-Tx cells. Nonadherent and adherent cells were
enumerated in a hemocytometer. Three cultures were used per variable. (A) Adherent cells; (B) Nonadherent cells;

(C) Total. Control ®—®; IL-6 (5 ng/ml) O—O.
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Relationship between time of preincubation and IL-6 induced cell detachment

The extent of IL-6 induced cell detachment is dependent on the interval of time between seeding
of cultures and beginning of treatment. Table 1 shows that with a 1-day preincubation before
addition of IL-6, the cell-detaching effect of 2-day treatment with IL-6 is close to three times
greater than with a 3-day preincubation. This is consistent with the possibility that formation of a
more extensive extracellular matrix (ECM) in 3 days vs 1 day permits firmer attachment of cells.

Table 1. Prolonged preincubation decreases the response of ZR-75-1-Tx cells to the cell-detaching effect of IL-6

Control IL-6, 15 ng/ml
Exp. Preincubation, Total number of  Nonadherent cells, Total number of  Nonadherent cells,
days cells/em? x 107 % of total cells/em? x 107 % of total
A 1 5.7 23 7.0 24
B 1 4.05 12 4.7 23
C 1 8.28 0.7 7.53 15
D 3 14.5 0.2 11.3 73
E 3 13.3 0.5 14.6 7.7
F 3 19.8 0.26 20.7 6.9

ZR-75-1-Tx cells were seeded in 25 cm? flasks at a density of 2% 10* cells/cm? in 4 ml of medium.
Two or three flasks were used per variable. After incubation for 1 or 3 days, the medium was changed and the
cultures treated for 2 days. Nonadherent and adherent cells were counted in a hemocytometer.

Antimorphogenetic action of aFGF in ZR-75-1-Tx cells

Figure 4 shows that aFGF markedly alters the morphological characteristics and distribution of
ZR-75-1-Tx cells in culture. The changes caused by aFGF (Fig. 4) are clearly different from
those caused by IL-6 (Fig. 1). In cultures treated with aFGF at 4 ng/ml many cells are distributed
in clusters in which the shape of the cells varies from round to angular. As discussed above, cells
treated with IL-6 are more dispersed and the shape tends to be more uniformly spherical.
Figure 4 illustrates the dose dependence of the aFGF effect in the range 0.16 to 4 ng/ml. As the
concentration of aFGF is increased the changes in individual cells become more marked and an
increasing proportion of the cells displays a markedly altered phenotype (Fig. 4). At 20 ng/ml the
effects of aFGF are similar in extent and kind to those observed at 4 ng/ml. Even at 0.03 ng/ml
aFGF causes the appearance of some clusters of rounded cell.

Figure 5 shows that aFGF (20 ng/ml) did not enhance or suppress the proliferation of ZR-75-
1-Tx cells over a 3-day period. In a series of nine experiments in which treatment with aFGE
(20 ng/ml) was for 2 days, the mean ratio of total cell yields, aFGF/Control was 0.95+0.15.

An evaluation of the extent of cell rounding seen in photomicrographs of cultures of ZR-75-1-
Tx cells (e.g., Fig. 4C) relative to detachment of cells determined by enumeration (e.g., Fig. 5)
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Figure 4. Rounding of ZR-75-1-Tx cells as a function of aFGF concentration. Cultures were photographed 2 days
after the beginning of treatment. Two cultures were used per variable. (A) Control with heparin (10 pg/ml), which

was also present in B-E; (B) aFGF (20 ng/ml); (C) aFGF (4 ng/ml); (D) aFGF (0.8 ng/ml); (E) aFGF
(0.16 ng/ml). Final magnification X 164.
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Figure 5. aFGF does not affect the proliferation rate of ZR-75-1-Tx cells. Nonadherent and adherent cells were
enumerated in a hemocytometer. Three cultures were used per variable. (A) Adherent cells; (B) Non-adherent cells;
(C) Total. Control @—@; aFGF (20 ng/ml) O—O.

indicates that the nonadherent cells in aFGF treated cultures represent only a very small fraction
of the cells that have rounded. A direct comparison in seven experiments of the cell-detaching
activity of IL-6 and aFGF at the maximally effective concentrations of each (5 and 20 ng/ml,
respectively) showed that on the average, IL-6 is capable of exerting a 3 to 7-fold greater effect
than aFGF after 2 days of treatment.

Presence of heparin was essential for aFGF activity [22]. In ZR-75-1-Tx cells 10 pg/ml of
heparin was sufficient to obtain maximal effectiveness of aFGF. Heparin did not per se alter the
morphological characteristics of ZR-75-1-Tx cells, nor did it affect the antimorphogenetic action
of IL-6.

Cooperative interaction of IL-6 and aFGF

Interaction of IL-6 and aFGF occurred at maximally effective concentrations of each as well as at
lower concentrations. IL-6 at 5 ng/ml caused marked cell rounding and cell-cell separation, with
only patches of epithelioid cells remaining (Fig. 6B). Some fibroblastoid cells are also present.
After treatment with aFGF (20 ng/ml) the majority of the cells are morphologically altered, but
large cellular aggregates persist (Fig. 6C). Cells are round, ovoid, cuboidal, elongated or angular
in shape. Some singlets are also present. The combination of aFGF + IL-6 caused very marked
cell rounding with many spherical singlets in evidence and some elongated fibroblastoid cells;
only a few epithelioid cells remained in the culture (Fig. 6D). Thus, although IL-6 at 5 ng/ml is
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Figure 6. Extensive cell-cell separation and cell rounding in ZR-75-1-Tx cultures treated with IL-6 + aFGF. ZR-
75-1-Tx cells were incubated for 3 days before medium change and beginning of treatment. The cultures were
photographed 2 days after the beginning of treatment. Two cultures were used per variable. (A) Control; (B) IL-6
(5 ng/ml); (C) aFGF, (20 ng/ml); (D) IL-6 (5 ng/ml) + aFGF (20 ng/ml). Final magnification x 164.
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markedly antimorphogenetic, an even greater effect is obtained when both IL-6, and aFGF
(20 ng/ml) are present. This is further demonstrated by cell enumeration (Tab. 2, Experiment A).
The size of the fraction of nonadherent cells in cultures treated with both IL-6 and aFGF (32.7 %)
is 2.3 times greater than the arithmetic sum of these fractions (14 %) in cultures treated with IL-6
or aFGF alone. All nonadherent cells were viable. Table 2, Experiment B shows results obtained
with aFGF at 4 ng/ml. The nonadherent cell fraction in IL-6 + aFGF treated cultures was 2 times
greater than the arithmetic sum of these fractions in groups treated with each cytokine alone.

Colony formation assays show (Tab. 3) that nonadherent cells from ZR-75-1-Tx cell cultures
that had been treated with IL-6 or aFGF alone or with the combination of IL-6 and aFGF are
capable of forming colonies, albeit possibly to varying degrees. It should be emphasized that
except for occasional dead cells scattered among the different groups, the nonadherent cells were
viable by erythrosin B exclusion. Detached cells from IL-6 treated cultures appear to have a
somewhat higher plating efficiency than cells from control cultures, whereas cells from aFGF
treated cultures may have a somewhat lower plating efficiency. Furthermore, combining IL-6 and
aFGF treatments results in clear suppression of plating efficiency. As for the low (12 %) plating
efficiency of the detached control ZR-75-1-Tx cells, it is of interest that the plating efficiency of
the Ro subline of ZR-75-1 cells [11] used in earlier studies was also low (12%) [7]. For com-
parison, the plating efficiency of the T-47D line of ductal breast carcinoma cells was 36% [7].

In another colony assay using samples of nonadherent ZR-75-1-Tx cells from Experiment A,
Table 2, the medium was replaced with fresh medium after 3 days of incubation of colony assay

Table 2. Cooperative interaction of IL-6 and aFGF in causing detachment of ZR-75-1-Tx cells

Number of cells per em?x107*

Exp. Group Adherent Nonadherent Total Nonadherent,
% Total
A Control 2.9 0 2.90 0
IL-6, 5 ng/ml 24 0.310 2.71 11.4
aFGF, 20 ng/ml 3.1 0.083 3.18 2.6
IL-6, 5 ng/ml 2.0 0.960 2.94 327
+ aFGF, 20 ng/ml
B Control 4.5 0.02 4.49 0.45
IL-6, 5 ng/ml 34 0.46 3.86 12.0
aFGF, 4 ng/ml 4.6 0.22 4.83 4.6
IL-6, 5 ng/ml 3.6 1.85 545 339

+ aFGF, 4 ng/ml

ZR-75-1-Tx cells were seeded in 75 cm? flasks at a density of 2x 10* cells/cm?. In Experiment A, four flasks cach
were used for control or aFGF-treated cultures and two flasks for IL-6 or IL-6 + aFGF-treated cultures. After
incubation for 1 day the medium was changed and the cultures treated for 2 days. Nonadherent and adherent cells
were counted in a hemocytometer. The nonadherent cells in the pooled supernatants were collected by centrifuga-
tion. In Experiment B, two flasks each were used for control and IL-6 treated cultures and one flask each for aFGF
or IL-6 + aFGF treated cultures.
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Table 3. Colony-forming efficiency of cytokine-treated ZR-75-1-Tx cells

Cytokine Number of colonies£S.D.  Colony-forming efficiency, %
Control 47+£8.9 12

IL-6, ng/ml 65%13 16

aFGF, 4 ng/ml 39+6.7 9.8

IL-6, 5 ng/ml + aFGF, 4 ng/ml 28+12 7

The nonadherent cells are from the same experiment as in Table 2, Experiment B. Six-well plates were seeded with
400 cells/well in 2 ml of control medium, three wells per variable except six wells were seeded with IL-6 treated
cells. The plates were incubated for 12 days and stained with DiffQuik. Groups of 10 or more cells were counted
as colonies.

plates. Under these conditions, an average of 3 times more colonies formed. However, in terms of
the number of colonies formed, the relative order was similar, i.e., IL-6 > aFGF > IL-6 + aFGF.
These results show that aFGF induced phenotypic changes are reversible and that a significant
fraction of the many cells that detach in response to the combined action of IL-6 and aFGF
reattaches and continues to proliferate when the cytokines are removed.

Lack of effect of TGF-o, TGF-B;, bFGF, KGF, EGF, and IGF-1 on ZR-75-1-Tx cell
morphology

The following growth factors, used at the stated concentrations, caused little detectable cell dis-
junction or rounding: TGF-o (25 to 100 pg/ml); TGF-B, (2 to 50 ng/ml); bFGF (30 to 90 ng/ml);
keratinocyte growth factor (KGF) (1 to 100 ng/ml); EGF (12 to 75 ng/ml); and IGF-1 (12 to
75 ng/ml).

Inhibition of IL-6 and aFGF effects by inhibitors of protein tyrosine kinases and
protein kinase C (PKC)

Figure 7 shows that the protein tyrosine kinase (PTK) inhibitor herbimycin, when used at a con-
centration of 0.15 UM, partially suppressed either IL-6 or aFGF induced disjunction and round-
ing of ZR-75-1-Tx cells (Fig. 7, B vs E and C vs F, respectively). The very marked antimor-
phogenetic effect of combined treatment with IL-6 and aFGF was also suppressed by herbimycin
(20 puM). Genistein, a second PTK inhibitor, had only borderline effects in the concentration
range from 30 to 100 puM when used against IL-6, aFGF, or IL-6 + aFGF. Tyrphostin A23 at
concentrations up to 10 pM had minimal inhibitory effects on IL-6 induced cell rounding and did
not suppress aFGF induced cell rounding.

Staurosporine is a protein kinase inhibitor with some selectivity for PKC and PTK when used
at low concentration [23, 24]. Figure 8 shows that 10 nM staurosporine inhibited IL-6 or aFGF
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Figure 7. Inhibition of IL-6 1 aFGF- or aFGF + IL-6 induced cell rounding by herbimycin. ZR-75-1-Tx cells were
seeded at a density of 2x 10* cells/ cro? in 6-well plates in 2 m} of growth medium. The following day the medium
was changed and treatment begun. Two days later cultures were photographed. (A) Control; (B) IL-6 (5 ng/ml);
(C) aFGF (20 ng/ml); (D) Herbimycin (0.15 pM); (E) IL-6 (5 ng/ml) + herbimycin (0.15 uM); and (F) aFGF
(20 ng/ml) + herbimycin (0.15 uM). Final magnification x 164.

induced cell rounding. Staurosporine also inhibited the massive cell rounding induced by com-
bined treatment with IL-6 (5 ng/ml) and aFGF (20 ng/ml).

Chelerythrine, a selective PKC inhibitor used at concentrations up to 1 pM showed only
borderline effects on IL.-6 or aFGF induced cell rounding.
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Figure 8. Inhibition of IL-6 or aFGF induced rounding of ZR-75-1-Tx cells by staurosporine. The cultures were
photographed 3 days after the beginning of treatment. Two cultures were used per variable. (A) Control; (B) IL-6
(S ng/ml); (C) aFGF (20 ng/ml); (D) Staurosporine (10 nM); (E) IL-6 (5 ng/ml) + staurosporine (10 nM); (F)
al“GIF (20 ng/ml} + staurosporine (10 nM). Final magnification: X 164.

Protein kinase C activation by TPA by itself causes little rounding or detachment of
ZR-75-1-Tx cells, but it enhances IL-6 actions

The predominant morphologic effect of 12-o-tetradecanoy! phorbol-13-acetate (TPA) (5 nM) is
to cause flattening of ZR-75-1-Tx cells (compare Fig. 9, A and E) although rare rounded cells are
also present. TPA, however, increases IL-6 induced (5 ng/ml) rounding of ZR-75-1-Tx cells
(compare Fig. 9, B and F).

Enumeration of adherent and nonadherent cells showed (see Tab. 4) that whereas TPA (5 nM)
caused only a 2.6-fold increase, IL-6 (5 ng/ml) caused a 37-fold increase in the percentage of
nonadherent cells after 3 days of treatment. The combination of IL-¢ and TPA caused a 52-fold
increase. It can also be seen in Table 4 that after 3-day treatment the total number of cells was
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Figure 9. TPA inhibits aFGF-induced ZR-75-1-Tx cell rounding while producing a distinct phenotype. The
cultures were photographed 2 days after the beginning of treatment. A-D on left (no TPA) are controls for E-H on
right (TPA present in all). (A) No additions; (B) IL-6 (0.2 ng/ml); (C) aFGF (20 ng/ml); (D) IL-6
(0.2 ng/ml) + aFGF (20 ng/ml); (E) TPA (5nM); (F) TPA (5 M)+ IL-6 (0.2 ng/ml); (G) TPA
(5 nM) + aFGF (20 ng/ml); (H) TPA (5 nM) + aFGF (20 ng/ml) + IL-6 (0.2 ng/ml). Final magnification: x 164.
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Table 4. TPA by itself causes little detachment of ZR-75-1-Tx cells

Group Number of cells per cm? x 107

Adherent Nonadherent Total Nonadherent,

% of total £S.D.

Control 21.4 0.07 215 0.33+0.095
IL-6, 5 ng/ml 221 3.04 22.1 12.10+0.734
TPA, 5 nM 23.6 0.20 23.8 0.87+0.206
IL-6, 5 ng/ml 19.1 3.84 229 17.26+4.30
+ TPA, 5 nM

ZR-75-1-Tx cells were seeded in 75 cm” flasks at a density of 4x 10* cells/cm? in 12 ml of medium (0.16 ml/em?).
Three flasks were used per variable. After incubation for 3 days, the medium was changed and the cultures were
treated as indicated for 2 days. Nonadherent and adherent cells were counted in a hemocytometer.

similar in control, IL-6, TPA, and IL-6 + TPA groups, indicating that ZR-75-1-Tx cell prolifer-
ation was not affected by the treatments. In contrast, the proliferation of the ZR-75-1-Ro subline
cells was suppressed by IL-6 [7], but enhanced by TPA [9]. Thus, the Ro and Tx sublines of ZR-
75-1 cell differ both in cell adhesiveness and cell growth parameters.

Protein kinase C activation by TPA causes enlargement and inhibits detachment of ZR-
75-1-Tx cells treated with aFGF alone or with aFGF + IL-6

The interaction of TPA with aFGF or aFGEF + IL-6 differs strikingly from its interaction with IL-
6. In Figure 9 the controls for TPA (cf. A-D on the left) illustrate the distinctive cellular
phenotypes produced by IL-6 (0.2 ng/ml) (B) and aFGF (20 ng/ml) (C), and the marked en-
hancement of the IL-6 induced phenotype by aFGF (D).

Figure 9 (F) documents further the considerable enhancement of the IL-6 induced phenotype
by TPA (5 nM). In contrast, TPA blocks the morphological changes induced by aFGF or by
aFGF + IL-6, and in both cases produces a new phenotype characterized by marked cellular
flattening and enlargement and presence of processes. The results suggest that TPA interacts
negatively with aFGF but in a complex way (compare Figs 9D and H).

Table 5 shows that TPA inhibits detachment of ZR-75-1-Tx cells treated with IL-6 + aFGF. In
addition, the results are consistent with microscopic observations showing fewer cells in cultures
exposed to IL-6 + aFGF + TPA and presence of debris, some of which may represent fragments
of cellular processes. Overall, the antagonism between TPA and aFGF is reminiscent of the
antagonism between phorbol esters and EGF in breast cancer cells [25].
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Table 5. TPA inhibits detachment of ZR-75-1-Tx cells treated with a combination of IL-6 and aFGF

Group Number of cells per em? x 107
Adherent Non-adherent Total Non-adherent,
% of Total+S.D.
Control 7.11 0.04 72

1.-6, 0.2 ng/ml 533 0.27 5.6

1L-6, 0.2 ng/ml 6.81 0.73 715 9.7+
+aFGF, 20 ng/ml

1.-6, 0.2 ng/ml 5.65 0.37 6.0 6.2+

+ TPA, 5 1M

1.-6, 0.2 ng/ml 3.47 0.05 35 1.3+
+ aFGF, 20 ng/ml

+ TPA, 5 nM

ZR-75-1-Tx cells were seeded in 75 cm? flasks at a density of 2x 10 cells/cm? in 10 ml of medium (0.12 ml/cmz).
Two flasks were used per variable. After incubation for 1 day, the medium was changed and the cultures were
treated as indicated for 2 days. Nonadherent and adherent cells were counted in a hemocytometer.

TPA-induced cytoskeletal changes increases focal adhesions and actin fibers

As striking morphological or adhesive changes are produced in ZR-75-1-Tx cells by various
combinations of IL-6, aFGF or TPA, these agents produce commensurate alterations in cell-
substratum adhesions and cytoskeleton architecture. Figure 10 displays micrographs of cell-
substratum contacts in living ZR-75-1-Tx cells and in these cells treated with IL-6 or TPA as
visualized by interference reflection microscopy [26, 27]. In control cultures (Fig. 10A), cell-
substrate adhesions appeared as dark-colored streaks or smaller round puncta, distributed over
the entire ventral cell surface. IL-6 treated cells showed reduced numbers of streak-like adhesions
and small, round punctate adhesions predominated (Fig. 10B). In contrast, cells treated with TPA
displayed a remarkable increase in streak-like focal adhesions and in most cells there was also a
spatial reorganization of focal adhesions to the peripheral cytoplasmic edge (Fig. 10C).

To gain further insight into the nature of focal adhesion and cytoskeletal reorganizations in
cytokine or TPA treated ZR-75-1-Tx cells, interference reflection microscopy on fixed cells was
combined with fluorescence visualization of the F-actin cytoskeleton and cellular phosphotyro-
sine (Figs 11 and 12). Paired micrographs of cell-substratum adhesions and the F-actin cytoske-
leton in control or treated ZR-75-1-Tx cells are shown in Figure 11. Control cells contained few,
if any, well-formed F-actin stress fibers (Figs 11A and 12A), with F-actin organized in the
cortical cytoplasm at the cell periphery or diffusely present throughout the ventral cell surface (in
contact with the substratum). Control cells displayed a number of small, dark colored punctate
adhesions (focal adhesions) or more diffuse areas of grey colored adhesions (close contacts)
(Fig. 11A"). In cells treated with low concentrations of IL-6, a diffuse F-actin cytoskeleton and
small, punctate focal adhesions were observed. A remarkable change in the F-actin cytoskeleton
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Figure 10. Cell-substratum adhesions in living ZR-75-1-Tx cells as viewed by interference-reflection microscopy.
(A) Control, (B) IL-6 (0.2 ng/ml), (C) TPA (5 nM). Magnification approx. x 1500 for all micrographs.

was brought about by addition of TPA to these cells, either alone or in the combination IL-
6/aFGF. As illustrated in Figures 11C/C', TPA treated ZR-75-1-Tx cells developed numerous F-
actin containing stress fibers that also terminated in long, streak-like focal adhesions. The size of
TPA-treated cells was also much larger than those in control or IL-6 treated cultures. The inclu-
sion of aFGF or IL-6 with TPA did not alter the remarkable effect of TPA on formation of actin
stress fibers and increased number of focal adhesions (Figs 11D/D").

Figure 12 displays micrographs of F-actin organization and phosphotyrosine localization in
control or TPA/cytokine treated cells. Control cultures displayed a number of small phospho-
tyrosine-containing puncta in the ventral cell surface (Fig. 12A"), corresponding to punctate-
adhesions visualized by interference-reflection microscopy. In cells treated with TPA as a single
agent, or in combination with aFGF/IL-6, a large increase in the number/size of phosphotyrosine-
containing adhesions (Fig. 12B") was evident and most phosphotyrosine streaks colocalized with
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Figure 11. Colocalization of cell-substratum adhesions and the F-actin cytoskeleton in fixed ZR-75-1-Tx cells.
(A) Control, (B) IL-6 (0.2 ng/ml), (C) TPA (5 nM), (D) TPA (5 nM) + IL-6 (0.2 ng/ml) + aFGF (20 ng/ml).
Micrographs depicting the F-actin cytoskeleton (A-D) are paired with interference-reflection micrographs from the
same cells (A'-D"). Magnification approx. x 1500 for all micrographs.
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Figure 12. Colocalization of F-actin and phosphotyrosine in ZR-75-1-Tx cells. (A) Control, (B) aFGF
(20 ng/ml) + TPAX (5 nM). The F-actin cytoskeleton is depicted in A,B; while phosphotyrosine localization in
the same cells is depicted in A, B'. Magnification approx. x 1500 for all micrographs.

termini of actin stress fibers (Fig. 12B). The effect of TPA to increase cell size, induce formation
of F-actin stress fibers, and increase phosphotyrosine-containing focal adhesions was the predo-
minant phenotype irrespective of inclusion aFGF or IL-6.

Cytokines in breast cancer metastasis: A model

The special interest of the cell adhesion disruptive actions of IL-6 and aFGF in human ductal
breast carcinoma cells arises from the fact that infiltrating carcinomas of this type are charac-
terized by disordered cell adherence [13]. We must consider that in the dyshesion observed in
these tumors disjunction-inducing cytokines or growth factors such as IL-6 and aFGF may play
arole, but that their action is conditioned on the genetic make-up of the cells.

Based on available information (reviewed in [2]) it is reasonable to assume that cell lines
derived from metastatic lesions of human ductal breast carcinomas initially comprise multiple
genetic variants. Upon culture further variants probably arise. Striking phenotypic differences
among human ductal breast carcinoma ZR-75-1 cell sublines from different laboratories and from
the American Type Culture Collection have been previously reported [11]. The subline of ZR-75-
1 cells maintained in C.K. Osborne’s laboratory [25] permitted detection of a novel form of
dyshesion-inducing activity of IL-6 [11]. When exposed to IL-6 these cells, designated the Tx
subline, were found to lose junctions both to neighbors and the substratum and to round up.
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ZR-75-1-Tx cells treated with aFGF also undergo morphological changes, but these are differ-
ent from those induced by IL-6. Although aFGF, like IL-6, causes ZR-75-1-Tx cells to lose their
epithelioid phenotype without becoming fibroblastoid, the rounding caused by aFGF is less
complete than that caused by IL-6. Morphologically altered aFGF-treated cells tend to remain in
clusters as compared to the morphologically altered IL-6 treated cells that disperse more exten-
sively. The cell detachment response is about 3 times greater with IL-6 than with aFGF when
each is used at the maximally effective concentration.

Of special interest is the finding of cooperative interaction between aFGF and IL-6. aFGF,
even at very low concentrations such as 0.016 ng/ml, increases IL-6 induced disruption of cell
adhesion. With aFGF present, very low concentrations of IL-6 are sufficient to cause marked
antimorphogenetic effects. These findings are consistent with the fact that IL-6 and aFGF belong
to two different families of cytokines/growth factors and differ in signal transduction pathways
they use. The precise mechanism underlying the cooperative interaction remains to be clarified.

Cytokine-induced tyrosine phosphorylation

In view of the role of protein tyrosine kinases in the transduction of IL-6 or aFGF signals it
would be expected that appropriate inhibitors selective for such enzymes would suppress IL-6 or
aFGF induced cell rounding and detachment. The findings with PTK inhibitors that IL-6 or aFGF
induced cell rounding can be partially suppressed by 0.15 pM herbimycin are consistent with this
expectation. Herbimycin (0.20 M) had a marked inhibitory effect on the extensive cell rounding
induced by combined treatment with IL-6 and aFGF. Genistein (56 or 100 pM) had only a slight
inhibitory effect on cell rounding induced by IL-6, aFGF, or IL-6 + aFGF. The selective PKC
inhibitor chelerythrine, used at concentrations up to 1 UM, only showed a borderline inhibitory
effect. However, 10 to 15 oM staurosporine had a marked inhibitory effect on IL-6 or aFGF
induced cell rounding. The effectiveness of staurosporine in this experimental system probably
relates primarily to its ability to inhibit PTK.

It will be important to determine the respective mediating roles of the JAK-TYK kinases used
by IL-6 receptors, and of the FGF receptor kinases and the nature of effector molecules and their
targets in breast carcinoma cells. Recently 25 different protein kinases were isolated from breast
carcinoma cells using PCR cloning techniques based on consensus sequences in the kinase
domain [28]. These included three novel putative tyrosine kinases and two cell cycle associated
serine/threonine kinases. Analysis of the levels of expression of all of these kinases in a panel of
human breast carcinomas revealed different expression profiles in different primary breast carci-
nomas [28]. Identification of the specific targets for tyrosine kinase function will be important for
the understanding of the respective mechanisms of action of IL-6 and aFGF in breast carcinoma
cells.
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Modulation of cancer cell phenotypes and metastatic behaviour

Present evidence suggests that aFGF can modulate cellular morphology, migration, adhesion, and
ultimately, metastatic potential in some types of carcinoma cells. Exogenous aFGF induces cell
dispersion and epithelial to mesenchymal transformation of rat NBT-II bladder carcinoma cells in
subconfluent cultures [29—32]. Increased autocrine production of aFGF in these cells, using
human aFGF expression vector constructs, produces similar effects on cellular behaviour, inde-
pendent of aFGF secretion into medium [33]. Thus aFGF might serve as a critical cytokine, alter-
ing behaviour of cancer cells, whether supplied as an exogenous ligand (e.g., from paracrine pro-
duction by other cells), or by increased endogenous production. However, not all NBT-II clones
are sensitive to the effect of aFGF, which provides at least one explanation for the heterogeneous
behaviour of particular cell clones in tumors. Although the mechanisms through which aFGF
modifies the behaviour of NBT-II cells are not fully known, it is clear that increased aFGF pro-
duction can confer increased tumorigenicity or more rapid development of metastases in NBT-II
cell-derived tumors in experimental models [33, 34]. Similar results have been obtained with
aFGF in the partially transformed Rat-1 cells [35]. Important cellular effects of aFGF that could
accelerate tumor invasiveness or metastasis could be (a) coupled disruption of intercellular cohe-
sion and increased cellular migration and (b) induction of anchorage-independent growth, as
observed in SV40-transformed kidney epithelial cells [36].

In the ZR-75-1-Tx line of human breast cancer epithelial cells, aFGF clearly has effects on
both intercellular cohesion of tumor cells and on substratum-dependent proliferation (Fig. 13).
Acquisition of cellular dyshesion is a cardinal sign of benign to malignant progression of ductal
tumors in humans [13] and the ability of the cells to proliferate without attachment to basement
membranes (analogous to substratum-independent proliferation) could be important for lymphat-
ic metastasis, which is characteristic for breast carcinomas. Although aFGF has been previously
identified as a likely progression factor for tumor cell growth and metastatic conversion in other
types of epithelial cells, our studies indicate that, in ZR-75-1-Tx cells, IL-6 is even more potent
than aFGF in producing antimorphogenetic effects. In particular, the cooperative interaction be-
tween IL-6 and aFGF in producing antimorphogenetic effects provides a means by which very
low concentrations of exogenously or endogenously supplied cytokines can reversibly modify
cellular properties related to particular cancer phenotypes. The distinct responsiveness of different
ZR-T75-1 cell populations (Ro vs Tx lines) to IL-6 and aFGF [7, 9, 11, 12] also provides insight
as to how cellular variability could favor different mechanisms of tumor spread. Depending on
acquisition of particular mutations, different cells within a tumor might be stimulated towards in-
creased local invasiveness (migration) or increased distant metastasis (loss of substratum require-
ment for growth) in response to variably produced tissue-derived cytokines such as IL-6 and
aFGF (Fig. 13).

The potential contributions of IL-6, aFGF, and PKC activation to the biology of ductal breast
carcinoma are diagrammed in Figure 13. This model proposes that both genetic and epigenetic
factors contribute to the range and type of cellular alterations in the carcinoma. A cardinal feature
of intraductal breast carcinoma is loss of cohesion between adjacent ductal epithelial cells such
that detached or loosely adherent epithelial cells appear in the lumen of duct carcinomas. The dys-
hesion of carcinoma cells is readily evident in cytological smears prepared from direct biopsy
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Figure 13. Model for cytokine-induced effects on invasivencss and metastasis of breast carcinoma cells. Please refer
to text for detailed description.

specimens and is, in fact, one of the most important alterations that distinguishes normal ductal
epithelial cells from their cancerous counterparts [13]. Following in situ transformation to ductal
carcinoma, malignant ductal carcinomas are characterized by either local invasiveness (particularly
as typified by scirrhous carcinomas) or distant metastasis via lymphatics. Specifically, the cell
rounding and (reversible) detachment produced by IL-6, aFGF, or a synergistic combination of
these two cytokines, could alter adhesiveness of ductal carcinomas so as to produce detached,
free-floating cells that could easily traverse lymphatics and, at distant sites with reduced cytokine
levels, could then reattach and set up a metastatic tumor focus. Continued proliferation of
completely detached ductal carcinoma cells at distant sites might be the basis of malignant
effusions within pleural or peritoneal spaces. In contrast, the PKC activation by other pathways
might enhance the development of actin-based contractile systems and enhanced binding of cells
to extracellular matrix (via integrin-focal adhesion complexes) that would promote local tumor
invasiveness. Hence, localized exposure of genetically altered tumor cells to distinct cytokines
could directly alter the type and extent of malignant behaviour of ductal carcinoma cells.
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Introduction

Lung cancer is the most common human malignancy in the world and its incidence is increasing.
Each year there are almost one million deaths due to lung cancer worldwide, accounting for 40%
of all cancer deaths in men and 20% in women. Surgery remains the mainstay of lung cancer
treatment. Detection of lung cancer, however, usually occurs late in the course of disease, and in
most cases, by the time of presentation the tumour is not amenable to curative resection. Thus, the
vast majority of patients are managed with radiation, chemotherapy or a combination of the two.
Despite the continued refinement of radiotherapy techniques and progress in pharmacotherapy, in
patients to whom these modalities are applied the 5-year survival rates are still only 5-10%.
Molecular studies within the last two decades clearly demonstrated that the majority of
malignancies arise due to mutations in dominant and recessive oncogenes. Both small cell lung
cancer (SCLC) and non-small cell lung cancer (NSCLC) are among the tumours with a particu-
larly high rate of molecular abnormalities. It is hoped that increasing knowledge of these altera-
tions will permit their use in clinical care and treatment. This review will address selected mole-
cular changes in lung cancer with particular attention to their potential application in the clinic.

Molecular characteristics of lung cancer
Genetic susceptibility to lung cancer

The development of lung cancer is considered a multistep genetic process, initiated in the majority
of cases by carcinogens present in cigarette smoke. Clinically apparent tumours are preceded by a
series of morphological changes in the bronchial epithelium, including hyperplasia/metaplasia,
mild, moderate and severe dysplasia, carcinoma in situ and invasion characterized by migration of
cancer cells through the basal membrane.

Even the early phase of promotion of carcinogenesis is accompanied by genetic instability.
Mutagens from cigarette smoke (e.g., polycyclic aromatic hydrocarbons and quinones) come into
close contact with bronchial epithelium, interact with DNA and produce mutagenic DNA adducts
[1, 2]. It was demonstrated in experimental systems that the level of adduct formation correlates
with carcinogenicity of particular agents [3]. Normally, smoking-induced adducts are eliminated
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by the nucleotide excision repair pathway [4]. When this process is impaired, the transcription of
essential genes may be altered by the accumulated adducts [5]. Most tobacco-related genotoxic
agents require metabolic activation by enzymes of the cytochrome P450 superfamily (e.g.,
CYP1AL1) before they interact with DNA. Other enzyme systems, including glutathione S-trans-
ferase M1 (GSTM]1) as well as T1- and N-acetyltransferase, detoxify these carcinogenic metabo-
lites [6]. The ability to activate vs. detoxify inhaled carcinogens varies substantially from individu-
al to individual [7]. It is presumed that the balance between expression of enzymes involved in
both processes may be associated with individual risk of lung cancer among smokers. For
example, subjects with CYPIAI genotype combined with functional GSTM1 are relatively resist-
ant to tobacco-related lung cancers whereas those with a CYPI/AI and GTSM(-) combination are
highly susceptible [8, 9].

Loss of heterozygosity (LOH)

The earliest cytogenetic changes accompanying carcinogenesis in the bronchial epithelium are
deletions in chromosomes 3p, 9p and 17p [10]. LOH, the loss of one allele of the recessive tu-
mour suppressor gene, is a marker of these deletions. One of the genes involved in this process
has recently been identified as the FHIT gene (fragile histidine triad gene). This gene, deleted in
the early stages of carcinogenesis, spans the FRA3B site at 3p14.2. FHIT is composed of 10
exons and demonstrates splicing errors in a proportion of lung cancers [11, 12]. Recently, how-
ever, the role of FHIT in cancerogenesis has been questioned [13]. Another recessive gene,
pl16™%4 was identified on the 9p21 chromosome. The most extensively studied early molecular
abnormality is mutation in the p53 gene located at 17p13. In lung cancer, LOH in this region is
particularly common [14 15].

Another location of LOH, relatively common in large cell lung carcinoma, is chromosome 12
[16]. In NSCLC, particularly adenocarcinomas, LOH was also demonstrated in chromosome 17q
[17]. Other allelic losses in lung cancer were localized at 5q [18, 19], 8p, 11p [20], 11q {21], 13q
and 18q [19, 22]. Also observed was the opposite phenomenon - overrepresentation of DNA.
This alteration was found at 3q, 5q, 7p and 8q [23, 24].

Recent studies demonstrated that hypermethylation of CpG islands may play a role in the loss
of transcription in suppressor genes [25, 26]. It suggests that other mechanisms, in addition to
allelic loss or point mutation leading to gene inactivation, may be relevant.

Microsatellite instability

The human genome contains several hundred thousand repetitive noncoding motifs of up to six
base pairs [27]. These repetitions (microsatellites) are highly polymorphic as a consequence of
frequent germline mutations. The normal cell contains a DNA mismatch repair system which
maintains the rates of spontaneous mutation at low levels [28]. Several mismatch repairing genes
have been identified including MSH2 [29], MLH] [30] and PMS2 [31]. Mutations in these genes,
found in a number of human malignancies, result in a defect of the mismatch repair system, and
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in consequence a high rate of microsatellite instability. Destabilization of microsatellites can be
seen as a change in the length of microsatellite sequences — expansions or contractions. Both
SCLC and NSCLC are among the malignancies in which microsatellite instability are relatively
frequent events [32, 33]. The most frequent localization of the unstable replications of tandem
repeats is chromosome 3p or 2p [32, 34, 35]. Microsatellite alterations in SCLC patients were
found not only in tumour samples but also in plasma DNA [33].

Telomerase dysregulation

Telomeres are tandem repeats of simple DNA sequence (TTAGGG), which are located at the
ends of the chromosomes. Their function is to control the proper length of chromosomes as well
as to stabilize and protect chromosomal DNA against either the activity of nucleases or binding to
other chromosomes. Telomeres are also most probably involved in cellular senescence [36, 37].
The length of telometric repeats in normal cells is known to shorten progressively with each cell
division. Every DNA replication is accompanied by the development of a short 812 bp gap
generated by the removal of the RNA primer [38]. In telomeric regions this loss cannot be
completely maintained by DNA polymerase, and thus 50 to 200 nucleotides are lost with each cell
division. There is a critical threshold value of chromosomal shortening after which apoptosis
ensues. The number of cell cycle repeats depends on the activity of telomerase, the reverse tran-
scriptase enzyme that synthesizes telomeric DNA. High activity of this enzyme keeps telomeres
long (e.g., in germ cells) allowing them to divide ‘indefinitely’. In adult somatic cells the activity
of telomerase is suppressed. It has been suggested that the synthesis of telomeric specific
sequences at the chromosomal ends is required to sustain indefinite proliferation [39].

Recently, telomerase expression was found in most human cancers including lung cancer [40].
Most probably cancer cells require activation of this enzyme to overcome cellular senescence and
to attain immortality. Some studies suggested that dysregulation of telomerase occurs early in the
pathogenesis of lung cancers, and that intense expression of this enzyme in advanced epithelial
changes (like carcinoma in sifu) may indicate imminent invasion [41, 42]. On the other hand, ab-
normal shortening of telomeric repeats was demonstrated in lung cancer samples, and frequently
this abnormality was related to alterations in both p53 and retinoblastoma (Rb) genes [43]. It was
therefore assumed that inactivation of these genes may promote cell divisions causing shortening
of telomeres. The exact functional aspects of these changes in carcinogenesis remain to be elu-
cidated.

Mutations of protooncogenes and tumour suppressor genes

Two groups of gene mutations are usually involved in carcinogenesis of lung cancer: activation of
protooncogenes and inhibition of tumour suppressor genes. Protooncogenes are the normal
dominant genes important for cell proliferation and differentiation. Their abnormal activation, e.g.,
by gene mutation or amplification (they are then called ‘oncogenes’), leads to unregulated growth
and malignant transformation. The most extensively studied oncogenes are the ras family genes
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(X-ras, N-ras and H-ras), myc family genes (c-myc, N-myc, L-myc) and HER-2/neu (c-erbB-2)
genes. Protein encoded by ras genes acts in the intracell signal transduction pathway from cell
surface to the nucleus. When mutated, ras loses the ability to become inactivated and may stimu-
late uncontrolled growth autonomously. In lung cancer point mutations of the ras family genes
most frequently involve K-ras [44]. This mutation is most common in adenocarcinoma, less so in
other NSCLC types and absent in SCLC [45, 46]. K-ras mutations are very rare among non-
smokers, and it may be assumed that mutations of this gene are directly caused by exposure to
carcinogens in tobacco smoke [47]. The most frequent sites of K-ras mutations are codons 12,
13 and 61 [438].

c-myc, the most extensively studied of the myc-related genes, transcriptionally controls the ex-
pression of different groups of genes. Its alteration results in cellular imbalance in the expression
of genes that control both proliferation and apoptosis [49, 50]. The myc family dysregulation
(amplification and increased expression), was seen most frequently in SCLC [51].

The c-erbB-1 and c-erbB-2 oncogenes, which encode epidermal growth factor receptor
(EGFR), are highly expressed in the majority of NSCLC samples and cell lines [52, 53, 54].

A frequent molecular abnormality in oncogenesis is the dysregulation of apoptosis, ‘pro-
grammed cell death’. Of the protooncogenes involved in the apoptotic dysregulation in cancer, the
best known is bcl-2. Bcl-2 protein is present in intracellular membranes, such as the outer
mitochondrial membrane, nuclear envelope and parts of the endoplasmic reticulum [55]. Lung
cancer, particularly SCLC, is among the malignancies that demonstrated overexpression of this
oncoprotein [56, 57].

Tumour suppressor genes are inactivated when both alleles are mutated, thus the intact gene is
a ‘recessive oncogene’. The best known tumour suppressor genes involved in lung cancer patho-
genesis are p53, Rb and pl6. The p53 gene is located on the short arm of chromosome 17
(17p13), consists of 11 exons and encodes a 393 amino acid nuclear phosphoprotein [58]. This
gene acts as a checkpoint protein preventing the transmission of DNA abnormalities to daughter
cells. Normally, if DNA damage occurs, products of p53 either stop a cell cycle between phase
G1 and S, or direct injured cell to apoptosis. p53 may act as a transcriptional activator or as a
transcriptional repressor of other genes involved in cell cycle arrest [59, 60]. It stimulates the
transcription of genes involved in the inhibition of cell growth, or suppresses the function of
genes promoting cell proliferation. Alterations in the p53 pathway (mutation or epigenetic inacti-
vation) result in impairment of these processes and an increased likelihood of neoplastic trans-
formation and/or malignant progression.

Like p53, the Rb suppressor gene plays an essential role in the regulation of the cell cycle at
the G1 checkpoint. Activation of the Rb gene, however, results in an alternative pathway of cell
cycle arrest: binding and sequestration of transcription factors which promote cell cycling [61].
Phosphorylation of Rb gene by the CDK4 (cyclin-dependent kinase) causes the release of bound
transcription factors that then stimulate cell division. The product of the gene p16 inhibits CDK4,
thus the absence of pI6 allows uncontrolled CDK4 phosphorylation of Rb and transcription
activation [62]. It is likely that p53 may become activated in response to Rb loss and vice versa
[63].
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Potential clinical applications

Potential clinical applications of molecular genetics in oncology include:

» screening and early detection

» prognosis and prediction of response to treatment

* monitoring and management of premalignant lesions

= gene therapy

In lung cancer molecular markers might additionally be used in the monitoring of ‘high risk’
groups (e.g., patients with severe dysplasia), evaluation of tumour aggressiveness and prediction
of response or resistance to chemotherapy and radiation.

Screening and early detection

The real benefit of screening is expressed in decreased mortality. In view of the low efficacy of
chest radiography and/or sputum cytology as screening methods, a number of other assays, in-
cluding molecular markers, have been investigated. Growing understanding of carcinogenesis has
revealed that a clinically evident lung tumour is a late event. Indeed, genetic alterations similar to
those found in lung cancer were detected not only in precancerous disorders [64—66] but also in
nonmaligant bronchial epithelium of current and former smokers [67-69].

Genetic assays potentially useful in early diagnosis include:
+ molecular analysis of the sputum and/or broncho-alveolar lavage fluid
* molecular analysis of bronchial biopsy specimens
* analysis of serum markers.
Mao et al. [70] demonstrated retrospectively a high proportion of ras and p53 mutations in cyto-
logically negative sputum of patients who subsequently developed adenocarcinoma of the lung. In
many instances mutations in the sputum were the same as those found in tumours. Vahakangas et
al. [71] found an increased rate of mutations in both K-ras and p53 genes in the screened high
risk group of uranium mine workers. Recently Miozzo et al. [72] demonstrated the feasibility of
assessing microsatellite alterations in sputum from NSCLC patients. In that study a comparison
of preoperative sputum samples with tumour tissue showed the same pattern of instability in three
out of five cases.

BAL (broncho-alveolar lavage) is a simple diagnostic procedure involving the introduction of a
fiberoscope into the bronchial tree, the application of 120—200 ml of saline and careful aspiration
of saline mixed with broncho-alveolar fluid containing cells from distant parts of the respiratory
tract. Mills and co-authors [73] found K-ras codon 12 mutations in BAL fluid samples, which
otherwise were considered cytologically negative.

Endoscopic procedures, especially if combined with LIFE (lung imaging fluorescence endo-
scopy), allow the early detection of bronchial lesions which may be biopsied and assayed for
genetic alterations [74]. The widely accepted concept of ‘field cancerization’, the process fre-
quently detected in heavy smokers, suggests multicentric regional carcinogenic activity in the
entire bronchial tree. Miozzo et al. [72] demonstrated microsatellite instability in one-third of
NSCLC, but a similar rate of this alteration was also found in phenotypically normal bronchial
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mucosa taken far away from the neoplastic lesions. The relatively high rate of microsatellite insta-
bility in bronchial samples provides support for the potential use of this assay as a genetic marker
for the early diagnosis of lung cancer. Other attractive targets for early detection studies are telo-
meres and telomerase [41].

Another potential tool for tumour detection is analysis of serum markers. These assays may
use antibodies against altered proteins e.g., p53 [75, 76], or microsatellite instability in plasma
DNA [33], to mention only a few possibilities.

Prognosis and prediction of response to treatment

A number of studies investigated the prognostic value of genetic abnormalities in lung cancer. In
some series, mutations of the ras family in NSCLC, particularly in adenocarcinoma, were found
to be associated with poor prognosis [77-81]. Other studies, however, did not demonstrate such
a correlation [82-84]. Expression of ¢-erbB-2 was found to be related to shortened survival in
adenocarcinoma [85, 86] but not in squamous cell carcinoma [87]. In the study of Harpole et al.
[88] including 271 stage I NSCLC patients, c-erbB-2 expression had a significant impact on sur-
vival. Of the two studies addressing the prognostic value of c-erbB-1 [87, 89], one [87] showed a
negative impact of this alteration.

The prognostic value of p53 mutations seems to be controversial. Some authors reported short-
ened survival in carriers of these mutations [90, 91], whereas others did not find such a
correlation [92-95], or demonstrated the positive prognostic impact of these events [96]. No
correlation was found between the presence of anti-p53 serum antibodies and prognosis in SCLC
patients [97]. The differences between the results obtained in particular series may in part have
been due to different techniques of p53 determination polymerase chain reaction-single strain
conformation polymorphism (PCR-SSCP, sequencing, immunohistochemistry) and the exons
studied. The recent study of de Anta et al. [98], using 152 NSCLC patients managed with curative
surgery, showed the negative prognostic influence of p53 ‘null’ mutations but not of missense
mutations. This observation suggests that the knowledge of p53 status, both with respect to the
presence of mutations and to their influence on normal gene expression, may be required to
predict the course of lung cancer accurately.

Some studies suggested shortened survival in lung cancer patients whose tumours carried
c-myc amplification [51, 99]. Moreover, a higher metastatic potential of tumours with L-myc poly-
morphism was demonstrated [100, 101]. Shortened survival was also found in patients with lung
cancers showing aberrant expression of the p16™%* protein [102].

In a series of 515 stage I NSCLC patients managed with definitive surgery, Pastorino et al.
[103] evaluated a panel of immunocytochemical markers: precursors and blood group A antigens,
EGFR (epidermal growth factor receptor), p185 HER2, 67LR (the monomeric lamin receptor
associated with invasiveness and metastatic potential), Bcl-2 and p53, as well as the extent of
blood vessel formation and vascular patterns. No impact on prognosis either for any individual
test or for a panel of tests used was observed. Another study [104] investigating a combination of
tests including Rb, p53 and K-ras expression however, showed a decreased survival in adeno-
carcinoma patients carrying a Rb-/p53+ pattern of expression. Of the three studies evaluating
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expression of Bcl-2 [56, 105, 106], two [56, 105] demonstrated increased survival in patients with
Bcl-2-positive tumours but in one of them [56] this correlation was significant only for patients
with squamous cell carcinoma. Recently Pifarre et al. [32] demonstrated a strong correlation
between microsatellite instability and shortened survival in early-stage NSCLC patients managed
with surgery.

The predictive value of genetic markers for response to chemotherapy and radiation has been
investigated only occasionally. As mentioned earlier, the cytostatic effects of some drugs and
irradiation are mediated by activation of endogenous cellular pathways for apoptotic cell death
[107]. The p53 gene is required for induction of apoptosis and loss of its function may contribute
to treatment failures in cancer patients by rendering malignant cells more resistant to both cyto-
toxic agents and irradiation [108]. Patients with advanced NSCLC carrying this mutation were
found to have poor response to paclitaxel [109] and cisplatin-based chemotherapy [110]. On the
other hand, no correlation between in vivo [83] or in vitro [111] chemotherapy resistance and ras
mutations was demonstrated. Funa et al. [112] reported a high level of chemoresistance in SCLCs
with increased expression of N-myc oncogenes. Another molecular mechanism of resistance to
chemotherapy includes loss of DNA mismatch repair due to the lack of either MSH2 or MSH1
activity. This alteration was found to induce resistance to platinum derivatives [113].

The importance of unaffected p53 genes for radiation-induced apoptosis was first demon-
strated in an experimental model [108]. Subsequently, the Langendijk et al. study [114] con-
firmed the correlation between p53 status and survival after radiotherapy.

Monitoring and management of premalignant lesions

The identification of genetic events accompanying premalignant stages of lung cancer make
altered genes and their products potential targets for monitoring and molecular preventive strate-
gies. Carcinogenesis does not occur in all premalignant lesions, therefore their optimal manage-
ment remains a clinical dilemma. Apart from stopping smoking, which seems to be a crucial
requirement, metaplastic and dysplastic lesions can probably simply be sequentially monitored by
radiology, sputum cytology and bronchial sampling. Molecular methods, due to their high sensi-
tivity, might aid in this process. Therapeutic interventions in high risk groups include photo-
dynamic therapy and chemoprevention [115]. These procedures also require monitoring, which
could include genetic assays. Finally, premalignant lesions may be approached with gene therapy.
An attractive route of gene delivery in premalignant lesions, which are widely dispersed in the
bronchial tree, is the aerosolized application of encapsulated liposomal vectors [116].

Gene therapy

The development of gene transfer technology with either transfection or functional deletion of a
gene has raised the possibility of using these methods as a therapeutic tool. Despite the multi-
plicity of molecular abnormalities in lung cancer, correction of a single genetic defect was found
to produce a potentially advantageous therapeutic effect [117, 118]. Strictly speaking, cancer gene
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therapy includes inactivation of oncogenes or replacement of defective tumour suppressor genes.
Frequently, however, alternative approaches, like the use of genes inducing immunity, protection
of bone marrow during chemotherapy by transducing drug-resistance genes into marrow stem
cells, or the use of expression vector constructs that bring about the conversion of inactive pro-
drugs into active drugs, have been attempted [119].

The most common method of inactivating mutated oncogenes is an antisense technique. This
procedure involves introduction into the cell of a gene construct or oligonucleotide that has a base
sequence complementary to the normal DNA sequence targeted for inhibition. The antisense
fragment binds and inhibits the sense sequence by base pairing. Protein synthesis may be
inhibited at the levels of mRNA splicing, RNA transport or translation. Another strategy, the
replacement of a nonfunctioning copy of the tumour suppressor gene, e.g p53, with a functioning
copy, is expected to restore normal growth and proliferation pathways.

A critical problem in the direct correction of genetic abnormalities in cancer cells is the safe
and effective delivery of genetic constructs to the target cells. Most gene transfer protocols use
retroviruses as delivery vehicles [119]. More recent studies employed other viral or non-viral vec-
tors and naked DNA. Although spectacular progress has been made in the ability to transfer
genes successfully to cells, many obstacles have to be surpassed before the implementation of
this technology in clinical care.

The current experience in gene therapy of lung cancer is scarce and limited to patients with
advanced incurable tumours. Both strategies (inactivation of oncogenes and the replacement of
defective suppressor genes) were tested in a series of phase I studies [119]. Early observations
suggest the feasibility and acceptable toxicity of this approach. Anecdotal tumour responses [117,
120] have also been reported which however should be validated in further clinical research.

This review outlines the possible clinical applications of molecular pathology in lung cancer.
Although at present there is insufficient scientific basis for standard use of molecular methods in
the clinic, it is highly probable that their role will increase. Hopefully, more precise identification
of the genetic events responsible for malignant transformation and differentiation will aid the
estimation of the risk carried by particular mutagens. Screening with the use of genotyping will
allow identification of premalignant molecular abnormalities and high-risk individuals in whom
the application of specific preventive measures could significantly decrease the risk of cancer.
Molecular markers for drug resistance may also prove useful in predicting response to specific
therapies and in selection of patients for adjuvant treatment. The final step in this process would
be the elaboration of effective therapeutic strategies with molecular targets.
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Introduction

The genetic basis of many hereditary cancer susceptibility syndromes is now well established. In
contrast to the diseases that exhibit classic mendelian inheritance and are caused by alterations in
single genes, hereditary cancer is more complex. Besides a germline mutation in a cancer-predis-
posing gene, additional somatic mutations in cancer related genes are required to develop the
disease phenotype. The rate at which they are acquired is influenced by environmental factors and
the efficiency of cellular protective activities. The inheritance of a single altered cancer-predispos-
ing allele is sufficient to place the carrier at much higher risk of the disease compared with the
general population. Thus, cancers with hereditary background are characterized by a much earlier
average age of onset, usually occurring 15 to 20 years earlier than sporadic cancers. It is antici-
pated that most forms of cancer have a hereditary subgroup, which can be as high as 40% in
hereditary retinoblastoma. In most adult tumours the estimated hereditary fraction is much smal-
ler, about 10% or less. Inherited cancers give, however, valuable information about genetics of
cancer in general.

Depending on the number of different predisposing genes involved, hereditary cancer syn-
dromes can be divided into two groups. The first includes genetically homogenous diseases asso-
ciated with germline mutations in single genes. Examples are: familial adenomatous polyposis
(APC), familial retinoblastoma (Rb), ataxia telangiectasia (ATM), Li-Fraumeni syndrome (p53),
Von Hippel Lindau disease (VHL) and multiple endocrine neoplasia (RET). In the second group
of syndromes the same phenotype is associated with mutations in one of several predisposing
genes. Examples are: hereditary non-polyposis colon cancer (MSH2, MLHI, PMS1, PMS2) and
hereditary breast/ovarian cancer (BRCAI, BRCA2...).

Taking into account cellular functions of the cancer-predisposing genes, and their role in deter-
mination of cancer, Vogelstein and Kinzler divided them into two distinct groups, gatekeepers and
caretakers [1]. Gatekeeper genes are directly involved in tumour growth regulation. They either
inhibit cell growth or promote cell death. It is postulated that each cell type has one or at most
only a few active gatekeepers. Inactivation of them leads to very specific tissue distribution of
cancer. Examples of gatekeeper genes are APC, NFI, VHL and Rb1, leading to tumours of colon,
Schwan cells, kidney and retina, respectively. Both copies of the gatekeeper gene must be inacti-
vated: this is the rate-limiting step in tumour initiation. As the predisposed individuals inherit one
mutant allele of the gatekeeper, they need only one additional somatic mutation in the second
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allele of the same gene to initiate neoplasia. By contrast, both copies of the gatekeeper gene have
to be altered somatically in sporadic tumours. This is much less likely to happen, and it is esti-
mated that carriers of a germline mutation in the gatekeeper gene are at risk of developing cancer
at least three orders of magnitude higher than the general population. The function of caretaker
genes is to maintain the integrity of the genome [1]. Inactivation of them does not lead directly to
tumour initiation but to genetic instability of the entire genome. This results in the increased
mutability of all genes, among them the gatekeeper genes. Once the latter become altered, tumour
initiation takes place and its progress is more rapid due to the increased rate of mutations.
According to the concept of gatekeepers and caretakers, the carriers of the mutant caretaker allele
are at risk of developing cancer only 5 to 50 times higher than the general population [1]. This is
so because three additional somatic mutations are usually required for tumour initiation: one in
the remaining caretaker allele and two in the gatekeeper alleles. The concept of gatekeepers and
caretakers implies also that the caretaker genes will rarely be mutated in sporadic tumours as the
probability of acquiring four somatic mutations (two in caretaker alleles and two in gatekeeper
alleles) is low. The class of caretaker genes include the mismatch repair genes that cause heredi-
tary nonpolyposis colon cancer, and the nucleotide excision repair genes responsible for xero-
derma pigmentosum. According to Vogelstein and Kinzler [1], this group probably also includes
the ATM, BRCAI and BRCA2 genes.

BRCAI and BRCA2 genes and proteins

In 1990 the first breast cancer-susceptibility gene BRCAI was localized to chromosome 17g21 by
linkage analysis [2]. A year later, the same locus was shown also to be linked to hereditary ovari-
an cancer [3]. In 1994 the BRCAI gene was isolated by positional cloning [4]. The gene contains
24 exons that span 81 kb of the genomic sequence [4, 5]. It encodes a protein of 1863 amino
acids. The exon lengths range from 41 bp to 3426 bp, the longest of which is exon 11 which
makes up 61 % of the entire translated sequence, while the BRCA introns range from 402 bp to
about 9.2 kb [4, 5]. The organization of the BRCAI gene including all its exons and introns is
shown in Figure 1a. The gene is very rich in Alu repetitive DNA which makes up over 40% of
the genomic sequence, whereas other repetitive sequences contribute to less than 5% [5]. Another
study revealed that the BRCAI genomic region contains a tandem duplication of about 30 kb [6].
This results in two copies of BRCAI exons 1 and 2 and two copies of the adjacent 1A1-3B gene
fragment, including the 295 bp intragenic region, which separates the two genes located head to
head [6—8]. The presence of the duplicated exons has to be taken into account in BRCAI muta-
tion analysis. It may also influence regulation of BRCA transcription, translation and function
[6].

Most of the BRCA1 protein shows no significant sequence similarity to other, previously des-
cribed proteins. The only domain, easily recognized by the predicted amino acid sequence
analysis, was the zinc finger motif at the N-terminus, at amino acids 24—64 [4]. Further analysis
of human BRCA sequence revealed several other potentially functional motifs which are shown
in Figure 2a. They include the granin consensus sequence at amino acids 1214—1223 [9]; the
putative leucine zipper at amino acids 1209-1230 [10] which overlaps with the granin consensus
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Figure 1. Exon/intron structure of (a) the BRCAI and (b) BRCAZ2 genes. Dark bars on the left represent exons and
light bars on the right — introns. Except for BRCAZ intron 24 the bar length corresponds to exon or intron length.
The lengths of all exons and introns (in bp) are indicated.

sequence; two basic motifs at amino acids 503-508 and 606615 [11] which could serve as
nuclear localization signals; and the transcription activation domain at amino acids 1750~1863
[12].

Important structural and functional domains in proteins can also be identified by comparing
sequences of the same gene in different species. The nucleotide sequences of murine and canine
Brcal were determined and compared with the human sequence [10, 13, 14]. A striking finding
of this analysis was a very low level of identity between the sequences, much lower than in the
case of proteins encoded by other cancer-predisposing genes. The amino acid sequence of
murine Breal is only 58% identical to human BRCAI [10], the canine sequence is 73.8%
identical [10], whereas the identity of human and mouse NF1 and NF2 is 98 %, WT1 95%, APC
and VHL 90%, ATM 84 % and TP53 78 % [15]. Despite the low level of identity between the
complete human, murine and canine sequences, some regions of the proteins are significantly less
divergent (Fig. 2a). For example, the amino terminal 120 residues of the gene are more than 80%
identical among the three species [10]. The C-terminus is highly conserved, containing a stretch
of 67 amino acids which are 85% identical [10]. The granin consensus sequence is also highly
maintained [9]. The RING finger motif is, however, the most conserved. Its 40 amino acids are



62 A. Jasinska et al.

Figure 2. Diagram of the (a) BRCAI and (b) BRCA2 mRNA and protein structure including the conserved regions
and putative functional domains.

identical in human and murine sequences, and the canine sequence differs in only one amino acid
KS55E [10]. Of the basic motifs, the second one, residues 604—614, is perfectly conserved [10].
The BRCAZ2 gene was localized by linkage analysis to human chromosome 13g12-13 in 1994
[16], and the following year the gene was identified by positional cloning [17]. The complete
sequence of the BRCA2 gene and protein was reported in 1996 [18]. The gene contains 27 exons
distributed over the 84 kb of genomic DNA, and encodes a large protein of 3418 amino acids.
The BRCA2 gene, like BRCAI, has a translation start codon in exon 2, and a very large exon 11,
spanning 4933 bp, and encoding almost half of the BRCA2 protein [18]. The exon/intron struc-
ture of the BRCA2 gene is shown in Figure 1b. Neither the gene nor the protein was shown to
have a significant sequence similarity to other DNA and protein sequences deposited in data-
bases. The exception was the short sequence fragment, known as granin motif, in the BRCA2 C-
terminal [9], which is also present in the central part of BRCA1. When the sequence was
compared with itself, by dot matrix analysis, the presence of an internal repeat was revealed
(Fig. 2b). A segment of exon 11 contained eight repetitive units, composed of 30—80 amino
acids, termed the BRC repeats [19]. Later, the murine Brca2 sequence was determined [15]. The
mouse protein is shorter, composed of 3329 amino acids [15]. Although overall identity between
the two protein sequences is only 59 % [15], as low as in the case of BRCA1 [10], some parts of
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the sequence are more conserved (Fig. 2b). For example, the 115 amino acid stretch, residues
2501-2616, is in 92 % identical [15]. Among the more conserved regions are the BRC repeats
[19]. However, the significance of the granin motif had to be questioned, based on human and
murine sequence comparisons. The murine motif further departs from the poorly defined granin
consensus in the human BRCAZ gene.

More recently, it was found that exon 3 of BRCA2, residues 60—105, which is within the re-
gion highly conserved in human and mouse, shows a significant sequence similarity to the trans-
cription activation domain of ¢-Jun [20]. BRCA2 amino acids 23—105 were shown to activate trans-
cription in yeast and mammalian cells, when fused to a DNA binding domain of a reporter gene.
It was shown in these studies that BRCA2 residues 1860 represent a primary, and residues 60—
105 an auxiliary activating region. There are also two inhibitory regions, IR1 and IR2, located on
either side of exon 3, which completely mask the activating potential of the BRCAZ2 protein [20].
This type of transcription regulation is known from several transcription factors.

Information about protein function can also be obtained from analysis of its pattern of
expression, cellular localization and specific interactions with other proteins. Both BRCAI and
BRCA2 show widespread expression, in testis, brain, eye, ovary, and in mammary gland where
they are highly induced on pregnancy. A very similar pattern of expression suggests that these
genes may be coordinately regulated [15, 21]. There are also reports on cancer-related changes in
BRCAI expression. A ten-fold reduction in BRCAI mRNA levels was observed in breast tumour
specimens relative to normal breast tissue [22]. Furthermore, the decrease of BRCAI expression
in MCF7 cell lines, mediated by antisense oligonucleotides, increased proliferative potential of the
cells [22]. In agreement with the above, a retroviral transfer of the wildtype BRCAI gene to breast
and ovarian cancer cell lines resulted in inhibition of their growth [23]. A similar effect was
observed with MCF7 tumours in nude mice transfected with the wildtype BRCAI [23]. Survival
of the mice increased significantly after transfection [23].

Several conflicting results were reported concerning the cellular localization of the BRCA1
protein. They suggested nuclear, or nuclear and cytoplasmic, or extracellular localization. Extra-
cellular localization, consistent with granin function [9], was not confirmed by further studies
[24]. According to other authors BRCAL is a 220 kD nuclear phosphoprotein [25] that shows
aberrant cytoplasmic localization in breast and ovarian tumour cells [26]. It was also demon-
strated that the expression and phoshorylation of BRCAI is cell cycle dependent [25]. The
expression is elevated in the S and M phases and the BRCAT1 protein binds to cyclin-dependent
kinases associated with cyclins A and D [25]. These observations were confirmed by other
authors [27]. They showed that BRCAI is poorly expressed in phases GO and early G1, while
high levels of the protein are present in the late G1 and S phases. BRCA2 expression was also
shown to vary according to the cell cycle, and the pattern of its expression was the same as in case
of BRCAI [15, 21].

The BRCA1 protein interacts in vivo with BARD1 (BRCA1-associated RING domain) protein
[28]. The N-terminal region of BRCAI is involved in this interaction. BARDI1 also contains the
N-terminal RING motif, the C-terminal sequence similarity to BRCAI, and three ankyrin repeats:
sequences of 33 amino acids present in several regulatory proteins. In support of functional sig-
nificance of the BRCA1/BARDI interaction in tumour suppression is the fact that their complex
is disrupted by missense mutations in the conserved BRCA1 N-terminus [28].
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Immunostaining of the BRCA1 protein during the S-phase of the cell cycle revealed similar
nuclear localization of BRCA1 and human Rad51 protein [29]. These proteins coimmunopreci-
pitate, which suggests their functional interaction in the mitotic and meiotic cell cycles. It was also
demonstrated that BRCA1 residues 758—1064 are alone capable of forming in vitro complexes
with Rad51 [29] (Fig. 2a). In yeast, rad51 participates in double stranded break repair and meiotic
recombination [30]. In human cells, Rad51 interacts in vivo also with TP53, which plays a central
role in the cellular response to DNA damage [31]. BRCA1 contains a putative TP53 interaction
sequence, distinct from the Rad51 interaction site [30]. These facts suggest that BRCAI may be a
caretaker gene that participates in Rad51 DNA repair function. Very recently, it was demonstrated
that the murine Brca2 protein also interacts with Rad51, and the minimum region that showed a
strong association with Rad51 was the C-terminal 36 amino acid fragment, residues 3196-3232,
which is 95 % identical in mouse and human proteins [32] (Fig. 2b). Rad51 uses its N-terminal
sequence amino acids 1-43 in this interaction [32]. As Rad51 serves to suppress tumour
formation via interaction with both BRCA1 and BRCAZ2, this protein might itself also be the
product of a tumour suppressor gene. Human Rad51 maps to chromosome 15q15.1 which often
shows loss of heterozygosity (LOH) in breast tumours [33, 34].

Earlier, murine models proved very helpful in understanding the biology of human diseases,
and so mice deficient in the Brcal gene were developed. Brcal knockout mice, homozygous for
the exon 11 deletion, died between the 10th and 13th day of embryonic development, showing a
variety of neuroepithelial defects [35]. Other mice, homozygous for the deleted exons 5 and 6,
were even more severely affected, and died at day 7.5 of gestation, showing reduced cell prolifer-
ation and no signs of mesoderm formation [35]. In contrast, mice heterozygous for the Breal
mutation showed no evidence of cancer after one year of age [35]. Similarly, Brca2-deficient mice
embryos suffer an overall development arrest after 6.5 days of gestation [35]. The homozygous
mutant Brca2 phenotype is similar to the murine Rad51 mutant phenotype, which again suggests
that Brca2, Brcal and Rad51 may function in similar pathways [35]. Radiation sensitivity assays
show that Brca2 and Rad51 deficient cells are hypersensitive to radiation, which may have im-
portant implications for therapy of the cancers in which defects in these genes are involved [32].

Taken together, the BRCAI and BRCA2 genes show similarity in unusual gene organization,
low sequence conservation and expression pattern. The proteins they encode are very large and
have the potential to perform several functions. Although they have no apparent sequence similar-
ity, their similar cellular localization, and interaction with the same DNA repair protein, suggest
their function in maintaining genome integrity. It is indeed very likely that they belong to the class
of caretaker genes.

Mutations in BRCAI and BRCA2 genes

Besides efforts to determine the function of BRCA genes, the identification and characterization of
their cancer-predisposing mutations became another research priority. An enormous activity in
this area began immediately after the BRCA genes were isolated. It has been necessary to compile
a comprehensive list of mutations in order to develop a reliable genetic test. A detailed knowledge
of penetrance and the clinical expression of specific mutations has been required to offer genetic
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counseling based on a precise cancer risk assessment. In the first period of this research nearly
all studies were carried out in breast-ovarian and breast cancer families. According to linkage
studies, and early results of mutation analysis, conducted in approximately 200 families with at
least four cases of breast cancer, 50% of these families were linked to BRCAI, 30% to BRCA2,
and the rest showed no linkage to either of the genes [36]. This suggested the existence of yet
unidentified gene(s) responsible for the substantial fraction of hereditary breast cancer.

The lifelong risks of developing breast and ovarian cancer were estimated from studies of
families with multiple affected members. In case of BRCAI mutation carriers, the risk figures
reported by different authors ranged from 76 to 87 % for breast cancer {16, 37-40] and from 32
to 84 % for ovarian cancer [16, 38—-40]. In case of BRCA2 mutation carriers, the estimated risk of
breast cancer was as high as for BRCAI but the risk of ovarian cancer was significantly lower
[17]. However, there is a prevailing opinion that these risk figures were overestimated, as they
derived from atypical cancer-dense families.

Less biased samples were then subjected to analysis: women with the early onset breast cancer
[41-43], unselected females [44—47] and males [48—-50] diagnosed with breast cancer, unselect-
ed ovarian cancer patients [47, 51-58], men diagnosed with prostate cancer [59] and women
attending clinics that evaluate the risk of breast cancer [60]. One of the largest studies of this
series [58], aimed at determining the contribution of BRCAI mutations to ovarian cancer in the
general population, included 374 women diagnosed with epithelial ovarian cancer before the age
of 70. It was concluded from these studies that the mutations in BRCAI occur in about 5% of all
ovarian cancer cases in Great Britain. Similar frequency value was estimated for the U.S. popula-
tion, based on results from three population-based case-control studies of ovarian cancer [40].
According to the later studies, the BRCAI mutations contribute to 5.3 % of all ovarian cancers and
to 4.2 % of all breast cancers in the U.S.

Most population-based studies revealed that a substantial proportion of the mutation carriers
had no family history of breast or ovarian cancer. Thus, a striking family history cannot be the
sole selection criterion in attempts to identify all carriers of mutations in the BRCA genes. Francis
Collins explained why the lack of family history among mutation carriers is, in some cases at
least, not surprising [61]. Men carrying BRCAI mutations have only a moderately increased risk
of prostate cancer, and they often do not develop the disease. Therefore women who inherit the
mutant BRCAI gene paternally will frequently not have an affected first-degree relative.

Present knowledge regarding the frequency and penetrance of mutations in the BRCA genes is
most advanced for the Ashkenazi Jewish population. A combined frequency of the three most
prevalent mutations, 185delAG and 5382insC in BRCAI and 6174delT in BRCA2 exceeds 2% in
this genetically distinct population of Jews of eastern European descent [62—64]. In the most
comprehensive population-based study that included 5318 Jews, men and women from the
Washington D.C. area, many carriers of these mutations were identified by simple tests, and the
associated risks of cancer were established [65]. Among 120 mutation carriers, 59 had the
6174delT mutation, 41 carried the 185de]lAG mutation and in 12 individuals the 5382insC muta-
tion was found [65]. The risks of cancer estimated by comparing cancer histories of relatives of
the carriers and noncarriers turned out to be significantly lower than those reported earlier. The
risk of breast cancer by the age of 70 was determined to be 56 %, of ovarian cancer 16 %, and of
prostate cancer also 16 %, for the three mutations combined [65]. The risks for individual muta-
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tions were also evaluated. Although the values obtained were not statistically significant, it was
observed that the most prevalent 6174delT mutation in BRCA2 confers only slightly lower risk of
breast cancer than the 185del AG mutation in BRCA! [65]. Earlier results suggested much higher
risk for the 185delAG mutation carriers [41, 43, 63, 64, 66]. The highest risk of breast cancer, as
well as of ovarian cancer, seems to be associated with the presence of the 5382insC mutation
[65]. The two mutations in BRCA! confer higher risk of prostate cancer than the mutation in
BRCA2 [65]. This largest study so far also showed that a high proportion of the mutation carriers,
about 26 % had no family history of breast and ovarian cancer [65]. Thus, the risk of cancer
among mutation carriers is highly variable. Due to the fact that the risk modifying factors in-
volved are still unknown, the problem of variable penetrance and expression of the specific muta-
tions, between and within families, will not be quickly solved. The identification of genetic and
environmental factors that modify the impact of specific mutations in the BRCA genes must there-
fore become another research priority in the coming years.

In the case of other populations and ethnic groups the research is generally less advanced. The
data accumulated so far suggest that mutations in the BRCA genes are less prevalent, and indi-
vidual mutations less frequent, than those characteristic for the Ashkenazi Jews. One exception
may be the 999del5 mutation in the BRCA2 gene found in men with breast cancer in Iceland [45,
67]. The large size of BRCAI and BRCA2 does not allow screening the entire genes in thousands
of individuals representing the general population, to estimate precisely carrier frequencies and
the risks associated with mutations. Despite these difficulties, research is in progress and new
mutations are reported not only from the United States, Canada, western and northern Europe and
Japan but also from eastern [68, 69] and central Europe [70-72].

For example, in Poland, where breast cancer morbidity is approximately one third of that
known for the U.S. population, and about two times lower than the European average, a search for
mutations in the BRCAI gene was conducted [70]. Participants in that study were from the
Poznan region in western Poland where the incidence of breast cancer is the highest in the
country. Analysis of the BRCA! gene in 122 women with positive, but mostly moderate family
history of breast and/or ovarian cancer, 34 unselected breast cancer tissues specimens, and 80
controls revealed three novel mutations, one novel common polymorphism, two new rare
sequence variants and an unusually high frequency of the 12 bp insertion/duplication in intron
20. The incidence of BRCAI mutations and variants in the analysed groups is shown in Figure 3.
The high frequency of the alteration in intron-20 is particularly interesting. In earlier studies this
insertion was always associated with a serious medical history of cancer, and was not found in
many controls. Only one in five Polish women with this insertion resembled the patients des-
cribed earlier. We have shown that this insertion does not impair splicing [70].The relation of this
intronic alteration to cancer needs therefore to be clarified by further studies. Analysing the small
set of tumour samples, we found the Trp > STOP mutation in exon 22, which turned out to be a
germline mutation. It occurred in a patient in whose tumour tissue the somatic p53 mutation
Pro278Ala had earlier been found. This observation gave new insight into the molecular mecha—
nism of breast tumour development, by showing that during the process of multistep carcino-
genesis the p53 gene mutation can also occur with a background of mutated BRCAI. The result
of our study suggests that in tissue specimens harboring germline mutations in BRCAI or
BRCA2 a systematic search for somatic mutations in other breast cancer-related genes is required.
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Figure 3. The incidence of BRCAI mutations and intronic alteration in the analyzed sample of Polish women with
positive family history of breast and/or ovarian cancer (FH), tumor samples (T) and controls (C).

It will help to distinguish between the mutation pathways leading to hereditary and sporadic
cancers. Our study also showed that more population-oriented research is needed, involving
women with less profound or even no family history of breast and ovarian cancer, to understand
better the role and significance of different BRCAI variants and mutations.

Genetic susceptibility to breast and ovarian cancer seems not to be entirely determined by
mutations in the BRCA genes, which are rare but confer a high lifetime risk. Common genetic
polymorphisms also contribute to cancer predisposition by modulating the influence of environ-
mental and genetic risk factors [73]. In the BRCA genes a number of common polymorphic
variants have been described so far, 17 in BRCAI and 7 in BRCA2. There are also many less
frequent polymorphisms and rare sequence variants. It was reasonable to expect that at least some
of the polymorphic variants, especially those resulting from missense amino acids substitutions,
confer different risks of breast and/or ovarian cancer than other variants. These expectations
proved correct, and one study demonstrated a higher predisposition to breast cancer associated
with the Leu871Pro polymorphic variant [74]. The opposite, protective effect against breast
cancer was shown for the GIn356Arg variant [75]. Residue 356, however, is not located within
any functional or highly conserved BRCAI domain. This suggests that the Arg 356 allele may not
be directly responsible for the protective effect, but is perhaps within some specific, protective
haplotype [75].

The Breast Cancer Information Core (BIC) database established in 1995 plays an important
role in facilitating research and gives easy access to all published and unpublished mutations
[76]. By the end of May 1997 the BIC database contained more than 1000 entries for BRCAI
and about 150 entries for BRCA2 (Fig. 4). In case of the BRCAI gene this number included 340
distinct mutations, polymorphisms and rare variants. Altogether there were about 660 definite
mutations. Among 180 distinct mutations 119 were frameshift, 46 nonsense and 15 missense. Of
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Figure 4. Summary of (a) BRCAI and (b) BRCA2 mutations deposited to the BIC database. Positions of
frameshift (black), nonsense (gray) and missense (gray with arrowhead) mutations are shown along the mRNA
sequence (top) and protein sequence (bottom). Positions of start and stop codons, conserved and functional
domains are also indicated.

the BRCA?2 entries, there were 113 distinct mutations, polymorphisms and rare variants. As in the
case of BRCAI, the frameshift mutations dominated. There were 76 distinct frameshift mutations,
13 nonsense and 11 missense. The eight most frequent BRCAI mutations, repeated more than ten
times each, make a total of 315 (48 %) of all mutations deposited in the database. Among them
there are three mutations which were reported more than 20 times each. They comprise 37 % of
all BRCAI mutations reported to the BRCAI BIC database.
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From the perspective of genetic testing for breast cancer susceptibility, the spectra of mutations
in BRCA genes look very complicated (Fig. 4). The distribution of mutations, although uneven in
different coding sequence regions, does not allow focusing of the analysis on some exons and
omitting others. The exception is the Ashkenazi Jewish population discussed earlier. Of the meth-
ods used for mutation detection, direct sequencing gives the best results, but is very expensive.
About 80 amplicons from the two BRCA genes have to be sequenced in both directions to obtain
reliable data. Protein truncation test gives good results as 94 % of BRCAI mutations and 92 % of
BRCA2 mutations identified so far are frameshift or nonsense and lead to truncated proteins. The
most popular is, however, the SSCP technique which is simple, rapid and effective in detecting
mutations [77]. When SSCP is combined with heteroduplex analysis it is capable of detecting the
majority of missense, nonsense and splicing mutations, and perhaps all frameshift mutations. It is
amenable to multiplexing and to analysing PCR products amplified from pooled genomic DNA
samples [78]. In principle, this approach may be very efficient and cost-effective in large-scale
screening of the BRCA genes. Future methods will use ‘DNA chips’ for detecting mutations by
hybridization. The first application of this technology in BRCAI gene analysis has already been
reported [79]. The question remains: when will this technique become widely available?
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Introduction

The ability to mount the effective antitumour response is the net result of a complicated interplay
of factors relating to phenotypes of the tumour and host. Although the subject of tumour immun-
ology is usually narrowed down to the.stimulation and response of the cellular and humoral com-
partments of the lymphocytic response, in addition to the nonspecific effects of neutrophils, com-
plement etc., it must be borne in mind that dissecting the response in this manner leaves out the
holistic view of the immune system being part of a healthy host that can react appropriately to
stress and disease. Lack of health in other compartments not usually conceived of as being a sig-
nificant part of the immune system may lead to the inability to mount an effective immune re-
sponse. The integrity of neurohormonal routes, such as bioactive amines and free-radical media-
tors is needed in addition to an intact immune system capable of the necessary cytokine-mediated
‘cross-talk’ for an effective immune response.

There are four main components that will determine the immune competence of a host to a
tumour cell: (1) the actual existence of truly specific tumour antigens; (2) the manner in which
tumour-associated antigens are presented to the immune system: this dictates the profile of the
immune response. Manipulation of these pathways by the tumour leads to the inability of the host
to detect and mount a primary response to tumour antigens. We have named this a ‘camouflage’
type of evasion; (3) the preconditioning of the immune system that is called upon to respond; this
feature of the response is directly associated with the non-cancer morbidity/immunogen exposure
profile of the host but can also be affected by (4) the sum of counter-actions that tumour cells
develop to mediate suppression or evasion of an already activated immune system. This review
will look into the latest developments in these four major components governing the immune
responses to non-haematological malignancies.

Tumour antigens

Tumour immunotherapy is based on the theory that tumours possess specific antigens which can
be recognised by the immune system. Lack of antigens does not seem to be the reason why the
immune system fails to detect tumours. The successful treatment of established tumours using
whole tumour cell vaccines transfected with cytokines indicates that tumour antigens do exist but
that under normal circumstances they are poorly immunogenic [1]. Several tumour-associated
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antigens have been described in the last few years, the majority relating to melanoma and contain-
ing peptide sequences that can be recognised by specific cytotoxic T lymphocytes (Tab. 1).

They include protein antigens that are normally expressed in some adult tissues but have a
higher level of expression in some tumours e.g., carcinoembryonic antigen. This antigen is also
processed differently in malignant tissues (e.g., colon, breast and lung carcinomas) compared to
normal tissues [2], which increases its potential application as a target for immunotherapy. Simi-
larly, mucins such as MUC] are expressed at higher levels in certain tumours compared to norm-
al tissues [3] and differences in glycosylation allow new tumour-specific epitopes to be uncov-
ered [4]. Organ-specific molecules, such as prostate-specific antigen (PSA) and prostate-specific
membrane antigen (PSMA), are also being considered as target molecules, and CTLs within the T
cell repertoire which are specific for peptides of these molecules have been isolated [5, 6]. Both of
these antigens are found on normal prostate cells and no qualitative differences in the molecules
have been found between benign and malignant cells. However, the potential of using dendritic
cells loaded with peptides of PSMA has recently been demonstrated in a phase I clinical trial,
where a number of patients receiving this therapy showed biochemical evidence of response [7].

Table 1. Peptides recognized by human CD8* anti-melanoma T cells

CTL MHC Peptide Parent protein Tissue distribution
restriction or gene

PBL Al EADPTGHSY MAGE-1 melanoma, other tumours, normal testis

PBL Al EVDPIGHLY MAGE-3 melanomas, other tumours, normal testis

PBL A2 FLWGPRALV MAGE-3 melanomas, other tumours, normal testis

PBL A2 MLLAVLYCL Tyrosinase melanomas, melanocytes

PBL A2 YMNGTMSQV Tyrosinase melanomas, melanocytes

TIL/PBL A2 AAGIGILTV MART-1/Melan-A melanomas, melanocytes, retinal cells

TIL/PBL A2 ILTVILGVL MART-1/Melan A melanomas, melanocytes, retinal cells

LN A2 YLEPGPVTA gp100/Pmell7 melanomas, melanocytes, retinal cells

TIL A2 LLDGTATLRL gpl00 melanomas, melanocytes, retinal cells
melanomas, melanocytes, retinal cells

TIL A2 KTWGQYWQV gpl00 melanomas, melanocytes, retinal cells

TIL A2 (DITDQVPESV gpl00 melanomas, melanocytes, retinal cells

TIL A2 VLYRYGSFSV gpl00 melanomas, melanocytes, retinal cells

PBL A2 ACDPHSGHFV CDK4 diverse

TIL A24 (E)AYGLDFYIL pls melanomas, normal tissues

TIL A24 AFLPWHRLE(L) Tyrosinase melanomas, melanocytes

TIL B44 SEIWRDIDF Tyrosinase melanomas, melanocytes

PBL B44 EEKLIVVLF MUM-1 autochthonous melanoma

PBL Cwo YRPRPRRY GAGE1,2 melanomas, other tumours, normal testis

PBL Cwlé SAYGEPRKL MAGE-1 melanomas, other tumours, normal testis

PBL Cwl6 AARAVFLAL BAGE melanomas, other tumours, normal testis
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MAGE, BAGE and GAGE are possible oncofetal antigens which are present in some adult
tissues such as the testis and the placenta, and have been found to be expressed in melanomas and
a number of other tumours. MAGE-1 and MAGE-3, GAGE-1, GAGE-2 are recognised by
specific CTLs [8]. Other tumour antigens found in melanomas and recognised by CTLs but not
expressed in normal tissues include tyrosinase, MART-1 and gp100. Gangliosides are being
considered as potential target antigens in melanoma because normal expression is restricted to the
brain, an immunologically privileged site, and neural crest tissues.

Mutated genes may be different antigenic entities to their wildtype counterparts and can there-
fore represent tumour-specific antigens, in that they are not found in normal adult or fetal tissues.
An example of this is the truncated c-erb-b3 receptor on glioma cell lines and gliomas [9]. If one
assumes sequential steps in tumorigenesis it is very likely that during the cell’s lifeevents leading
to the completely transformed immortal cell with malignant potential, novel mutated proteins or
products of mutated genes will be expressed.

Viral gene products expressed in some tumours are potentially powerful immunogens capable
of eliciting T cell and antibody respenses, e.g., human papilloma virus (HPV) in cancer of the
cervix, Epstein-Barr virus (EBV) in Burkitt’s lymphoma, nasopharyngeal carcinoma and some
cases of Hodgkin’s lymphoma. HPV genes E6 and E7 are constitutively expressed in squamous
cell carcinoma of the cervix [10, 11]. The advantage of these as target antigens is that their expres-
sion in tumour cells is essential for maintenance of the transformed state. They are therefore
unlikely to be lost as part of clonal selection, and being of viral origin they should be highly
immunogenic and tumour-specific.

According to present immunological dogma we could expect full tolerance of most of the
target tumour-associated antigens presently being investigated. Much of the experimental evidence
suggests that this tolerance can be broken under certain circumstances, perhaps lending weight to
the ‘Danger’ model, where the immune system is thought to discriminate between dangerous and
harmless entities rather than between self and non-self [12]. According to this theory, the absence
of costimulatory molecules on normal cells renders lymphocytes tolerant. Recent re-examination
of the classical neonatal tolerance experiments suggests that tolerance is not an intrinsic property
of the newborn immune system, but tolerance or immunisation could be induced depending on
the nature of the antigen-presenting cell [13].

A number of immunotherapy strategies have arisen as a result of the identification of genes
that encode tumour antigens, including vaccination with dendritic cells loaded with the antigen,
bacteria or recombinant viruses containing tumour antigen genes, naked DNA for antigens,
immunodominant peptides and proteins. A number of trials are underway using MART-1 and
gp100 vaccination in patients with melanoma [14]. It is now clear that in addition to the first
signal involving ligation of the T cell receptor with antigen and class I MHC, a second signal
involving either soluble factors such as IL-2 or ligation of cell surface costimulatory molecules is
also essential.
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‘Camouflage’ mechanisms of immune evasion (tampering with antigen presentation)
Accessory molecules (costimulatory molecules)

It is now clear that in addition to the first signal involving ligation of the T cell receptor with
antigen and class I MHC, a second signal involving either soluble factors such as IL-2 or ligation
of cell surface costimulatory molecules is also essential for amplification of the immune response
[15]. Receptor ligand pairs imparting a costimulus to antigen-specific stimulation include the
adhesion molecules ICAM-1, LFA-1, LFA3-CD, CD40-CD40L, CD5-CD72, CD24-CD24L, as
well as B7-1/B7-2 and the CD28/CTLA-4 interaction.

The most important costimulatory pathway appears to involve CD28 /CTLA-4 present on the
majority of T cells [16] interacting with the B7 glycoproteins present on dendritic cells,
Langerhans cells, activated monocytes and B cells and also on some tumours, in particular some
malignant melanomas [17]. B7-1 and B7-2 are both members of the immunoglobulin gene super
family. B7-2 (CD86) has only 25% amino acid identity with B7-1 (CD80) but both are high affi-
nity receptors for CTLA-4 and low affinity receptors for CD28 [16]. Dendritic cells are thought
to express B7-1 [18] constitutively although some researchers have shown that dendritic cells
need to be activated before they express B7-1 [19]. B7-2 is induced in the majority of APCs
following the appropriate stimulus and is constitutively expressed on monocytes. B7-1 and B7-2
both interact with CD28 which is expressed on resting lymphocytes (95 % CD4+ve and 50% of
CD8+ve) and expression increases following activation [20].

CTLAA4, although only 31% similar to CD28 at the amino acid level, also interacts with B7-1
and B7-2. Cells must be activated for it to be induced and is not expressed on resting T cells [21-
24]. Binding to the CTLA4 receptor directly counters the effects of CD28 on T cell activation.
Thus it is a counter-regulatory receptor to CD28 and forms part of the normal homeostatic
mechanism, whereby T cell activation returns to baseline once the antigen has been cleared [25]. It
has been shown that ir vivo administration of antibodies to CTLA4 in mice with pre-existing
tumours results in tumour rejection and potentiated immune responses against the tumour cells
[26]. It has been suggested that a new therapeutic approach might involve administration of
cancer vaccines with short term anti-CTLA4 treatment.

Furthermore, it has been shown that binding of the T cell receptor (TCR) to antigen complexed
with MHC can result in T cell anergy in the absence of costimulation in both self- and allo-
antigen-specific systems [27, 28]. B7 expression on APCs can be downregulated by IL-10, a
cytokine released by some tumours, with resulting anergy [29].

Several other important details concerning the mechanism of CD28 signalling have recently
emerged. Inhibition of the CD28/B7 interaction does not seem to affect initial T cell proliferation
but it does result in late apoptosis of T cells [30, 31]. Subsequent work has shown that CD28
signalling results in upregulation of bcl-xL with Fas-dependent protection from cell death [32]. A
number of studies have shown that interaction with CD28 plays a role in the differentiation of
Th1/Th2 subsets, with a Th1-like cytokine response predominating in the absence of costimula-
tory signalling [33, 34]. The absence of a costimulatory molecule could explain why tumour cells
are not rejected by immune surveillance, and why tumour vaccine protocols can induce immune
responses that can see the parental tumour. A number of studies have shown that tumour cells
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transfected with B-7 are rapidly rejected and the immune response to them is able to prevent a
challenge with parental cells.

Transfection of B7.1 into immunogenic tumours renders them incapable of growing in
syngeneic immunocompetent animals, but this is not the case in nonimmunogenic tumours such
as MCA102 and B16 [35]. Chen et al. demonstrated in murine melanoma expressing viral
antigens that B7+ cells were able to induce a response against established micrometastases, which
indicates that the B7 molecule was able to reverse a state of anergy, or that the CTLs were not
anergic. The immune responses were antigen- and MHC-specific and mediated through CD8+
cells (and not CD4 or NK cells) [36]. In another study in murine melanoma, transfection of B7-1
induced an immune response resulting in CD8+ mediated rejection of the tumour without the
involvement of CD4+ cells [37]. Similar findings were subsequently reported when B7-2 was
transfected into immunogenic mouse mastocytoma cells, but there was no tumour regression or
antitumour immunity when the experiment was repeated in a nonimmunogenic MCA 102 fibro-
sarcoma [38]. A further cautionary note arises from a study in K1735 murine melanoma, a mildly
immunogenic tumour, which showed that the expression of transfected B7.1 or B7.2 resulted in
less protective immunity than that elicited by the parental K1735 cells [39]. The fact that B7
expression is not required in target cells suggests that the antitumour effect is induced by
enhancing the cytolytic effector stage. Becker and coworkers showed that B16- melanoma is able
to induce unresponsiveness in an autologous CD4+ clone. Thus it is possible that tumours can
actively re-anergise the immune response to their own antigens [40].

Human tumour cells of melanoma, ovarian cancer and myelo-monocytoic leukaemia origin
transfected to express B7 have been found to stimulate strong proliferative and cytotoxic respon-
ses in allogenic T cells [41]. As with animal models, the effector CTLs were able to recognise
both transfected and untransfected tumour cells. Additionally B7+ cells were able to induce cyto-
toxic responses by CD4 depleted T cells, which suggests that B7 is able to induce a cytotoxic
response in the absence of CD4 and other APCs. Another study using B7-1 transfected B16
murine melanoma showed that in addition to CD8+ cells, NK cells were also required for in vivo
rejection of tumours but CD4+ cells were not essential [42].

The hypothesis that B7-1+ tumour cells can provide both signals one and two directly to acti-
vate naive CTL has been challenged by an elegant study in murine colorectal carcinoma using a
parent into F1 bone marrow chimeras, which showed that although B7-1+ tumour vaccines resulted
in some degree of direct presentation to CD8+ T cells, the dominant mechanism of CTL priming
was through uptake and presentation of tumour antigens by bone marrow derived APCs [43].

The co-transfection of cytokine genes into the cells, or the addition of exogenous cytokines,
has also been considered as there appears to be synergy between, for example B7.1 and IL.-12.
Vaccines consisting of a combined application of B7.1 and IL-12 transfected cells have been
shown to slow or abrogate growth of even nonimmunogenic distant wildtype tumours [44]. The
major cytokine groupings are divided into Th1 and Th2. Th1 cytokines, including yIFN and IL-2,
are thought to be involved in inducing cell-mediated immunity; and Th2 cytokines, including L4,
IL-5 and IL-6, are involved in mainly humoral-mediated immunity. Th1 responses are enhanced
by IL-12 and it may be that IL-12 enhances costimulatory pathways. IL-10, a downregulator of
costimulatory molecules, is known to enhance Th2 responses. B7 and IL.-12 cooperate in the
induction of proliferation of mouse T helper clones and their resultant production of YIFN [45].
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Th1 cells did not proliferate to stimulation with the APCs transfected with FcR+ with or without
B7+ plus anti-CD3 monoclonal antibody in the absence of IL-12. However, the addition of IL.-12
resulted in a very pronounced proliferation of T cells and YIFN production. In contrast naive
T cells proliferated well to stimulation in the absence of IL-12. The anti-Th1 activity of IL-10 is
probably due to its ability to inhibit the APC function of splenic and peripheral blood monocytes
and macrophages by inhibiting to the costimulatory pathways, a defect overcome by IL-12.

No trials of ex vivo gene therapy strategies using transfected B7-1 or B7-2 expressing tumour
vaccines in human melanoma have yet been reported. In vivo gene therapy, using vectors that will
be able to deliver and express B7-1 and B7-2 on the surface of tumour tissue, is a technically
more difficult strategy for a number of reasons including the need for a tissue-specific promoter
(e.g., tyrosinase) so that the gene is only expressed in target cells, as well as an effective way of
delivering it. Retroviral vectors are unable to deliver such genes to the majority of tumour cells,
but a bystander effect, where uninfected cells are also killed, may mean that 100% transfection of
target cells is unnecessary.

MHC class I and CTL recognition

One of the major events associated with tumor proliferation, invasion and metastasis is alteration
of the HLA class I phenotype of the tumour. Given our current understanding of the function of
HLA, the most probable explanation is that this state confers a selection advantage to tumour
cells. Certainly, in experimental systems it has been shown that both in vitro [46] and in vivo [47]
MHC-loss mutants can be generated under selection pressures from CTLs. Events at different
levels in the HLLA expression pathway can lead to loss or downregulation of MHC class I e.g., (a)
mutations in HLA and related genes (b2m gene and heavy chain gene) or the promoter regions;
(b) defects in the transcription and translation pathways due to abnormal methylation of the
DNA; (c) deficient peptide transport into the ER due to TAP gene down-regulation or mutation
and (d) defective glycosylation of the class I molecule. Recent evidence is however emerging that
even this mechanism of evasion needs to be finely balanced. Total loss of HLA, a frequent find-
ing (9 to 52 %), through interference for example with the B-microglobulin synthesis or transport,
may not be the most effective method of evading the immune system. This may expose these tu-
mour variants to NK cell attack since these cells lyse HLA class I deficient targets [47, 48].
Recognition activation and lysis by the NK cells requires only a few hours. The experimental
evidence tends to favour a modulatory function of HLA through killer-cell inhibitory receptors
(KIR) on NK cells. The process of characterising the components and diversity of this modula-
tory pathway is under way. Some of these receptors belong to the immunoglobulin superfamily
(Ig-SF) [49] while others bear a C-type lectin domain (e.g CD94) [50]. Hence we can deduce that
the maximum loss of HLA not inducing NK attack is the tumour phenotype that will be selected
by the environmental pressures of the immune system. ‘Half-way house’ phenotypes character-
ised by HLA haplotype loss (rare), HLA locus loss (19%), HLA allelic loss (15 to 51%) or
combinations of the above, are more likely to exhibit the survival advantage needed for the tumour
cells to proliferate and invade [51]. Recent observations of downregulation of HLA class I in
cervical carcinoma metastases to lymph nodes, compared to the primary, support these hypothe-
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ses [52]. However, the matter is far from clear, as some cells with total MHC class I loss are still
capable of evading NK cell destruction. It is possible that other, hitherto unrecognised, regulatory
receptors of NK activity exist on the tumour cells.

MHC class II and tumour antigen recognition

Although some of the studies report that CD4 help can be bypassed, most of them clearly show
that the afferent arm of the immune system is defective, as opposed to the effector arm. When
tumours are transfected with MHC class II they can induce an effective antitumour response,
which can prevent a challenge with parental or wildtype cells from taking [54, 55]. Class I
molecules can occasionally make the tumour more aggressive, perhaps because anergy is induced
when MHC class II is expressed in a tumour cell that is devoid of any costimulatory molecules.
MHC class II molecules with truncated cytoplasmic tails do not induce antitumour immunity
against murine sarcoma cells, but this can be overcome by supertransfecting with B7-1. It appears
that CD4+ T cell activation in this system requires the delivery of both an antigen-specific signal
via three class II heterodimers, and a costimulatory signal via B7 [56, 57].

The hypothesis that MHC class II expressing tumour cells may function as APCs for tumour
peptides does not at first appear to be consistent with the finding that class II molecules usually
present exogenous, and not endogenous, peptides. However, tumour cells may in fact present
their own peptides on class II because the invariant chain Ii, which normally prevents the inter-
action with endogenous peptides, appears to be absent in tumour cells. When tumour cells are
transfected with Ii they are no longer immunogenic in autologous mice [58].

Heat shock proteins

Heat shock (or better named stress) proteins [59] are thought to represent a prevailing response
of mammalian cells to adverse environmental stress, be it physical (thermo-, cryo-, radio-), chemi-
cal, nutrient or oxygen deprivation. They are ubiquitous and highly conserved, and are thought to
represent an inducible protective response to exogenous stressful insults. Three major subgroups
have been reported: (a) The major HSPs, (b) the glucose regulated SPs (GRPs) and (c¢) the low
molecular weight HSPs [59]. Classically they were believed to be located intracellularly, associat-
ed to the ribonucleus or intracellular membranes, and were thought to function mainly as chaper-
ones. Both the finding that major HSPs can be found on the cell membrane surface [60], and the
observation that antitumour immunity can be elicited in murine models by the injection of purified
HSPs from syngeneic tumours and not from normal tissues, suggests that this class of ubiqui-
tous proteins may have antigen-presenting functions. It has been shown that numerous peptides
can be bound noncovalently to various HSPs [61-63]. Peptides eluted from these preparations
do not elicit immunity by themselves. Two interesting properties of these molecules have emerged:
there seems to be no requirement for the use of adjuvants, and the response elicited is an MHC
class I-restricted type of response. It has also been shown that depletion of CD&+ or macro-
phages, but not CD4+, T cells during the priming phase abrogates the immunity elicited by puri-



80 A. Maraveyas et al.

ied HSP from tumours. During the post-priming effector phase however, all three components
are mandatory for an efficient immune response to be maintained [61]. This immune profile was
found to be distinct from that achieved by the inoculation of the whole syngeneic irradiated cells
from which the HSP preparation had been obtained. In this case the depletion of CD4+ cells
abrogated the immune response [61]. The above data seem to indicate that HSPs may have the
capability to induce a preferential cytotoxic CD8+ type of profile which characterises a Thl type
of response.

Apart from the postulate that HSPs purified from tumour cells have small antigenic peptides
conformationally bound to them, it has also been shown that larger proteins such as P53 [63], and
maybe even MUCI, may form complexes with HSPs [64]. The significance of this finding is not
yet clear, but seems to be associated with the development of humoral type of responses against
the complexed protein [63].

Preconditioning of host
Thl cytokine profile vs Th2 cytokine profile

Studies in murine models (and also in humans) have demonstrated that there exist at least two
distinct Th subsets based on cytokine activation profiles and a preferential production of IgG
isotypes [66, 67]. The so-called Th1 profile is characterised by a preferential production of IL-2,
IFN-y, TNF-B, IL-12 and stimulation of IgG2a antibody production (murine models) [66, 67];
the Th2 profile is associated with production of IL-4, IL-5, IL-6, IL-10 and IL-13 and provides
stimulation for the secretion of IgG1 and IgE antibody isotypes [68, 69]. These populations of
T cells regulate each other reciprocally through their respective cytokines. It has been clearly
shown that differential activation of one or the other subset is an important determinant of the
protective or pathological outcome of infectious and immunological diseases [70]. Many factors
have been shown to be involved in the regulation of Th1 and Th2 subsets: the importance of the
genetic background of the host, the type of antigen-presenting cells, the form and dose of antigen
employed, the route of administration and so on [69, 70]. Moreover, evidence is accruing that the
balance of these subpopulations of T cells plays an important role in tumour immunosurveillance
and in the ability of a tumour vaccine to induce an appropriate immune response [69, 71].
Although the mechanisms which govern the preferential activation of a Th subset have yet to be
characterised, it is becoming clear that the existence of cancer in the host seems to predispose the
overall response towards a Th2 type of profile. We have recently shown that surrogate markers in
the form of PBLC-activation profiles for IL-2 and IFN-y, and more recently IL-4, can be studied
prospectively for cancer patients undergoing nonspecific immunotherapy [B. Baban, submitted].
The hope is that assays of this sort will clarify the type of immunosuppression found in these
patients over the evolution of their disease, and will also provide a tool to rationalise immuno-
therapy treatments. Of great practical interest would be the development of an immune staging
system, which could be the combination of clinical and surrogate immunological parameters to
predict response of a host to an immunotherapy protocol. This could also help identify a subset
of patients who would not benefit from immunotherapy, as there seem to be rare but well-docu-
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mented instances where nonspecific immunotherapy has led to apparent acceleration of under-
lying disease [72].

T cells signal transduction dysfunction

Abnormalities in signal transduction in activated T cells, both in preclinical models and patients,
have been clearly demonstrated. The mechanism through which this dysfunction is mediated is
far from clear, but some interesting observations have been made. Decreased levels of the { chain
of the TCR/CD3 complex is a recurring theme; furthermore, altered patterns of protein tyrosine
phosphorylation by PTKs p56lck and p59fyn have been reported [73, 74]. Tumour-infiltrating
lymphocytes from renal cell carcinomas [75], colorectal cancers [75]) and PBLCs from patients
with head and neck squamous carcinomas and patients with colon cancer metastases to the liver
have been shown to be deficient in CD3 { chain when compared to PBLCs from healthy controls
[76]. The mechanism that leads to diminution or disappearance of the CD3 { chain is unclear but
importantly there are indications that this state seems to be reversible [771.

Antibodies

Antibodies against tumour-associated antigens have been found in many circumstances, but the
actual role of humoral antitumour responses is not yet clear. A number of diverse functions have
both been shown and postulated: for example (a) direct cytotoxicity through ADCC functions
[78], (b) maintenance of dormancy by negative signalling [79], (c) propagation of anti-idiotypic
cascades with a net affect of signalling for cell cycle arrest or even induction of apoptosis [80,
81]. Humoral responses have been detected against a number of tumour-associated antigens such
as MUC-1 [82], tumour suppressor gene products such as P53 [83] and gangliosides [84—86].

One of the practical aspects of these humoral responses at present seems to be that of a
‘marker’ function. For example, induction of anti-GM2 IgM antibodies [87], and in some cases
IgG antibodies [86], in patients with melanoma receiving a vaccine, has been found to predict a
favourable response. Despite the fact that association of antibody responses with antitumour
manifestations in cases of established tumour is not clear-cut, two recent postulates are worthy of
mention. One is the protective function of pre-existing humoral responses, which may be medi-
ated through the ability of antibodies to maintain negative signalling which accounts for tumour
latency or dormancy [80]. This is one of the proposed mechanisms to explain the efficacy of an
antiglycolipid antibody (M17-1A, ‘Panorex’) as an adjuvant treatment for Dukes C colorectal
cancer [88]. Second, the possibility of using antibodies as tumour markers has been proposed.
This would establish a possible screening potential: P53 mutations represent the most common
earliest genetic change in lung cancer, and on the strength of this, high-risk populations for lung
cancer could be screened using P53 antibodies [89, 90].
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‘Counter-attack’ mechanisms of immune evasion

It has become evident that the concept of a passive tumour population, simply developing evasive
action against a constant attack from a competent immune system, is only part of the events
underlying tumour escape mechanisms. Recent experimental evidence supports a more active
immunosuppressive role for malignant cells. Some of the possible mechanisms are as follows.

Induction of tolerance through antigen overload

The host immune system may be overwhelmed by an overload of continuously shed TAAs, with a
net result of induction of tolerance. This would be proportionate to the tumour size, explaining in
one sense progressive deterioration of the immune status of the host with progression of the
cancer [91]. Such suppression may be reversed by removing the growing neoplasm. For example,
when serum samples were analysed for antitumour antibodies in patients undergoing surgery for
sarcoma, successful resection of tumour was associated with a four-fold rise in antitumour anti-
body titre. It has also been shown that circulating TAA-antibody complexes may reduce the abili-
ty of circulating antibodies to mediate complement-dependent ADCC [92].

Production of soluble factors (cytokines) inducing immunoparesis

Tumour-infiltrating lymphocytes proliferate less readily in response to IL-2 or mitogens. CD4
T cells are more abundant in TIL subpopulations, possibly furthering immunosuppression
through propagation of local Th2 response cytokines. Cell suspensions from melanomas derived
from patients have been shown to manufacture immunosuppressant cytokines (IL-10) [93]. Even
more interestingly, growth factors such as TGF-f [94], and VEGF [95], a growth factor ubiquit-
ously expressed by cancer cells, has been shown to have a profound immunosuppressant effect
on APCs, perturbing adequate antigen presentation. These mechanisms may be operative both at a
systemic level and in paracrine/autocrine type of loops affecting the immediate tumour sur-
roundings and milieu.

Immune escape through apoptosis machinery

Fas is a member of the tumour necrosis factor (TNF)/nerve growth factor receptor superfamily
[96]. It is expressed by a number of cells including B and T lymphocytes, liver, heart, kidney
[97], and some tumour cells [98, 99]. FasL is a 45 kDa type II transmembrane protein of the
TNF family, and is widely expressed by activated CTLs and NK cells [96]. Upon activation
CTLs express FasL on their surface, and when this comes in contact with Fas expressed by
tumour cells (target cells), it induces rapid and dominant death through an apoptotic pathway of
the Fas-expressing cell. Once these activated T cells have accomplished their task they undergo
Fas/FasL-mediated apoptosis due to co-expression of Fas, thus limiting the accumulation of
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CTLs [100, 101]. In lymphoproliferative (lpr) and generalised lymphoproliferative disease (gld)
mice which express mutant Fas and FasL respectively, both mutations lead to an accumulation of
activated T cells and the onset of accelerated autoimmune diseases resembling nephritis and
vasculitis [102].

Considering that both circulating activated T cells and NK cells express FasL, it was not
surprising that early investigations identified a number of lymphoproliferative malignancies as
being FasL positive. Recently a number of groups have identified the expression of FasL on tu-
mours of non-lymphoid origin, including colon cancer [45] hepatocellular carcinoma [103], and
melanoma [98]. It is thought that FasL expression by tumour cells leads to the induction of
apoptosis of normal cells at the tumour site as well as the destruction en masse of Fas positive
tumour-infiltrating T cells and NK cells [103]. In addition to constitutive expression of FasL on
these tumour cells, a soluble albeit truncated (sFasL, a 26 kDa glycoprotein) proteolytic fragment
retaining full activity (apoptotic) has been detected in patients’ sera. This soluble form is possibly
related to the occurrence of tolerisation in some patients [104].

It is becoming apparent that Fas may not be the only surface receptor mediating apoptosis.
The TRAIL ligand for which a receptor was recently identified [105], and the TRAMP receptor,
for which a ligand has yet to be identified and which is found to be abundant on lymphocytes and
thymocytes [106], seem to be alternative routes. Whether they are relevant in tumour immunology
is currently unknown.

Conclusion

Characterisation of the immunosuppressive mechanisms evolved and substances produced by
tumours, working at the level of both the tumour milieu and the host’s immune system, has pro-
gressed rapidly. These processes are not mutually exclusive and probably operate at one time or
another as the tumour progresses through different stages. Current applications of the above
include the use of autologous and allogeneic whole cell vaccines with cytokine and costimulatory
molecule cDNA transfer, dendritic cells pulsed with cell membranes, proteins, peptides or even
transfected with cDNA, naked DNA vaccines using either enhancement molecules (e.g., HLA-B7
or tumour antigens), or tumour-associated gangliosides and mucins, in addition to a growing
number of adjuvants to co-administer with the above. It is conceivable that combinations of these
immunostimulatory tumour vaccines, coupled with strategies aimed at inhibiting tumour eva-
sion/suppression factors, will work in some but not other situations, and that a repertoire of new
vaccine/immunotherapies will evolve for different tumours over the next few years.
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Introduction

Understanding the cellular, biochemical and immunological ramifications of the host-tumor inter-
action at both the local tumor level and the systemic level is key to the design of successful thera-
peutic modalities for human cancers. The participation of cytokines in both the local and systemic
aspects of the host-tumor interaction has been extensively established. Indeed, there is now not
only a vast literature on the involvement of cytokines in the biology of host-tumor interaction, but
also on the therapeutic use in human cancer of cytokines such as the various interferons, interleu-
kins, hematopoietic growth factors, and an ever-increasing list of new cytokines. These cytokines
(or ‘biological response modifiers’) have been introduced into anti-cancer regimens, either for
their direct anti-tumor effects on neoplastic cell elements, or for their indirect anti-tumor effects
through enhancement of the host’s immunological response to cancer or through enhancement of
the recovery of the host after the use of other bone marrow suppressive anti-cancer agents.
Effective therapeutic use of cytokines in human cancer (for example of interferon-ot) is now
definitely established.

In contemplating the present review, an approach could have been to present a compilation of
the various cytokines in actual use, or under consideration for use, together with an evaluation of
the underlying rationale in each instance. Today, the literature on cytokines and their use in hu-
man cancer is so extensive that it would be difficult to do justice to the subject within the scope of
one review. Here we have used a different approach by focussing on one family of cytokines (the
interleukin-6-type cytokines) whose members may prove clinically useful in cancer immuno-
therapy (see chapter by M. Wiznerowicz et al., this volume). The reader is referred to recent re-
views devoted to discussions of the clinical use of cytokines and the scientific bases for it [1, 2].

Interleukin-6 (IL-6) is a frequent, if not invariant, participant in the host-tumor interaction and
is often present in the local tumor environment [3, 4, reviewed in 5, 6]. Tumor-associated IL-6 can
be derived from both the neoplastic cell elements and the stromal or tumor-infiltrating cells [3, 4,
71]. This IL-6 is thought to be responsible for the systemic ‘paraneoplastic syndrome’ which in-
cludes fever, weight loss, alterations in acute phase plasma protein levels, and altered immune re-
sponsiveness [8—11]. Aberrant paracrine or autocrine overexpression of IL-6 in the tumor
environment clearly alters tumor cell biology (e.g., in multiple myeloma, in melanoma, in Castle-
man’s and Hodgkin’s diseases, etc) [6—11]. As their names indicate, leukemia inhibitory factor
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(LIF) and oncostatin M (OSM) were cytokines discovered by their ability to inhibit the prolifer-
ation of neoplastic cell lines (reviewed in [11]). Because LIF and OSM use the same gp130
signal transducing P chain as part of their cell surface receptors as IL-6, these cytokines are
grouped together as the IL-6-type cytokines. This group also includes the cytokines IL-11, ciliary
neurotrophic factor (CNTF) and cardiotrophin-1 (CT-1) [11]. In each of these instances, the high
affinity cell surface receptor consists of the gp130 B chain together with one or more additional
chains that bind the respective ligand and/or contribute additionally to signal transduction [11,
12]. It is currently believed that extracellular ligand-induced dimerization of the gp130 and/or
additional signal transducing chains is responsible for mediating the signal to the intracellular
environment, resulting in activation through Tyr-phosphorylation of respective Janus kinases
(Jak1, Jak2, Tyk2) and the subseqeunt recruitment and activation through Tyr-phosphorylation of
various members of the protein family termed Signal Transducer and Activators of Transcription
(STATs) [12—15]. In this scheme, the role of the IL-6R or o chain, which can be cell-surface
bound, or be soluble, is to bind the IL-6 ligand and deliver it to the gp130 chain, promoting
ligand-induced dimerization of gp130 molecules [14]. Thus, from a functional standpoint, the
manner of delivery of IL-6 to the cell surface can determine the local biological response. Tumor
cell lines devoid of IL-6Ra can be rendered sensitive to IL-6 by delivery of IL-6 in the form of an
IL-6/sIL-6R binary complex which can directly activate gpl130-mediated cell signalling [14].
Thus tumor cells otherwise resistant to IL-6 can be made responsive (see chapter by M.
Wiznerowicz et al., this volume, for a discussion of the clinical implications of this observation).
It is now established that the Jak-STAT signal transduction pathway is activated by over 30
different cytokines and growth factors including the interferons, various interleukins and hemato-
poietic growth factors, many of which are well-established treatment modalities for human cancer
(e.g., interferon-a/3, GM-CSF, G-CSF) [14-16].

This review is focussed on two aspects of ongoing research in the author’s laboratory relevant
to the involvement of IL-6-type cytokines in the host-tumor interaction: (i) the discovery of long-
lasting high levels of circulating IL-6 in cancer patients subjected to different active specific anti-
cancer immunization regimens, and (ii) the discovery of a novel indirect mechanism by which the
p53 status of tumor cells can regulate IL-6-elicited signalling through the Jak-STAT signal
transduction pathway.

Abnormalities of IL-6 transport in blood of cancer patients subjected to active specific
immunotherapy: regulation of cytokine bioavailability

Active specific immunotherapy is increasingly in use as a treatment modality in human cancer.
Cancer patients are repeatedly administered with various antigens (e.g., autologous tumor antigen
preparations, anti-idiotypic (Id) monoclonal antibodies) coupled to immunopotentiating agents
such as keyhole limpet hemocyanin (KLH) or tetanus toxoid, together with adjuvants such as
Bacillus Calmette Guerin (BCG) [17]. The objective is to enhance the host’s immune response to
the tumor [17]. In using active immunization regimens, many investigators have attempted to
identify predictive indicators of therapeutic success. As an example, in the case of immunotherapy
of melanoma with the anti-Id mAb MK2-23, the appearance of an anti-anti-Id (Ab3) response and
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development of melanoma-specific cytotoxic T cells were positively correlated with an anti-tumor
response [18, 19]. The administration of BCG as adjuvant and use of KLH as carrier together
with the anti-Id mAb MK2-23 enhanced the Ab3 response [18, 19].

Recent data from this laboratory showed that melanoma patients administered active anti-
cancer immunotherapy developed intravascular circulating reservoirs of IL-6 (a cytokine known
to enhance cytotoxic T cell function and NK-cell activity), and raised the possibility that the deve-
lopment of such reservoirs may be a prerequisite for an anti-cancer therapeutic response [20, 21].
Patients subjected to active immunization with an anti-Id mAb MK2-23 (‘mAb-KLH+BCG’) [19]
contained large amounts of 200-kDa IL-6 in their blood [20]. These complexes comprised
ligand-occupied anti-IL-6 Ab and anti-IL-6R Ab, and were biologically inactive in the B9 and
Hep3B assays [22]. In contrast, melanoma patients actively immunized with an autologous tumor
cell membrane preparation ‘AAAP’ [23] contained large amounts of 30 and 450-kDa IL-6 in
their blood [22]. These complexes were biologically active in the B9 and Hep3B assays. Despite
this bioactivity, all patients were normothermic, suggesting limited tissue bioavailablity of the
circulating IL-6 and/or tolerance to the pyrogenic effect of IL-6. Melanoma patients administered
both mAb-KLH+BCG and AAAP displayed a composite profile of 30-, 200- and 450-kDa IL-6
each with its distinctive ELISA reactivity and bioactivity (Fig. 1) [22]. Thus, the nature of the
particular active immunization regimen used regulated the generation of particular high molecular
mass IL-6 complexes in blood. The new data suggest the provocative hypothesis that elicitation of
high molecular mass IL-6 may be a prerequisite for the therapeutic efficay of all active anti-cancer
immunization. Indeed, the observation that high levels of IL-6 persisted in serum from melanoma
patients who last received an mAb MK2-23+KLH booster over two years earlier, and who were
alive and disease-free or disease-stable in the autumn of 1995 raises the possibility that circulat-
ing long-lived IL-6 may have contributed to the therapeutic response [22]. At a minimum, the new
data show that aggressive active immunization in humans leads to characteristic and dramatic
alterations in blood IL-6 transport and bioavailability.

The identification of several distinct abnormalities of IL-6 transport in blood emphasizes the
complexity of the intravascular pool of this cytokine in cancer patients. That the particular active
anti-cancer immunization protocol used determines which of these complexes predominates in
blood points to the independent regulation of each transport modality. These observations in
cancer patients find a parallel in the insulin-like growth factor-I (JGF-I) literature: the intravas-
cular bioavailability of IGF-I is negatively or positively regulated by at least six different binding
proteins (IGFBP1 to 6), each of which is independently expressed in different tissues [24—27].
Bioavailability of IGF-I from intravascular complexes with respective binding proteins is, in turn,
regulated by specific proteases which cleave the binding proteins, reducing the latter’s affinity for
the ligand [24-27]. As an example, IGFBP-1 has an inhibitory effect on IGF-I function because
it sequesters IGF-I in the vascular compartment; release of IGF-I from IGFBP-1 requires a
specific IGFBP-1 protease. In contrast, binding of IGF-I to IGFBP-3 or 4 enhances IGF-1
function because these binding proteins enhance transit of IGF-I out of the vascular compartment
increasing the delivery of IGF-I to target tissues. Proteases specific to each of these binding
proteins are then involved in releasing IGF-I to the target tissues. Characteristic abnormalities in
the levels of circulating IGFBP and of IGF-I transport occur in specific disease states such as an
increase in circulating IGFBP-1 in diabetes, a decrease in circulating IGFBP-1 in hyperinsuline-
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Figure 1. Abnormalities of IL-6 transport in blood from a melanoma patient (#549) who was first actively
immunized using the mAb-KLH+BCG regimen and then using an autologous anti-cancer antigen preparation
(AAAP) (as in [23]). 1 ml of serum was fractionated through a Sephadex-G-200 gel filtration column and the
eluate fractions were assayed for IL-6 in five different ELISAs and two different bioassays.

Panel A. IL-6 concentrations as assayed in the 7IL.6/51L6 (M) and 4IL6/511.6 (O) ELISAs. The inset illustrates
the absorbance values recorded in each of these two ELISAs using the indicated elution fractions.

Panel B. IL-6 concentrations as assayed using three different commercial kits and expressed in terms of the kit
standards: R & D (A); Genzyme (4); Endogen (+).

Panel C. IL-6 concentrations as assayed using the B9 hybridoma proliferation (@) or the hepatocyte Hep3B
stimulation bioassays ([J). From [22].
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mia of obese menopausal women, a decrease in IGFBP-2 in growth hormone deficiency, and an
increase in IGFBP-3 in acromegaly (reviewed in [26, 28]).

In the case of IGF-], the detection in serum of high molecular mass complexes of the ligand
by Sephadex gel filtration chromatography, and the variable reactivity of the ligand in different
ELISAs led to the discovery of circulating binding proteins which regulate IGF-I bioavailability
in vivo [24, 25]. In the case of IL-6, the detection in serum of high molecular mass complexes of
IL-6 by Sephadex gel filtration chromatography, and the variable reactivity of circulating IL-6
complexes in different ELISAS, led us to consider the role of various IL-6-binding proteins in
regulating the bioavailability of this ligand in vivo [20, 29-31]. Potential IL-6-binding proteins
include auto-antibodies, sIL-6R (without or with the additional association of sgp130), and other
candidate proteins such as C-reactive protein, and fragments of complement C3 and C4 [20, 22,
30, 32, 33]. That the human circulation consistently contains high levels IL-6-binding proteins in
the form of the soluble IL-6R (the soluble form of the o chain of the cell-surface receptor for IL-
6; ‘sIL-6R’; serum concentration 10—100 ng/ml) [32] and soluble gp130 (the soluble form of
the B chain of the cell-surface receptor for IL-6; ‘sgp130°; serum concentration 300—400 ng/ml)
[33] suggests that free IL-6 may at best have only a transient existence in blood.

Anti-IL-6 IgG and anti-IL-6R IgG were detected in the IL-6/sIL-6R-containing 200 kDa
complexes derived from cancer patients subjected to repeated polyclonal stimulation by BCG and
KLH [22]. These autoantibodies appear to generate reservoirs of IL-6 from which functional IL-6
may be released over a long period of time [31]. Whether active release mechanisms such as
specific proteases may be involved in this release process (as with IGF-I binding proteins [24—
27]) remains to be examined. Why AAAP vaccination leads to the generation of the 30 and
450 kDa IL-~6 complexes and not the 200 kDa complexes is unclear and remains a subject for
future investigation. However, it is now clear that different active anti-cancer immunization regi-
mens lead to different abnormalities of IL-6 transport in blood.

Considerable effort is being expended by various investigators in modelling complexes of
recombinant IL-6, sIL-6R and sgp130 as monovalent trimeric and divalent hexameric complexes
(the latter of molecular mass 440 kDa) and an evaluation of the structural interactions and biolo-
gical properties of such complexes (reviewed in [34—36]). These studies, carried out with the
underlying premise that dimerization of gp130 leads to intracellular signalling, seek to identify
therapeutic derivatives that might have potent IL-6 antagonist, or even a superagonist activity,
using free monomeric IL-6 as the basis for comparison [34]. The observation that IL-6 in blood
exists in the form of differentially regulated high molecular mass complexes suggests caution in
extrapolating the efficay of a candidate IL-6 antagonist from cell culture to the in vivo situation.

Strategies to interfere with IL-6 function in human cancer include administration of anti-IL-6
or anti-sIL-6R mAb [37, 38] or chimeric bipartite ‘ligand traps’ consisting of an IgG Fc
fragment dimer with one Fc portion covalently linked to the ‘soluble’ portion of IL-6R and the
other to the ‘soluble’ portion of gp130 [39]. The dichotomy between the properties of IL-6 anta-
gonists in cell culture experiments and properties observed in in vivo models point to a need to
understand IL-6 transport in blood. As an example, in the case of anti-IL-6 mAb there is a para-
doxical enhancement of IL~6 function ir vivo despite the potent ‘neutralizing’ properties of these
mAD in cell culture experiments [31, 37]. It appears that administration of anti-IL-6 mAb leads to
the generation, in vivo, of a long-lived intravascular pool of IL-6 of endogenously-induced or
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exogenously-administered origin which circulates as a 200-kDa complex bound to the IgG, from
within which active cytokine can be released to target tissues leading to an overall enhancement
rather than an inhibition of cytokine function in vivo [31]. As for the chimeric bipartite TL-6
ligand trap [39], its in vivo properties remain to be elucidated.

Future investigations of abnormalities in IL-6 transport in blood in cancer patients adminstered
active immunotherapy regimens should permit (i) elucidation of the biochemical and immunolo-
gical effects of various circulating IL-6 complexes, (ii) studies of the regulation of IL-6 transport
in blood and its biological consequences, and (iii) an evaluation of the relationship between circu-
lating ‘chaperoned’ IL-6 and clinical outcome. That elicitation of high levels of ‘chaperoned’
circulating IL-6 in cancer patients during active anti-cancer immunization may be a predictor of
therapeutic response is an exciting possibility awaiting investigation.

IL-6- and p53-dependent ‘STAT-masking’ in hepatoma cells

As has been mentioned earlier, a common feature of cytokines, such as the interferons, many
interleukins, and hematopoietic growth factors, is that they engage cell-surface receptors which
signal to the nucleus via the Janus kinases-STAT transcription factor (Jak-STAT) pathway [13—
16]. Thus, alterations in the regulation of Jak-STAT signalling in cancer cells can determine the
responsiveness of such cells to therapeutic cytokines. A focus of ongoing research in this labora-
tory is to investigate the regulation of the response of cancer cells to cytokines. Despite clear evi-
dence of the influence of cytokines upon p53-induced cellular processes, for example the rescue
of p53-induced apoptosis in myeloid cells by the cytokine IL-6 [40—42], there is little infor-
mation concerning the influence, direct or indirect, of the transcription factor p53 upon cytokine-
elicited cellular signalling through the Jak-STAT pathway. While mutations in p53 are among the
commonest alterations observed in human cancer [43-49], many human cancer types are
characterized by no or only rare mutations in p53 [S0-56]. For example, B cell neoplasia such as
myelomas rarely display mutations in p53, with the frequency of mutations rising only in
advanced cases no longer responsive to therapy [51-56]. Thus, two categories of human cancers
are treated with cytokines today: those in which the tumor cells carry a normal/wildtype p53 gene
and those in which the tumor cells carry mutations in p53 or in which the p53 gene is deleted.
The biological functions of p53 and their alterations by mutations have been extensively studied
in the context of the regulation of cell proliferation, of apoptosis and of repair of DNA damage
[43-49]. With cytokines such as the various interferons and interleukins entering the mainstream
of cancer therapy we have asked the following question: does p33 status alter the ability of tumor
cells to respond to cytokines?

In this section we shall summarize the discovery of a novel indirect mechanism by which p53
present in tumor cells can modulate Jak-STAT signalling elicited by cytokines. The available data
are consistent with the mechanism that a wildtype p53-dependent gene product which
accumulates in cancer cells is rapidly activated by IL-6 in a tyrosine-phosphorylation and
proteasome-dependent step into a ‘STAT-masking’ activity which, in turn, negatively regulates
cytokine-induced Jak-STAT signalling and response in cancer cells (Fig. 2) [57].
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Figure 2. STAT-masking: a p53- and proteasome-dependent mechanism for negative regulation of Jak-STAT sig-
nalling.

The discovery of IL-6- and p53-dependent ‘STAT-masking’

As part of a research program designed to evaluate the influence of wildtype p53 and its mutant
species on the production of cytokines by cancer cells, and on the response of cancer cells to
cytokines [58-62], we used the IL-6-responsive human hepatoma Hep3B cells, which are deleted
in their endogenous p53 gene, to derive a panel of 11 cell lines (‘Line 1’ to ‘Line 11’) that can
stably express p53-Val-135 which is a temperature-sensitive (ts) mutant such that it has wildtype
p53 properties upon shift-down to 32.5 °C (Fig. 3). These Hep3B cell lines were obtained
following cotransfection of Hep3B cells with a constitutive expression vector (off the HaSV LTR
promoter) for the Val-135 temperature-sensitive mutant of murine p53 together with pSVneo
[62]. Following extensive selection in G418, eleven stable lines were derived. The use of the ts
mutant of p53 allowed the derivation of these lines at 37 °C (p53 in mutant conformation; no
effect on cell proliferation) with the ability to investigate wt p53 effects by shifting the cells to
32.5 °C (Fig. 3). Compared to the parental hepatoma Hep3B cells and to pSVneo-alone Hep3B
lines, p53-Val-135-containing Hep3B cells, at 32.5 °C, displayed reduced responsiveness to IL-6
as evaluated by (i) reduced secretion of B-fibrinogen and oul-antichymotrypsin in response to IL-
6 [62], and (ii) reduced activation by IL-6 of a STAT3/5 responsive reporter construct containing
two copies of the 36-bp B-fibrinogen IL-6RE [63]. In investigating the underlying mechanisms
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Figure 3. Temperature-dependence of p53-Val-135 conformation in Line 5 Hep3B cells. Figure illustrates confocal
immunofluorescence microscopy of cells first cultured at 37 °C for one day in eight-well chamber slides and then
shifted to 32.5 °C for 18-20 h. The white bar in this and all subsequent immunofluorescence figures corresponds
to 20 uM; all data within each experiment were collected at identical black level and gain settings. Immuno-
staining for p53 was carried out using either the mutant p53 conformation-specific murine monoclonal antibody
(mAb) PAb240 or the panreactive antibody PAb421. From [57].

for the reduced IL-6 responsiveness in these cells, we discovered a rapid and marked loss
selectively of STAT3 and STATS immunostaining from both the cytoplasmic and nuclear com-
partments within 30 minutes of addition of IL-6, as evaluated by confocal immunofluorescence
microscopy (Fig. 4) [57]. All eleven p53-Val-135-containing Hep3B cell lines derived by us dis-
played JL-6-induced STAT-masking [57] provided that the cells have been incubated at 32.5 °C
for 18-20 h. Even though there was a dramatic reduction in STAT3 and STATS immunofluor-
escence (Fig. 4), there was little degradation per se of STAT3 and STATS (Fig. 5). It is for this
reason that we term this phenomenon ‘STAT-masking’ (Fig. 2).

The mechanistic basis for IL-6-induced STAT3 and STAT5-masking

The loss of STAT3 and STATS immunostaining as illustrated in Figure 3 was (i) IL-6 induced
and rapid in that a reduction in immunostaining was observed within 10 min and there was almost
complete loss by 20—30 min after IL-6 addition, (ii) transient in that STAT3 and STATS immun-
ostaining returned 120-240 min after IL-6 addition, (iii) dependent upon cytokine concentration
in that, when assayed 30 min after IL-6 addition, the loss of immunostaining was elicited by IL-6
at 0.3 ng/ml, was near maximal at 3—10 ng/ml, and was still evident at 100 ng/ml, (iv) selective in
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Figure 4. STAT3 and STATS masking in IL-6-treated Line 5 Hep3B cells incubated at 32.5 °C (wt p53 conforma-
tion) but not at 37 °C (mutant conformation). Cells were first cultured at 37 °C for one day and then shifted to
32.5 °C or continued at 37 °C for another 18 to 20 h. All cultures received IL-6 (30 ng/ml) for 30 min. Murine
mAb to STAT1, STAT3 and STATS5 (which crossreacts with native STAT5b) were used in the immunostaining
analyses illustrated. From [57].

that a loss of immunostaining was not observed for STAT1, STAT4, STAT6, NF-xB p65,
C/EBPa, B, v, and Spl transcription factors, (v) cytokine specific in that interferon-y elicited a
modest reduction in STAT3 immunostaining but no loss of STATS or STAT1 immunostaining,
and epidermal growth factor elicited no changes in immunostaining of any transcription factor,
(vi) required that the p53-Val-135-expressing Hep3B cells be incubated for at least 18-20 h at
32.5 °C, (vii) was observed using an anti-STAT3 monoclonal antibody or an anti-STAT?3
polyclonal antibody each raised to different peptides from different regions of the STAT3 amino
acid sequence, and (viil) was dependent upon proteins pre-existing at the commencement of IL-6
treatment, in that the protein synthesis inhibitor cycloheximide did not inhibit the IL-6-induced
loss of STAT3 or STATS immunostaining. IL-6-induced and p53-dependent STAT-masking
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Figure 5. Western blot analyses of STAT3 and STATS5 content in IL-6-treated Line 5 cells exhibiting the IL-6-
induced loss of STAT3 and STATS-immunostaining. Experimental conditions were similar to those in Figure 4
except that cultures of Line 5 cells were prepared in 100 mm Petri dishes.

Panel A. STAT3 and STATS5b content of Line 5 cells at different times after IL-6 addition (30 ng/ml) at 32.5 °C.
Panel B. STATIa, STAT3 and STATSb content of Line 5 cells 30 min after IL-6 addition together with various
proteasome inhibitors. From [57].

required tyrosine-kinase and proteasome activity in that genistein, staurosporine, MG132 and
lactacystin, but not H7, added to cells 30 min before IL.-6 blocked STAT-masking (Figs 6 and 7).
The tyrosine-kinase- and proteasome-dependent events required for STAT-masking were com-
pleted by 30 min of IL-6 addition in that neither the protein kinase inhibitors genistein and stau-
rosporine, nor the proteasome inhibitors MG132 and lactacystin, blocked STAT-masking when
added 30 min after IL-6 [63]. Orthovanadate and pervanadate both blocked STAT-masking,
indicating the additional involvement of a protein-tyrosine phosphatase in the mechanism of
STAT-masking. Furthermore, U-73122, an inhibitor of agonist-receptor-coupled phosphatidyl-
inositol-specific phospholipase C (PI-PLC) not only blocked STAT-masking when added 30 min
prior to IL-6 but rapidly reversed the masked phenotype when added 30 min after IL-6 [63].
Additionally, PD98059, an inhibitor of mitogen-activated kinase kinase 1 (MAPKK1) which is
activated by PI-PLC signalling, also blocked STAT masking when added 30 min prior to IL-6
[63]. Taken together, the data are consistent with a model in which the STAT-masking phenotype
is the result of cross-engagement by IL-6 of a PI-PLC signalling pathway which, acting through a
p53-dependent gene product(s) can inhibit IL-6-initiated signalling through the gp130-Jak-STAT
pathway, an event microscopically visible in p53-Val-135-containing cells as IL-6-induced STAT-
masking [57, 62, 63].

We infer that the IL-6-induced loss of STAT3/5 immunostaining is the result of the associ-
ation of STAT3 and STATS with other proteins, rendering the former inaccesible to antibodies, or
an alteration in the conformation of the STAT proteins, rendering these no longer reactive to
antibodies. From our perspective, the phenomenon of STAT-masking captures a reaction-inter-
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Figure 6. Loss of STAT3 immunostaining is IL-6-induced and requires Tyr-P kinase. Line 5 cultures were
evaluated for the effect of genistein (100 pM), staurosporine (10 uM), and H7 (10 pM and 100 uM)(Sigma)
upon the IL-6-induced loss of STAT3 and STATS immunostaining in cultures shifted down to 32.5 °C for 20 h.
The various inhibitors were added 30 min prior to IL-6 treatment (30 ng/ml for 30 min). This figure illustrates
data obtained using anti-STAT3 mAb for immunostaining; similar results were obtained using anti-STAT5 mAb
for immunostaining (data not shown). From [57].

mediate during IL-6 signalling which can be observed in an inverse manner i.c., by loss of
immunostaining. The open questions that remain are: what are the associated proteins that mask
STAT?3/5? How are they regulated? What is their physiological role in Jak-STAT signalling and
in cytokine-stimulated gene expression?
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Figure 7. Proteasome dependance of IL-6-induced loss of STAT3 immunostaining. Line 5 cultures 20 h following
shift-down to 32.5 °C as described in Figure 4 were treated with lactacystin (25 pM) or MG132 (40 uM) for 30
minutes prior to the addition of IL-6 (30 ng/ml) for 30 min. Following fixation immunostaining for STAT3 and
STATS was evaluated using the respective anti-STAT mAb. This figure illustrates the anti-STAT3 immunos-
taining data; similar results were obtained using anti-STATS5 mAb (data not shown). From [57].

Functional implications of STAT-masking in Jak-STAT signalling: engagement of an inhibitory
pathway

Cytokines and growth factors upon binding to their cell-surface receptors activate the Jak-STAT
signalling pathway which consists of the activation of various Jak kinases, the subsequent tyro-
sine-phosphorylation of various STAT proteins, their dimerization, additional serine-phosphory-
lation, an increase in nuclear STAT-related DNA-binding activity and the consequent upregula-
tion of target gene expression. Typically, STAT factor activation begins within 1-10 minutes, is
maximal by 15—-60 min and declines by 2—4 h [14-16, 64, 65]. In a number of experimental cell
culture systems, biochemical and immunofluorescence studies have clearly revealed the rapid
cytoplasm to nuclear transfer of STAT proteins upon cytokine addition [14, 16]. The decline in
STAT-DNA binding activity by 2—4 h despite the continuous presence of the ligand is thought to
be the combined result of (i) a cessation of continued STAT Tyr-phosphorylation at the cell
membrane, and (ii) a loss of already activated DNA-binding competent STAT proteins (reviewed
in [65]). The mechanism(s) suggested for the latter include tyrosine dephosphorylation by speci-
fic phosphatases [65] and/or ubiquitination selectively of Tyr-P-containing STAT proteins
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followed by proteasomal degradation [64]. The mechanisms by which continued STAT phos-
phorylation at the cell membrane is terminated are incompletely understood. Activation/recruit-
ment of specific SH2 domain-containing protein-tyrosine phosphatases such as those designated
SHP-1 or SHP-2 or an inositol-5'-phosphatase designated SHIP have been implicated in several
experimental systems as components of receptor-mediated inhibitory signalling [66, 67], includ-
ing involvement of SHP-1 in the termination of erythropoietin-EPO-R-Jak?2 signalling [68] and
in interferon-induced Jak-1-STAT 10 signalling [69, 70]. The positive and negative involvement
of SHP-1, SHP-2 and SHIP in regulating cell signalling have now been clearly documented, and
the activation of SHP-1 and SHP-2 by receptor activation including via growth factors which acti-
vate the phospholipase C pathway have been reported [71-73]. However, despite one report
showing the association of the IL-6-receptor B chain (gp130) with PLCy and with SHP-2 upon
IL-6 addition [74], the physiological significance of these associations remain completely
unexplored. Very recently a family of at least fifteen proteins that bind SHP-2 and serve to inhibit
receptor tyrosine-kinase signalling has been described [75]. These novel proteins bind SHP-2
through the latter’s SH2 domains, and have been named signal-regulatory proteins or SIRPs
[75]. The phenomenon of STAT-masking in wildtype p53-containing Hep3B cells provides us
with a novel experimental system to investigate the inhibitory regulation of Jak-STAT signalling
in cancer cells.

Proteasomal regulation of STAT-masking

A novel aspect of IL-6-induced STAT-masking is the proteasome dependence of the phenome-
non. The only previous discussion of proteasomal involvement in Jak-STAT signalling is in two
publications which report that the proteasomal inhibitor MG132 enhanced interferon-y (IFN-Y)
induced nuclear STAT1 DNA-binding activity [64, 65]. Haspel et al. [65] attribute their
observations to the hypothesis that MG132 blocks proteasomal turnover of the IFN~y receptor at
the cell surface thus prolonging STAT signalling, and Kim and Maniatis [64] attribute their
observations to the hypothesis that MG132 blocks proteasomal degradation of Tyr-phosphor-
ylated and ubiquitinated DNA-binding competent STAT1. Haspel et al. [65] failed to detect de-
gradation of STAT1 in IFN-y-treated cells and point to nuclear dephosphorylation of STAT1 and
the recycling of the dephosphorylated STAT1 back to the cytoplasm as the basis for the decline
in nuclear STAT1 DNA-binding activity. They also [65] observed that vanadate, an inhibitor of
protein-tyrosine phosphatase, prolonged STAT1 phosphorylation and DNA-binding activity.

We now recognize that the requirement for proteasomal activity in STAT-masking is neither in
terms of the effect of proteasomes on degradation per se of STAT?3/5, nor on the turnover of the
relevant IL-6 cell surface receptors (IL-6Ro and gp130). Rather the proteasome activity appears
to be required for a regulatory event which takes place in the first 10—20 min of IL-6 addition,
and may reflect signal-induced proteasomal processing of masking proteins (roughly analogous
to the processing NF-xB1 precursor to p50), or the signal-induced degradation of a negative
regulator (analogous to the signal-induced degradation of I-kB)(reviewed in [57]). The molecular
basis for the proteasomal regulation of STAT-masking is likely to be a new cellular process
which regulates Jak-STAT signalling. STAT-masking may well reflect the proteasome-dependent
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association of regulatory proteins with STAT3/5, which control cytoplasm to nuclear trafficking
of STAT3/5, and the recyling back to the cytoplasm of dephosphorylated STAT3/5. The obser-
vation that p53-Val-135-containing cultures need to be incubated at 32.5 °C for at least 18—-20 h
before the IL-6-induced loss of STAT3 and STATS immunostaining can be elicited suggests the
hypothesis that a “wildtype” p53-dependent gene product which either increased or decreased in
these cells in the 18—20 h period is invelved in a tyrosine-kinase dependent step upon IL-6
addition into a STAT-masking activity (Fig. 2). The preferred hypothesis illustrated in Figure 2 is
that a p53-induced gene product which increases in these cells is involved in STAT-masking.
Once accumulated in p53-Val-135-containing Hep3B cell lines at 32.5 °C, this p53-dependent
gene product(s) can subsequently function at 37 °C in mediating STAT-masking. When Line 1
cells were first incubated at 32.5 °C for 20 h, and then shifted up to 37 °C for 30 min, IL-6 was
able to elicit STAT3 and STATS5 masking as assayed 30 min later, even with the cells having been
kept continuously at 37 °C.

The functional consequences of the proteasomal activity-dependent STAT-factor masking and
the effect of proteasomal inhibitors upon nuclear STAT-DNA binding activity was evaluated in
experiments in which nuclear extracts prepared from IL-6-treated p53-Val-135 containing-cells
incubated at either 37 °C or 32.5 °C were tested for their ability to bind a canonical STAT-binding
DNA element (the ‘short GAS’ element from the IRF-] gene [57]. Consistent with the masking
phenomenon illustrated in Figure 4, IL-6 in the concentration range 1-10 ng/ml [62] had a
reduced ability to elicit STAT3 homodimer DNA-binding activity (‘Complex A’) in nuclear
extracts prepared from Line 1 cells at 32.5 °C compared to cells at 37 °C (Fig. 8). At both tempe-
ratures, the inclusion of MG132 increased STAT-DNA binding corresponding to Complex C

Figure 8. STAT-specific DNA binding activity in nuclear extracts of p53-Val-135 expressing Hep3B cells first
cultured (in 100 mm Petri dishes) at 37 °C for one day, then shifted to the indicated temperature for 20 h, and
then exposed to IL-6 or MG132 or both. Cell cultures were exposed to MG132 (40 uM) for 30 min prior to the
addition of IL-6 (30 ng/ml) for another 30 min in the continued presence of MG132. ns, nonspecific DNA
binding. From [57].
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(STAT1 homodimer), Complex B (STAT1/3 heterodimer), and Complex A (STAT3 homodimer)
as well as a slower mobility Complex A* previously shown to correspond to STATS5 homodimer
(Fig. 8). Thus functionally (i) there was a reduction in the nuclear pool of DNA-binding com-
petent STAT proteins during masking, and (ii) consistent with its ability to block masking, the
proteasomal inhibitor MG132 enhanced STAT-DNA binding activity [20]. An additional func-
tional consequence of STAT-masking was the reduced responsiveness of IL-6-(and STAT3/5)-
responsive reporter constructs to this cytokine. We used the construct FibCAT, which contains
two copies of the IL-6 response element from the B-fibrinogen gene promoter linked to the basal
adenovirus late promoter (2xIL-6RE/CAT is also abbreviated BFibCAT [62]. This construct is
known to be responsive to STAT3 and STATS. There was a reduction in the responsiveness of
the BFibCAT reporter construct to IL-6 in p53-Val-135-containing cells that had been previously
incubated at 32.5 °C, when compared to the pS3-free parental Hep3B cells [63]. These data are
consistent with the hypothesis that STAT-masking results in a functional alteration in the
response of pS3-containing cells to cytokines such as IL-6 (Fig. 2).

Conclusions

In this review we have briefly discussed two very recent insights into the involvement of IL-6 in
cancer, derived from work in this laboratory. Research into the regulation of abnormalities in
circulating chaperoned I1-6 in cancer patients is in its infancy. The potential implications of regu-
lated bioavailability of cytokines from within the intravascular compartment are far-reaching, and
include the possibility that the elicitation of chaperoned cytokines during active anti-cancer
immunization regimens may be a prerequisite for clinical efficacy. At the cellular level, the
discovery that Jak-STAT signalling elicited by IL-6 in hepatoma cells can be negatively regulated
through p53- and proteasome-dependent STAT-masking points to new regulatory biochemical
mechanisms that remain to be elucidated with respect to the responsiveness of cancer cells to
cytokines. Uncovering the detailed molecular and cellular mechanisms involved in STAT-mask-
ing will be exciting.
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Introduction

Gene therapy may be defined as an alteration of the cell phenotype by insertion of the “correct”
or removal of the “incorrect” genetic information into normal cells in order to control or treat a
disease. Cells may be genetically modified ex vivo (cellular gene therapy) or in vivo (gene
therapy) (Fig. 1).

Figure 1. Two major approaches to gene therapy. Cells are genetically modified in vitro (ex vivo) and read-
ministrated to the patient, or therapeutic gene is delivered directly to the patient and genetic modification occurs in
vivo.
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Gene therapy could be aimed either to cure hereditary diseases (the most common ones are
due to enzymatic deficiences) or to cure patients of acquired maladies such as cancer or AIDS.
Since many hereditary diseases are caused by a single gene defect which induces the breakdown
of some specific metabolic pathways, the therapeutic aproaches introduce a functional gene copy
directly into the defective cell. These approaches are based on gene augmentation, improving the
cellular phenotype and restoring proper metabolic function. Ideally, this need would be best
achieved by replacement of the defective sequences with normal sequences through homologous
recombination. Only this mechanism can ensure that the foreign genes will be regulated as faith-
fully and appropriately as the endogenous genes.

Gene therapy could be applied both to germ lines or somatic cells. However, for ethical and
practical reasons, only somatic cell therapy is currently the focus of investigation.

Conventional treatment of cancer uses chemotherapy, radiotherapy or surgery to kill or remove
transformed cells. These methods cause considerable damage to patients (especially radio- and
chemotherapy) and/or give very unreliable results in cases of metastatic cancer.

So far about 120 clinical protocols of human cancer gene therapy have been designed, involv-
ing about 300 patients.

Gene delivery systems

The technological basis of gene therapy are the gene delivery systems. An ideal system should
have the following characteristics: (1) protect and deliver DNA into cells efficiently, preferably to
a specific cell type; (2) be nontoxic and nonimmunogenic; and (3) be easily produced in large
quantities. No existing system meets all of the requirements. However, each of the gene vehicles
so far developed possesses at least one of those properties.

Gene delivery systems currently employed can be divided into two major groups: nonviral and
viral. In nonviral systems the therapeutic gene is placed into a common DNA plasmid. DNA in
this form (“naked”), or in a complex with cationic lipids, or conjugated with ligands, is delivered
to the cells of interest. Usually, naked or complexed DNA is able to transfect both dividing and
nondividing cells. Plasmid DNA does not integrate into the genome of the target cell, resulting in
transient gene expression. The most important advantages of the system are: no limits to the size
of therapeutic DNA, safety, and low cost production which allows large scale preparations.

Viral-based systems use prepared in vitro recombinant viruses (retroviruses, adenoviruses or
adeno-associated viruses) which contain the therapeutic gene within their chimeric genome, and
utilizes their natural ability to infect eukaryotic cells.

In all viral systems used thus far, packaging cells for production of the recombinant viruses are
needed. Limitations of the system are the constrained insert size (usually 5—10 kb, depending on
the vector used) and preparation (time consuming and expensive). Moreover, adenoviral vectors
were shown to be immunogenic when administrated in vivo. However, efficiency of gene transfer
by means of viral systems is much higher than non-viral methods. In addition, retroviral and
adeno-associated viral vectors permit stable integration of therapeutic genes with the cellular
genome, allowing stable and continuous production of therapeutic protein.
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Nonviral delivery systems

The concerns over safety, and the difficulty in obtaining large quantities of recombinant viral
vectors, have directed research into the efficient, nonimmunogenic and low-cost nonviral vector
systems. Approaches using naked DNA, polylysine conjugates and cationic liposomes are the
most promising.

Naked DNA immunization

The idea of in vivo DNA delivery, referred to as DNA or polynucleotide vaccination, came from
the plant biology gene gun techinque, which was developed to overcome the problems of intro-
ducing plasmids into plants. Originally, small gold particles were coated with plasmids containing
target genes and such complexes were delivered by bombardment into plant cells with rigid
cellulose walls. This technology was subsequently applied to animal cells in vitro [1], and in vivo
by delivering plasmids deep into murine tissues using a gunpowder discharge that accelerates
DNA-coated microprojectiles [2]. More simply, plasmids may be inoculated into a mouse skeletal
muscle using a normal hypodermic needle and syringe [3]. It was found that skeletal muscle cells
have a unique ability to take up naked DNA and express it more efficiently than cells of other
tissues. Host muscle cells take up foreign DNA by pinocytosis, express the therapeutic gene, and
produce the corresponding protein in the cytoplasm. An important issue is that the produced
proteins enter the cell’s major histocompatibility complex (MHC) class I pathway. The protein is
processed, complexed with MHC-I and presented on the cell surface, where, by stimulating
CD8+ cytotoxic T cells, it evokes a cell-mediated reaction. In muscle cells effective presentation
of expressed antigens to cytotoxic T lymphocytes (CTLs) is speculative because myocytes ex-
press only low levels of MHC-I molecules and probably do not express enough accessory
costimulatory molecules required for T cell activation. In such a case one would expect promotion
of anergy and tolerance rather than priming of a CTL response. The mechanism of immune
system activation probably involves antigen presenting cells. Most likely it is mediated by macro-
phages which infiltrate and phagocytose injured muscle tissue expressing target proteins. Follow-
ing presentation via MHC-II molecules, CD4+ cells are activated and provide necessary helper
functions to CD8+ lymphocytes.

Direct in vivo DNA delivery has found several applications in cancer gene therapy.

A number of studies reported the posibilities of immunizing animals against tumour antigens
such as carcinoembryonic antigen (CEA) [4] or melanoma associated antigens (MART) or
oncogene products e.g., Her-neu [5] or large T antigen of SV40 [6].

Not only muscle cells are capable of taking up injected DNA particles. It has been shown that
direct injection of malignant melanomas with a plasmid carrying the herpes simplex thymidine
kinase gene under the control of a melanoma-specific tyrosinase promotor caused significant
tumour reduction after ganciclovir treatment [7].

This technology can also be applied to deliver cytokine genes directly into the tumour tissue.
High local levels of given cytokine would be an effective stimulator of primed CTLs. Recently, it
was reported that a plasmid containing the cDNA for human GM-CSF was transfected using a
gene gun into human melanoma and sarcoma cells in vitro in order to prepare an autologous
antimelanoma vaccine for a phase I/IB clinical trial [8]. Another study demonstrated the feasibility
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of transferring cDNAs coding LacZ, IL-2, IL-6 and GM-CSF by gene gun into canine oral
mucosa and epidermis, resulting in protein expression [9]. Naked DNA can also be targeted to a
tumour site by coupling a plasmid carrying a therapeutic cDNA molecule to a substance for
which membrane receptors are present on a target cell, or a monoclonal antibody specific for a
particular cell type, using polylysine (protamine or histones have also been proposed) (Fig. 2). In
this system, following specific binding the DN A-ligand conjugate reaches the cytoplasm using
the receptor-mediated endocytosis pathway and forms endosomes. After endosome disruption
DNA is released into the cytoplasm where expression of the target gene takes place. Escape from
the cell vesicle system is achieved by some viral agents incorporated into the DNA-polylysine-
ligand/antibody conjugate, which disrupts the endosome.

This gene transfer system has been used in several in vitro tumour systems. It has been shown
that DNA conjugated with HPV capsid protein was efficiently taken up by cervical carcinoma
cells [10]. In another study an EGF receptor, overexpressed in many tumours, was used to target
DNA to lung cancer [11]. The same principle has also been used in the case of folate, receptors
for which are overexpressed in ovarian cancer cells [12]. Insertion into mice of syngeneic
melanoma cells genetically modified to secrete IL-2, via the receptor-mediated endocytosis
system, resulted in long-term protection of these animals against challenge with wildtype parental
cells and induced elimination of pre-existing cancer cell deposits. These data have served as a
basis for a clinical protocol for the treatment of melanoma [13].

Figure 2. Plasmid DNA carrying therapeutic gene might be complexed with the ligand and in such form targetted
to a specific cell type. Endosomolysis domain, often incorporated into the complex, allows endosome disruption
within the transfected cell. In most cases the therapeutic gene does not stably integrate into the cell genome.
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Liposomes

Liposomes may be used to encapsulate pharmacological agents, as well as plasmid DNA, and
serve as delivery vehicles for the genetic modification of mammalian cells [14]. DNA forms a
complex with lipids through charge interactions. Cationic liposomes normally contain a positively
charged lipid and a neutral helper lipid, dioleoylphosphatidylethanolamine (DOPE). DOPE helps
nonbilayer-forming cationic lipids to form stable liposomes. The group of cationic lipids in-
cludes: cationic cholesterol derivatives [15], lipopolylysine [16], and some surfactants [17]. Most
double-chain cationic lipids form liposomes by themselves, or as a mixture with DOPE. DNA in
liposome complexes is protected from degradation by endonucleases or ionizing radiation.

A cationic complex binds to a negatively charged cellular membrane due to the excess of
positively charged residues on the liposome (Fig. 3). After binding plasmid DNA enters the cell.
For most cell lines liposomes can be taken up vig coated and noncoated pathways. Larger com-
plexes reach the cytoplasm using noncoated vesicles. The size of liposome particles varies,
depending on the charge ratio between liposome and DNA, and the final concentration of the
complex. Various cell types may differ in their ability to take up particles of different size, which
may partially explain why some cells are more difficult to transfect than others.

Following internalisation the DNA usually stays in the cytoplasm and in most cases does not
integrate into the cellular genome. Following transcription and translation of the target gene,

Figure 3. Plasmid DNA containing therapeutic gene can be complexed with lipids which increase adherence and
entry to the target cell. Sometimes liposomes are modified by incorporation of ligands or monoclonal antibodies
specific for a given cell type for cell-specific targetting. In most cases the therapeutic gene does not stably integrate
into the cell genome.
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therapeutic protein is produced. Due to its episomal character, the plasmid DNA is almost totally
lost after cell division (usually within less than one week). Only a few copies incorporate into the
cellular genome, giving rise to stable transfectants. Due to its relative simplicity, efficiency and
reproducibility, cationic liposome-mediated transfection has been widely used to introduce foreign
genes into a variety of primary and established cell lines.

In vivo DNA-liposome complexes were delivered to lung [18, 19] and nasal epithelium [20] by
aerosol [21-23], to arterial epithelium by catheters [24], or by direct injection into brain [25] and
tumours [26, 27] or by systemic administration [18, 28].

In cancer gene therapy the last approach, using in situ therapeutic gene delivery directly into
the tumour mass, has been extensively studied in murine models. Cationic liposomes have been
chosen for this purpose for several reasons. First, transient gene expression is sufficient to prime
an efficient CTL response. Second, direct injection into the tumour mass is simple, convenient,
and reproducible. Finally, cationic liposomes are nonimmunogenic and are therefore safe for
multiple injections, an advantage compared to adenoviral vectors used in a similar approach.

Antisense

In order to eliminate expression of unwanted genes, antisense and ribozyme strategies were
developed. The antisense approach to gene therapy utilizes synthetic oligonucleotides (oligos) or
cDNA of the target gene expressed in the antisense orientation in the target cell to interfere with
the natural processing of genetic information, in order to block protein expression [29]. Antisense
oligos are short fragments (7—30 nucleotides in length) of DNA or modified DNA that are
complementary to a target RNA (Fig. 4). Antisense cDNAs are delivered to the target cells by
means of viral or nonviral vectors and antisense mRNA is transcribed. The oligos are normally
added to the culture medium and are thought to enter the cell via endocytosis [30]. Both oligos
and antisense mRINA selectively hybridize with the target mRNA sequence by hydrogen base-
pair bonds. Ideally, this hybridization should interfere with the RNA transport, splicing and trans-
lation resulting in inhibition of pathological protein production. In some cases such antisense-
RNA duplexes are more prone to degradation by a cellular RNAase H. Antisense oligos are also
designed to inhibit transcription via triplex formation by binding to the major groove of DNA and
forming triple-strand helix. The specificity of this binding is not Watson-Crick pairing, since the
base pair is already formed, but is due to Hoogsten hydrogen-bonded interactions of a third base
with the pair [31]. Some antisense molecules display their activity through direct interaction with
the target proteins.

However, several obstacles have been encountered during the development of antisense techno-
logy. Nonmodified oligos are susceptible to degradation by cellular and extracellular nucleases
[32]. Chemical modification of phosphodiester linkages of oligos by a variety of methods confers
resistance to degradation in culture [33]. Another problem is the efficient delivery of synthesized
oligos to the target cells in culture. Direct microinjection, electroporation or application of cationic
liposomes as vehicles was shown to enhance antisense activity greatly.

For almost twenty years extensive studies have been carried out to apply antisense oligos in
cancer therapy. A number of in vitro experiments demonstrated their role as antiproliferative
agents. However, in some instances their activity was mediated through sequence-dependent rather
than antisense mechanisms. For example, oligos containing four guanosine residues exerted
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Figure 4. Antisense technology. Antisense cDNA may be expressed in the target cell following delivery by a
vector (viral or non-viral). Short antisense oligos may be taken up by the target cells. Antisense oligos bind to
DNA and inhibit mRNA synthesis, or hybridize with mRNA and block translation.

antiproliferative activity in a number of cell types tested. Anticancer therapies using antisense
oligos are mainly focused on inhibiting the activity of intracellular proteins that control or have
some influence on the cell cycle, such as oncogenes or mutated tumour suppressor genes.

Using animal tumour models the potential therapeutic effect of inhibiting different oncogenes
has been demonstrated including bcl-2 [34], c-fos [35], IGF-I [36], E6/E7 of HPV [37], mdr-1
[38], AKT-2 [39], TGF-f3 [40], cyclin-D [41], VEGF [42], and BCR-ABL [43]. However, complete
suppression of tumour formation has not been achieved in many instances. One possible
explanation is the presence of multiple factors playing a role in tumorigenesis.

Clinical gene therapy trials using antisense oligos against two types of cancers are currently
underway. One of them is treating acute lymphoblastic leukaemia (AML) using antisense oligo-
nucleotides against p53. Levels of the tumour suppressor gene product p53 is markedly elevated
in AML patients. This formed the basis for studies in which antisense oligos targeting p53
caused the death of abnormal cells. However, a phase I clinical trial failed to demonstrate thera-
peutic effects in patients. A phase I/II clinical trial is currently underway, applying a combined
approach in which patients are treated with anti-p53 antisense oligomer along with mitoxantrone
and cytosine arabinoside. In an independent clinical trial, bone marrow cells have been exposed ex
vivo to p53 antisense oligomer for 36 h before reinfusion. The treatment was combined with
conventional chemotherapy using agents such as VP-16 or BCNU.



114 M. Wiznerowicz et al.

Recently, the results of a clinical trial employing BCL-2 antisense therapy in patients with non-
Hodgkin lymphoma have been reported [34]. Antisense oligonucleotides targeted to the open
reading frame of the BCL-2 mRNA caused a specific down-regulation of BCL-2 expression
which led to increased apoptosis. Subcutaneous infusion of an 18-base, fully phosphorothioated
antisense oligonucleotide administered daily for 2 weeks to nine patients who had BCL-2-positive
relapsed non-Hodgkin lymphoma demonstrated no treatment-related toxic effects beside local
inflammation at the infusion site. In two patients, the number of circulating lymphoma cells
decreased during treatment. In some patients improvement of clinical status, objective biochemic-
al and radiological evidence of tumour response, and down-regulation of the BCL-2, were
observed.

Ribozymes

Ribozymes are naturally existing molecules which have been adapted to degrade specific mRNA
molecules and inhibit expression of target protein [44]. Ribozymes are essentially antisense oli-
gos in which the complementary fragments flank an active site, which cleaves a bound mRNA
molecule (Fig. 5). The cleavage renders mRNA unstable and prevents protein production.
Because of the flexibility of design and the extraordinary sequence specificity, trans-cleaving ca-
talytic RNA, such as the “hammerhead” or “hairpin” ribozymes, might be useful as therapeutic

Figure 5. Ribozyme cDNAs are delivered to the target cells in a vector. After transcription this catalytic molecule
specifically hybridizes with target gene mRNA, leading to its degradation.
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agents [45]. Distinct advantages of ribozymes include low immunogenicity and small size, which
facilitates insertion of multiple copies into a gene therapy vector in place of a gene encoding a
single protein. Since ribozymes are functional as RNA molecules and do not depend on the acti-
vity of polymerase II, polymerase III-based promoters (e.g., tRNA or U6 snRNA promoter) are
often used to drive their expression [46, 47]. A ribozyme under control of a given promoter is
placed into a plasmid-liposome complex, retroviral or adenoviral vector and delivered to the target
tumour cells. Ribozymes targetting oncogenes, transport proteins or growth factors have been
designed for the specific inhibition of tumour cell proliferation, drug resistance and angiogenesis.
The efficacy of expression of a ribozyme construct in tumour cells has been demonstrated for
ribozymes targeting mRNA for H-RAS (bladder cancer) [48], c-FOS [49], p53 (lung cancer)
[50], BCR/ABL [51], CD44 (glioma) [52], CAPL. (osteosarcoma) [53], matrix metalloproteinase-
9 (H-ras and myc-transformed cells) [54], telomerase (HepG2, Huh-7) [55], VLA-6 integrin
(fibrosarcoma) [56] the multidrug resistance gene product P-glycoprotein (lung cancer, mesothe-
lioma, pancreatic cancer, acute leukemia) [57, 58] and pleiotrophin (melanoma) [59]. Several labo-
ratories are exploring a novel application of this technology which employs the splicing ability of
ribozymes to introduce new functions or correct pre-existing defects, rather than inhibit gene ex-
pression. One group engineered a ribozyme to correct a mutated lacZ gene in Escherichia coli. This
innovative approach would find an application in cancer gene therapy for correction of mutated
forms of different tumour suppressor genes occurring commonly in a variety of tumours.

Viral delivery systems

Viral vectors are the most frequently used vehicles for therapeutic gene delivery in gene therapy
trials. Their advantages over nonviral system are (1) high effectiveness in transduction of dividing
(retroviral, adenoviral, adeno-associated vectors) and nondividing (adenoviral, adeno-associated
vectors) cells, and (2) stability of integrated therapeutic genes.

However, the high cost of production and possibilitiy of contamination with helper virus
(which is however very low) produce some limitations.

Retroviral vectors

Retroviral vectors are the most powerful tools of gene transfer into mammalian cells [60-62].
The advantages of using these genetically modified RNA viruses as carriers of foreign genetic
material are significant. They include relatively simple design, the well-understood biology of
retroviruses, their nonpathogenic nature, facility of integration into the host cell genome, and high
gene expression and stability of viral particles. However, the relatively low viral titre (compared to
adenoviral vectors), limited capacity for foreign DNA (7-8 kb), inability to infect non-dividing
cells, possible insertional mutagenesis, and complement inactivation in vivo, create some important
disadvantages.

Retroviral genetic material consists of two molecules of homologous RNA. After internaliza-
tion following binding to the surface receptors, viral RNA is transcribed through the action of
reverse transcriptase to form a proviral DNA. The provirus is translocated into the nucleus and
integrated into the genome of the target cell.
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The proviral DNA consists of functional sequences, the so-called “long terminal repeats”
(IL'TR), containing promotor sequences and sites for mRNA polyadenylation, and sequences en-
coding the viral core (gag), envelope proteins (env), reverse transcriptase and integrase (pol).

The system for production of recombinant viral particles has two components: the retroviral
vector, and packaging cells (Fig. 6). In the retroviral vector, genes encoding viral proteins are re-
placed by the genes of interest. Usually, beside the therapeutic gene, a positively selectable marker
gene (for antibiotic resistance) is used. Viral proteins are provided in trans by the so-called
packaging cells, which are mouse fibroblasts transfected with plasmids containing the viral
genome depleted of packaging sequence, thus enabling replication of the wildtype virus. After
transfection of retroviral vector into packaging cells, RNA translated from the vector containing
the gene of interest and the packaging sequence combines with gag, env and pol proteins pro-
duced in the packaging cells. The recombinant virus is used to infect (transduce) target cells.

In classical constructs the 5' LTR drives expression of the therapeutic gene. In most gene
transfer protocols, vectors containing genes to be expressed also carry a positively selectable
marker (e.g., neomycin, hygromycin, or puromycin resistance). Transfected or transduced target
cells are usually selected in the presence of antibiotic and then analysed for the expression of
foreign gene. Classically, the selectable gene in recombinant vectors is placed under the control of
separate, internal promoter. Due to the interference of the promoters, leading to downregulation of
internal promoter activity, such constructs yield a population of resistant cells within which only
small proportion (5-10%) express the therapeutic gene [63]. Accordingly, cells expressing thera-

Figure 6. Retroviral vector carrying therapeutic gene is transfected in vitro into packaging cells. mRNA transcribed
from the vector combines with viral proteins provided by packaging cells in trans. Packaging sequence in the
wildtype mRNA was mutated thus enabling packaging into viral particles. Recombinant viral particles are con-
tinously released without cell disruption and are able to integrate therapeutic genes stably into target cell genome
during division.
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peutic gene have to be cloned, which is time-consuming and costly. One way to overcome this
problem is to create a bifunctional chimaeric protein by fusing the therapeutic gene in-frame with
the selectable marker gene [64]. However, this is not practical when the product of the therapeutic
gene is a secreted protein.

Another approach which avoids transcriptional interference involves the use of internal ribo-
some entry site (IRES) sequences from the 5'-untranslated regions of picornaviruses such as
polio virus or encephalomyocarditis virus (EMCV), to create polycistronic transcripts encoding
multiple gene products [65]. The unique three-dimensional structure of IRES enables binding of
ribosomes in the middle of the mRNA molecule and 5' cap-independent translation. IRES are
used in retroviral vectors to join therapeutic and selectable marker cDNAs in order to create a
dicistronic gene. In our studies we used the bacterial betagalactosidase gene (lacZ) as a marker
and neo as a resistance gene. A lacZ-IRES-neo cassette was inserted into various retroviral vec-
tors, replacing the lacZ-pgk-neo cassette in which pgk was used as an internal promoter
(Fig. 7A). Due to simultaneous translation of both genes, such constructs ensured almost 100%
expression of the marker gene in the pooled resistant cell population {66].

Another way to avoid promoter interference is to insert the target gene outside the transcrip-
tional unit of the vector [67—69]. In such constructs the cassette containing the gene of interest
under control of the exogenous promoter is inserted into the U3 region of the 3'LTR. mRNA
transcription is terminated by the action of the pA site within the R region. Thus the expression of
target gene is not influenced by the viral LTR and should depend on the promoter used. More-
over, due to the unique activity of reverse transcriptase which copies 3'LTR sequences to 5L.TR,
the therapeutic gene in target cells is duplicated, which produces its high level of expression. Usu-
ally in such constructs the resistance gene remains under the control of the exogenous promoter.
Vectors designed as described above are referred to as double-copy.

In our studies, we created an original version of a double-copy vector, inserting a cassette
containing a dicistronic gene under the control of a strong HCMV-IE promoter, into the U3 re-
gion of the 3'LTR. These vectors provided high levels of human interleukin-6 (hIL-6) and soluble
IL-6 receptor (sIL-6R) mRNA expression, and production of corresponding proteins [66]
(Fig. 7B, C, D).

Adenoviral vectors;

Adenoviral (Ad) vectors are also widely used in gene therapy protocols due to their ability to
transduce nondividing cells. These vectors can be produced at higher viral titres (> 10'1) than
retroviral vectors [70]. However, the therapeutic gene is not integrated into the genome of the
target cell, which leads to transient expression of the therapeutic protein.

Adenoviruses have a relatively large DNA genome (around 36 kb). Most genes are essential
for the viral life cycle and so there is not much space for insertion of additional genes. However,
using a similar approach to the retroviral packaging system, a packaging cell line based on human
embryonic kidney cells and referred to as 293 has been established [71]. This cell line carries and
expresses adenoviral E] gene whose product complements in trans the adenoviral genome
lacking this sequence.

To obtain recombinant adenoviral vectors, 293 cells have to be cotransfected with plasmid
carrying a cassette containing the therapeutic gene inserted into a fragment of the Ad genome (0—
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Figure 7. (A) Structure of MSCV-based bicistronic retroviral vectors. All vectors contain the nlsLacZ gene which
is translated from LTR-directed transcripts from hCMV-IE-directed transcripts in DCCMVnlsLacZ. Abbreviations
and symbols CMV, hCMV-IE promoter; LacZ, nuclear localizing sequence (nls) LacZ gene; SA, env splice
acceptor; W*, extended packaging signal; arrows represent transcripts; %, IRES stem-loop structure; pA, polyaden-
ylation site. (B) Reverse transcription of DCCMVnisLacZ vector RNA in target cells results in the duplication of
hCMV-IE-nilsLacZ-IRES-neo transcriptional unit in the U3 region of 3’ LTR to the 5> LTR. (C, D) Characteri-
zation of human melanoma cell lines transduced with double-copy bicistronic retroviral vectors expressing hIL-6
and hsIL-6R. (C) Northern blot analysis of hIL-6 and shIL-6R transcripts in four melanoma cell lines transduced
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with the DCCMVhIL-6 and DCCMVhsIL-6R vectors, which carry either the hIL-6 or hsIL-6R cDNA, respectively,
in place of the nlsLacZ gene in DCCMVnlsLacZ. In each case, the smallest transcripts correspond to mRNAs
initiated from the hCMV-IE promoter. Additional transcripts represent RNA species initiated from the retroviral
LTR and the 5’ situated hCMV-IE promoter. The upper panels show ethidium bromide staining of equal amounts
of the RNA samples. (D) Production of hIL-6 (left panel) and hsIL-6R (right panel) by four melanoma cell lines
transduced with the DCCMVhIL-6 and DCCMVhsIL-6R vectors, respectively, as determined by specific enzyme-
linked immunosorbent assays 1, 1la (WM35); 2, 2a (WM902b); 3, 3a (WM9); 4, 4a (WM239): nontransduced
cell lines and transduced cell populations, respectively.
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17 map units) in place of the EI gene and E3-deleted linear adenoviral genome (Fig. 8). The E3
gene product, which is involved in modulating the host immune response to adenovirus [72], is
not essential for the viral life cycle and its removal would increase the space for therapeutic gene
insertion up to 7.5 kb [70]. However, removing the immunosuppressive activity of the E3 gene
product would lead to an enhanced immune response against the virus.

After homologous recombination between common sequences in plasmid and Ad genome,
full-length (0—100 map units; E/~, E37) adenoviral DNA containing therapeutic gene is
generated and can be efficiently packaged into viral particles. The recombinant virus obtained is
able to transduce target cells without further replication since it lacks an EI gene. In accordance
with the adenoviral life-cycle, genetic information is maintained as unintegrated, efficiently
transcribed DNA.

The most frequent application of Ad vectors in gene therapy is in the treatment of cystic
fibrosis [73]. In cancer gene therapy, adenoviral vectors are currently being used in gene therapy
clinical protocols dealing with brain and liver tumours. In these trials recombinant viruses carry-
ing suicide genes (e.g., herpes simplex thymidine kinase — HSV-tk) are delivered stereotactically
directly into the tumour. Other examples include application of Ad to deliver tumour suppressor
p53 gene into lung, head and neck, or liver cancer cells by direct tumour injection.

Figure 8. Adenoviral vector is cotransfected with adenovirus type 5 genomic DNA deleted in E3 region into 293
cells. Due to the homologous recombination between corresponding sequences in Ad vector and Ad5 genome, and
activity of E] gene product provided by 293 cells, viral particles containing therapeutic genes are released after cell
lysis. Such recombinant adenoviruses are able to transduce dividing and non-dividing target cells, however the
therapeutic gene does not enter the nucleus and integrate into the cell genome but exists episomally in the cell
cytoplasm and usually is lost after a few divisions.
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The transient fashion of gene expression requires multiple administration of the vector. Such
aprocedure may induce an immune response to the vector. On the other hand the adenoviral vec-
tor can also be highly immunogenic to the patient who already posseses either antibodies to the
virus or immunocompetent cells [74]. The efforts to improve adenoviral vectors focus on the
removal of genes encoding adenoviral proteins from the vector. Such manipulation is expected to
reduce immunogenicity and enable insertion of larger therapeutic gene cassettes. These con-
structs, named “coatless vectors”, are so far very difficult to obtain because of instability of the
viral particles. However, recently isolation of an adenoviral vector with 25% deletion of its
genome was reported [75].

Adeno-associated vectors

Adeno-associated vectors (AAV), naturally defective, single-stranded DNA parvoviruses, were
discovered as a satellite viruses which were present in preparations of adenoviruses. They were
found not to be pathogenic. The unique feature of AAV is inability to infect cells in culture in the
absence of co-infection by a helper virus (adenovirus, herpesvirus or vaccinia virus) [76, 77]. In
the absence of helper virus, the infecting AAV genome undergoes integration at a specific site on
the g arm of chromosome 19, and remains latent for a prolonged period of time [78]. This is
actually the only known example of site-specific integration of a virus, providing an opportunity
to construct a vector for insertion of therapeutic genes into a known site within the cellular
genome. After infection of latently infected cells, AAV may be rescued from the integrated site via
excision and replication.

All developed vectors contain foreign sequences inserted between inverted terminal repeats
(ITR) of the AAV genome (Fig. 9). The ITR is required for packaging and along with one of the
two major viral proteins (Rep) mediates site-specific integration. Vectors lacking the rep gene inte-
grate into the genome but the specificity of this integration is unknown. Thus the rep gene has
been deleted from vectors to leave more room for exogenous genetic information. Moreover, the
product of this gene is toxic to many types of cells, making creation of stable packaging lines
very difficult.

AAV vectors are currently produced by transient cotransfection of plasmids containing a thera-
peutic gene between ITRs along with the second plasmid providing rep and cap, products which
are responsible for encapsidation. Following infection of the transfected cells by helper adeno-
virus, the recombinant AAV genome carrying therapeutic gene is packed into AAV particles. AAV
and adenovirus are released after cell lysis, heat inactivated (to inactivate adenovirus since the
AAYV particle is more stable) and separated by centrifugation (AAV and Ad have different
densities). After the treatment the recombinant AAV particles are used to transduce target cells.

The high titre of the viral vector after concentration (up to 10'> CFU/ml), the extreme stability
of the virus particles and the ability to transduce non-dividing cell stably, are considerable advan-
tages over retroviral and Ad vectors. However, the useful site-specific integration is abrogated in
the absence of rep gene function sacrified to increase cloning capacity (4.5 kb). Moreover, the
inability to obtain stable packaging cells shows that the currently used vector constructs need to
be modified.

There is an increasing number of attempts to apply AAV vectors to cancer gene therapy. One
group stereotactically delivered AAV vector particles carrying a dicistronic gene containing HSV-
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Figure 9. Adeno-associated vector (AAV) carrying therapeutic gene is cotransfected with plasmid containing viral
rep and cap genes. After infection with helper adenovirus transfected cells are lysed and recombinant AAV
particles are released together with helper Ad. AAVs can be purified from the mixture by heat treatment and centri-
fugal separation and used to transduce the target cells. Therapeutic gene delivered to the cells by the AAVs stably
integrates into the cellular genome of dividing and non-dividing cells. (ITR — inverted terminal repeat — AAV
promoter and sequences mediating integration)

tk and IL-2 cDNAs into human glioma in a nude mouse experimental tamour model. After
ganciclovir administration they observed a dramatic decrease in the tumour size, indicating that
high titre AAV vector treatment may be safe and effective in in vivo gene therapy of human brain
tumours [79].

Another group used the same strategy, using an of AAV vector specifically to express HSV-tk
gene in human hepatocellular carcinoma cell lines displaying different levels of ¢-fetoprotein
(AFP) and albumin production, as well as in nonhepatocyte tumour cell lines. Ganciclovir treat-
ment caused death only of AFP and albumin-positive hepatoma cells, but not of tumour cells of
other than hepatocyte origin, or AFP and albumin-negative hepatoma cells. Moreover, the dose
required to kill the cancer cells was inversely proportional to the level of AFP expression in these
cells (see below).

Since AAV vectors transduce nondividing S-phase cells, they can transfer genes into non-
cycling tumour cells. This is very important for in vivo gene therapy because only a small portion
of cells within the tumour mass are dividing.

However, up to now there are no published data available from gene therapy clinical trials
using AAYV vectors.
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Targetting of gene therapy vectors

Targetting of vectors in gene therapy may be divided into two major approaches. The first,
referred to as targetting of entry, is to direct the vectors to a particular cell type. The second
approach involves cell specific or regulatable promoters for expression of therapeutic genes.
Targetting of therapeutic genes is a very important issue for in vivo applications, where genetic
modification of specific cell types, and cell specific or suitable levels of expression, is highly
desirable.

Targetting of entry

Viral entry to the target cell is mediated through the interaction of viral envelope proteins with
receptors on the cell surface. Recombinant retroviral and adenoviral viruses, which are most ex-
tensively manipulated to direct therapeutic genes to a specific cell type, are able to enter virtually
any cell type. This is an advantage in ex vivo approches but in in vivo gene therapy transduction
of other cells than those specified may have fatal consequences. The manipulations of viral
tropism may be divided into two approaches: immunological and molecular. The immunological
approach involves the coupling of ligand or monoclonal antibody specific for a cell receptor with
viral surface proteins using an artificial bridge (avidin-streptavidin complex is commonly used).
The molecular approach involves the creation of fusion proteins with viral surface proteins and
ligands or antigen-binding fragments of monoclonal antibodies which recognise specific recep-
tors on the target cell surface. However, there is little evidence for effective targetting of recom-
binant viruses to cancer cells in vivo (for a recent review see [80]).

Transcriptional targetting of therapeutic gene expression

The ability to direct therapeutic gene expression to a particular cell type is a very important issue
in gene therapy [81]. First, controlling therapeutic genes by using regulatable or tissue-specific
promoters accomplishes restricted expression even after nonspecific delivery. Moreover, cell-
specific promoters usually give more stable and predictable patterns of expression than exogen-
ous promoters. Depending on the cell type and gene used this affects safety and effectiveness,
especially when the therapeutic gene product might be toxic when produced by other cell types
than those which should have been modified, for example in the case of in situ or in vivo delivery
of suicide genes. After expression of a suicide enzyme and prodrug activation, a metabolite would
be potentially toxic to normally dividing cells.

Most of the promoters used drive expression of genes whose protein products are restricted to
cancer cells. They include tissue associated antigens, tumour-specific antigens, and oncogene pro-
ducts. For example, a high level of melanin synthesis in melanoma cells depends on activity of the
tyrosinase promoter and promoters of the tyrosinase-related protein genes (TRP-1, -2). These
promoters have been used to achieve specific expression of HSV-tk in human melanoma cells
[82, 83]. Carcinoembryonic antigen (CEA) is a tumour antigen mainly expressed in colorectal,
gastric, breast and lung cancers. Fragments of the CEA promoter have been used to obtain speci-
fic activation of HSV-TK or cytosine deaminase (CD) prodrugs in the above mentioned types of
tumours [84, 85]. However, in vivo results have been disappointing; no regression of tumour
transfected with the CD gene under the control of the CEA promoter was observed [85]. The
promoter of another tumour antigen (AFP) has been applied for effective expression of HSV-TK
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in hepatoma cells using retroviral [86], adenoviral [87], and AAV vectors [88]. The latter studies
evaluated the ability of the AFP promoter to restrict suicide gene expression in vivo using AFP-
producing and nonproducing xenografts in mice. Transduction of AFP-positive xenografts with
adenoviral vector carrying HSV-TK gene resulted in complete tumour regression after ganciclovir
treatment [89]. Another study used AAV vector with a chimaeric promoter containing the liver-
specific albumin promoter and the AFP enhancer, and demonstrated that albumin and AFP-pro-
ducing hepatoma cells were sensitive to ganciclovir treatment in proportion to the level of AFP
expression [88].

Another tissue-selective system utilizes the MUC1 gene promoter. MUC-1 is a heavily
glycosylated protein and is aberrantly expressed in pancreatic, breast and ovarian cancers. Link-
ing of the MUC-1 gene promoter to the HSV-TK gene revealed cytotoxity specific to breast
cancer cells in vitro and in vivo [90].

It has been found that many oncogenes are overexpressed in tumour cells, and this is due to
abnormal activity of specific promoters. The best studied is the promoter of ERB-B-2 growth fac-
tor receptor, whose overexpression leads to tumourogenesis of epithelial cells lining the ducts of
the breast and pancreas. Accordingly, the ERB-B-2 promoter has been used to direct the expres-
sion of suicide genes, including cytosine deaminase in breast and pancreatic cancers [91].
Myc/Max response elements were used to control transcription of HSV-TK in small cell lung
cancer cells overexpressing those oncogenes. c-myc-overexpressing cancer cells were found to be
more sensitive to ganciclovir treatment than normal cells [92]. Transcriptional control elements of
prostate-specific antigen (PSA) have been reported to limit the expression of heterologous
constructs to prostate cancer cell lines in vitro [93], which would be useful for suicide gene thera-
py for prostate cancer.

Targetted gene expression is a very promising approach, and with increasing understanding of
mechanisms controlling overexpression of tumour-specific proteins, and information derived from
the Human Genome Project, more specific vectors will be developed for therapeutic purposes.

Strategies of cancer gene therapy

Gene therapy clinical protocols approved for trials are based on four major approaches:

(1) Immuno-gene therapy.

(2) Administration of so-called suicide genes (e.g., HSV-TK or CD) and activation of a suicide
mechanism for direct killing of cancer cells.

(3) Inactivation of oncogenes or activation of tumour suppressor genes which regulate the cell-
cycle (e.g., p53, Rb, ras, raf).

(4) Introduction of multidrug resistance genes (MDR) into patient bone marrow cells as a
protection against massive chemotherapy.

Genes might be delivered into target cells both in vivo or ex vivo. When applied i vivo, by means

of viral or nonviral molecular vehicles, the therapetic gene is delivered directly into the patient

target tissue. In contrast, in the ex vivo approach cells are isolated from the patient, modified to

express the therapeutic gene in vitro and readministered to the patient.
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According to the strategic needs different approaches are employed. In the case of clinical
protocols exploiting genetically modified tumour vaccine (GMTV) or introduction of MDR genes
into bone marrow, cells are modified ex vivo. However, in the case of a suicide gene-based strate-
gy or manipulation of oncogene or tumour suppressor gene expression, the genetic vectors need
to be delivered directly in situ into the tumour or administered systemically in vivo.

Immuno-gene therapy

The concept of immunization against cancer emerged from the observation that cancer cells are
able to escape immune system surveillance and may then form a tumour. Paul Ehrlich in early
1900 suggested that cancer cells randomly arise in the body but are quickly eliminated by the
immune system. Many years later the immune surveillance theory was developed based on the
finding that T cell-mediated immune response is able to eliminate some tumour cells. The hypo-
thesis was confirmed by observation of increased incidence of tumours among immunosup-
pressed patients e.g., those undergoing transplantation. However, those patients were more
susceptible to cancer of the immune system than to other types of malignances (e.g., brain, breast,
lung) whose incidence was the same as in the healthy population. Similarly, HIV patients with
impaired CD4+ T lymphocyte function frequently develop only certain types of tumours, such as
Kaposi’s sarcoma, while the incidence of other more common cancers is not increased.

However, another observation in opposition to the immune surveillance theory comes from the
nude mouse model. These mice lack a thymus and do not possess functional T cells. Despite that
fact these animals are no more susceptible to cancer than other animals.

Nevertheless, it is now quite obvious that an effective immune response may be generated
against at least some tumours and therapeutic approaches may be aimed to boost the response
against malignant cells. Although the immune system often recognizes tumour epitopes on cancer
cells, in most cases it is not able to generate an effective response. This might be due to inhibitory
mechanisms developed by tumour cells to escape cytotoxic effector reactions. They include:

(1) Modulation of tumour antigen expression and presentation

(2) Reduction in class I MHC molecules (lack of proper f2-microglobulin expression)

(3) Lack of costimulatory signal (B-7 family)

(4) Expression of apoptotic molecules (Fas)

Most gene therapy approaches based on activation of the immune response use transfer of genes
encoding proteins displaying immunomodulatory activity (e.g., cytokines or membrane-bound
costimulatory molecules) and can mediate direct or indirect antitumour effect. There are two
major strategies of using these factors. The first, referred to as adoptive immuno-gene therapy, is
based on the concept of ex vivo delivering of immunomodulatory factors to the immune cells
including T lymphocytes or antigen presenting cells (APC), to develop more effective responses
against cancer. The second approach includes transfer of genes encoding potent immunomodu-
lators into the cancer cell. The autologous or allogeneic cancer cells may be modified ex vivo and
given as a genetically modified tumour vaccine (GMTV), which would provide the necessary co-
stimulatory signals and induce an effective immune response against remaining metastatic tumour
cells. In one protocol cytokine-secreting autologous fibroblasts are used for this purpose. On the
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other hand, tumour cells may be engineered to produce immunomodulatory proteins in sifu, at the
site of tumour growth.

Historically, II.-2 was the first cytokine believed to display antitumour biological activities. In
animal models IL-2 was shown to be effective in decreasing tumour size when injected
intravenously to tumour-bearing animals [94]. In human studies IL-2 was used to activate lym-
phocytes isolated from cancer patients. Such lymphocytes (Iymphokine activated killers, or LAK)
[95], were subsequently reinfused to the patient in the hope that they would kill cancer cells [96].
The results obtained led to the design of the one of the first gene therapy protocols which
involved transduction of lymphocytes obtained from melanoma patients with retrovirus carrying
IL-2 cDNA.

In order to obtain lymphocytes of a high specificity for cancer cells, the patient’s T cells were
isolated directly from the metastatic lesion. This tumour-specific population, referred to as tumour
infiltrating lymphocytes (TIL), was shown to be 100-fold more potent in vitro than LAKs in
killing autologous melanoma cells [97]. TILs modified to secrete IL-2 were reinfused to mela-
noma patients and were expected to eliminate existing melanoma cells specifically [98]. However,
this promising approach did not fulfill expectations since IL-2-secreting TILs were found to
accumulate in the liver and spleen of treated patients rather than in the tumour mass [99].
Currently, IL-7 modified TILs are being used in trials against melanoma and kidney cancers
(Tab. 1A, see Appendix at the end of this chapter).

Dendritic cells (DCs) are potent APCs that can activate quiescent T lymphocytes. In one study
human DCs were retrovirally transduced with a melanoma TAA gene — MART-1. In vitro
stimulation using MART-1-transduced DCs raised specific antitumour CTLs from autologous
quiescent cells [100].

The strategy of GMTYV is based on the concept of ex vivo genetic modification of autologous
or allogeneic tumour cells in order to provide costimulatory signals for the immune system to be
activated in order to eliminate cancer cells specifically (Fig. 10A-D) [101]. On the other hand
soluble costimulatory molecules might be locally provided by other cell types such as fibroblasts
which were genetically modified, admixed with autologous tumour cells and administered to the
patient.

The rationale of this strategy is that tumour cells secreting high doses of costimulatory
molecules, such as cytokines, would more effectively present tumour antigens or more effectively
prime MHC-I-mediated CTL response, since cancer cells in most cases lack expression of MHC
molecules and/or their peptide-processing machinery is defective. Moreover, cytokines may
activate antigen presenting cells (APC) [94]. However, the mechanisms governing cytokine costi-
mulation need further study. It is likely that following administration of GMTV, an MHC-II-
based mechanism is involved. APCs take up tumour antigens released from disrupted cancer cells
and present them to CD4+ cells utilizing the MHC-II dependent pathway. Delayed type hyper-
sensitivity (DTH) reaction in patients receiving GMTYV at the site of injection, which is commonly
observed after 48—72 h, supports the above concerns. CD4+ helpers, activated at the injection
site, sectrete a variety of cytokines which attract many other immune system cells including CTLs
or macrophges.

In another version of GMTYV, tumour cells are modified by insertion of genes encoding mem-
brane-bound costimulatory molecules. It was shown that effective costimulation of CD4+ and
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Figure 10. Activation of immune system by different variants of GMTV (A) IL-2 secreted by genetically modified
tumour cells bypasses helper T lymphocytes and directly activates specific CTLs which recognize tumour antigens.
The activation leads to specific recognition and lysis of patient wildtype cells. (B) GM-CSF secreted by genetic-
ally modified tumour cells activates antigen presenting cells (APCs). Activated APCs take up more efficiently the
tumour antigens released by disrupted tumour cells, move to draining lymph nodes and present the antigens to
helper and cytotoxic T lymphocytes either via MHC-I or MHC-II-restricted pathways.

(continued on next page)
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Figure 10. (continued) (C) B7 expressed on the surface of genetically modified tumour cells, activates CTL which
recognize MHC-I-restricted tumour antigens. Activation leads to the specific recognition and lysis of patient
wildtype cells. (D) IL-6 and soluble IL-6R secreted by genetically modified tumour cells form an active complex
and activate gp130 present on almost all cells of the immune system. Activation of CTLs and NK cells leads to
specific recognition and lysis of patient wildtype cells.
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CD8+ T cells might be achieved only in the context of antigen presentation via MHC-TCR
complex. This type of costimulation is triggered by the interaction of a B-7 molecule expressed
on the target cells with CD28 protein present on the surface of lymphocytes. When lymphocytes
recognize antigen presented in the context of MHC molecules without stimulation via B-7 they
do not respond and may develop anergy to the antigen. Many tumour cells lack B-7 and escape
from destruction by the immune system [102]. Accordingly, restoration of B-7 gene expression
might enhance tumour cell immunogeneticy. When melanoma cell lines transfected with B-7
cDNA were injected into syngeneic animals, complete tumour regression was observed [103].

Another immunological approach involves GMTV modified to express tumour rejection anti-
gens. Most studies use melanoma antigens, whose epitopes have been found to be recognized by
T cells. They include MAGE and MART whose presentation is associated with melanoma
regression [104]. However, there are very similar problems as encountered in other vaccination
approaches. First, the cancer cell population was found to be very heterogeneous in terms of ex-
pression of these antigens. Thus, immunization using one or even two antigens will not prime the
CTL response against all existing cancer cells. Another limitation is that tumour rejection antigens
were only found on few tumours, including melanoma, renal carcinoma or prostate cancer.
Identification of such antigens on other tumours would be of importance for future studies.

Other cells used as vehicles to deliver cytokines into the tumour microenvironment were
autologous fibroblasts [105—107]. Fibroblasts were isolated from the patient, grown in culture
and genetically modified to secrete cytokines. Subsequently, they were injected 1n the vicinity of
the metastatic melanoma lessions. However, there were certain limitations to the system. It ap-
peared that autologous fibroblasts were rather difficult to obtain in culture in high quantities in a
relatively short time. Currently, there is one ongoing trial using the above strategy and IL-12
modified fibroblasts (Tab. 1A, see Appendix at the end of this chapter).

Another potential approach to immunomodulation uses the introduction of strong immuno-
stimulators, like HLA-B7 gene, into tumour cells in situ.Transfection of H-2K* antigen cDNA
into experimental mouse tumour in situ was shown to increase the antitumour activity of murine
TIL against both the modified and unmodified cells. This was probably due to the stimulation of
the immune system within the tumour mass, which increased local production of cytokines like
interferons, in turn augmenting MHC class I and II expression and tumour antigen presentation.
After injection of tumours with foreign MHC gene, both allogeneic and tumour-specific CTLs
were detected in the spleen of treated animals. Significant extension of survival time was also
observed [27]. These encouraging results have led to the approval of a clinical protocol for the
treatment of five HLLA-B7 negative patients with advanced melanoma using the HLA-B7 gene
complexed with DC-chol/DOPE liposomes. Plasmid DNA vector carrying HLA-B7 complexed
with liposome was directly injected into metastatic tumours of these melanoma patients. Gene
transfer, recombinant gene expression, and safety and potential toxicity of this therapy was
demonstrated. Six courses of treatment were completed without complications in five HLA-B7-
negative patients with stage IV melanoma. Plasmid DNA was detected within biopsies of treated
tumour nodules 3—7 days after injection but was not found in the serum at any time, assayed by
the polymerase chain reaction. Recombinant HLA-B7 protein was demonstrated in tumour
biopsy tissue in all five patients by immunochemistry, and immune responses to HLA-B7 and
autologous tumours could be detected. No antibodies to DNA were detected in any patient. One
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patient demonstrated regression of injected nodules on two independent treatments, which was
accompanied by regression at distant sites. These studies demonstrate the feasibility, safety, and
therapeutic potential of direct gene transfer in humans [26]. Further analysis of immune response
revealed T cell migration into treated lesions. However, the frequency of cytotoxic T lymphocytes
against autologous tumours in circulating peripheral blood lymphocytes was not altered
significantly. Local inhibition of tumour growth was detected after gene transfer in two patients,
one showing partial regression [108].

Administration of so-called suicide genes and activation of a suicide mechanism for direct killing
of cancer cells

Suicide gene therapy (SGT) uses transduction of tumour cells with bacterial enzyme genes which
display a unique ability to convert a non-toxic prodrug into intracellular toxin [109]. The prodrug
is applied shortly after suicide gene transfer, and after conversion blocks cell division and induces
apoptosis. Disruption of tumour cells induces host inflammatory reaction which augments a
therapeutic effect [110].

However, to exert their activity suicide genes (SGs) have to be delivered in vivo or in situ into
the tumour site. Fortunately, as shown by in vitro experiments, only 1-5% of tumour cells need
to express SG to kill the remaining nontransfected cells [111].

This is due to the phenomenon referred to as the “bystander effect”, based on toxin diffusion
through gap junctional intercellular communication (GJIC) to the other cancer cells [112].
Another study suggested a strong cell-mediated immune component to the bystander effect. In
murine melanoma (B16) tumours killed in vivo with GC treatment, a pronounced intratumoural
infiltrate of macrophages, CD4+ and CD8+ T cells was observed. In addition expression of
interleukin IL-2, IL-12, IFN-gamma, tumour necrosis factor-alpha (TNF-alpha) and granulocyte/
macrophage colony-stimulating factor (GM-CSF) but not IL-4, IL-6 or IL-10, was observed, a
profile of cytokine expression which resembles that of a Th1 immune response. The data show
that B16 cells died predominantly by necrosis, rather than apoptosis, on exposure to GC, a
process which may be associated with the generation of antitumour inflammatory responses
[113].

Usually the vector carrying SG is delivered directly into the tumour site. However, in the case
of retroviral vectors, tumour cell transduction can be achieved by injection of virus-producing
packaging cells. The first SGT clinical protocol approved for human trials involved stereotactic
injection into human brain glioma of retroviral packaging cells producing recombinant virus
carrying HSV-TK gene, and a subsequent GC administration mechanism [114].

Targetted expression of suicide genes within tumour cells might be the most promising cancer
gene therapy strategy. Several studies have reported application of tumour-specific promoters
including ERB-B-2 promoter, von Willebrand factor promoter, CEA promoter, and AFP promoter
(see above).
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Modulation of oncogenes and tumour suppressor gene expression

Extensive studies which led to the identification of a number of possible mechanisms of tumori-
genesis created new opportunities to modulate these mechanisms in order to treat or prevent can-
cer. It is believed that most cancers arise due to overexpression or amplification of oncogenes or
mutation of tumour suppression genes. Protooncogene products are normally homologues of
oncogenes and play an important role as growth factor receptors, signal transducers or transcrip-
tion factors. Cancer-causing mutations of oncogenes involve point mutations, amplifications,
translocations, and rearrangments, leading to disregulation of the cell cycle and promoting tumour
growth. Tumour suppressor gernes, on the other hand, control cell proliferation. Thus deletion of
oncogenes or expression of tumour suppressor genes could mediate reversion of tumour pheno-
type, tumour cell death or immune reaction against cancer cells.

The ras family of oncogenes is the most commonly activated in tumours. The ras (including
H-ras, K-ras, N-ras) genes encode a membrane-bound protein with guanosine triphosphatase
(GTPase) activity, and participate in signal transduction and promotion of cell cycling. Antisense
approaches involve delivery of a vector carrying antisense cDNA for ras into tumour cells in vivo
[115]. Antother oncogene, c-myb, was found to be abnormally expressed in leukaemic cells.
Clinical trials evaluating the therapeutic efect of antisense c-myb oligos are currently in progress
for treatment of acute and chronic forms of myelogenous leukemia (Tab. 1C, see Appendix at the
end of this chapter).

It has been found that the mutated form of the p53 tumour suppressor is a potent oncogene
promoting the cell cycle. Adenovirus-mediated delivery of p53 antisense cDNA to tumour cells
has been used in treatment of head and neck squamous cell carcinoma (Tab. 1C, see Appendix).

Restoration of function of wildtype tumour suppressor genes in tumour cells inhibits tumour
formation and growth. In 1996 the results from a trial involving retrovirus-mediated transfer of
P53 gene to tumours in patients with lung cancer were reported. Retroviral supernatant was direct-
ly injected into tumours with documented p53 mutation using a fibreoptic bronchoscope or per-
cutaneous needle. Three of the seven treated patients showed evidence of tumour regression in the
treated lesion. Safety and lack of toxicity suggest a potential clinical application of this techno-
logy, especially for patients with unresectable local tumours [116].

However, manipulation of oncogenes and tumour suppressor gene expression has consider-
able limitations. The administration of viral vectors to patients is limited to local and regional
tumours. Moreover, immune reaction to Ad vectors and low transduction efficiency of retroviral
vectors create another obstacles. Improvements in vector construction, including manipulation,
targetted delivery and tumour-specific expression, are necessary for progress in this field.

Multi-drug resistance genes (MDR)

The rationale of this strategy is to transfer genes conferring resistance to existing chemothera-
peutic agents to isolated patient bone marrow or blood-derived bone marrow cells. The MDRI
gene product, P-glycoprotein, functions as an efflux pump and is responsible for the drug
resistance of many tumours. This gene was found to be amplified in tumour cells, which led to



132 M. Wiznerowicz et al.

ineffectiveness of hydrophobic cytotoxic drugs in the treatment of various types of cancer. Patient
bone marrow cells transfected with the vector carrying the MDR gene are selected in the presence
of a cytostatic to obtain a population that will be resistant to that drug when administrated
systemically [117, 118].

Such a procedure would allow high-dose chemotherapy, with reinfusion of drug-resistant
patient blood cells prior to treatment. Mouse haematopietic cells expressing methotrexate-resist-
ance dihydrofolate reductase were protected against systemically administrated methotrexate when
reinjected into syngeneic recipients [119].

Clinical protocols involving ex vivo transfer of MDR cDNA into a patient’s bone marrow cells
were approved for the high dose chemotherapeutic treatment of breast and ovarian cancers. To
date eight clinical protocols have been approved for clinical trials.

However there are some problems with this type of treatment: high doses of chemotherapy do
not seem to induce a better response. Moreover, the nonhaematological side effects may be limit-
ing. There is also a possible risk of transduction of metastatic cancer cells which may be present
in patient bone marrow. So far there is insufficient information to evaluate the potential
therapeutic efficacy of this approach.

Clinical trials

About 113 cancer gene therapy clinical protocols have so far been approved by the FDA or
equivalent agencies in various countries [120]. About half of these clinical protocols have entered
phase I or I/II trials. There are a few journals or institutions which list and update gene
marker/therapy protocols as well as patents granted in the field of gene therapy. However, not all
accepted protocols are included in a single list, which can be confusing. Table 1 (see Appendix)
presents a current list prepared from various sources. Numbers of protocols listed below are
given on the basis of a list published in August 1997 [121]. The majority of protocols (72), are
based on an immuno-gene therapy strategy (Tab. 1A, see Appendix), 21 protocols deal with a
suicide gene strategy (Tab. 1B, see Appendix), 12 with modulation of oncogenes and tumour
suppressor gene expression (Tab. 1C, see Appendix), and 8 with MDR-1 gene modification of
bone marrow cells (Tab. 1D, see Appendix). Most of the immuno-gene therapy protocols were
designed to treat malignant melanoma (26 protocols), 19 to treat various types of advanced cancer,
6 to treat prostate cancer, 5 to treat glioma, glioblastoma or neuroblastoma, 4 to treat renal cancer,
4 colon carcinoma, 3 breast cancer, and one or two protocols to treat ovarian, lung, cervical, or
squamous cell carcinoma, or lymphoma and leukaemia. Beyond a relatively large number of
approved protocols only a few papers have published the results of clinical trials.

A clinical trial of 12 patients with grade IV melanoma vaccinated with allogenic cells trans-
duced with the IL-2 gene showed a mixed clinical response in three patients (stabilization of the
disease with regression of some subcutaneous nodules or decreased progression with regression
of one subcutaneous nodule) [122]. Phase I trial of immunotherapy with IFN-gamma gene-modi-
fied autologous melanoma cells demonstrated that 13 of 20 patients completed the immunization
protocol [123]. Eight of these 13 patients developed a humoral response (IgG) against autolog-
ous and allogenic melanoma cells. Other patients showed no or weak IgG response. Two patients
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who developed significant increases in serum JgG demonstrated tumour regression, and two
patients with low serum IgG response had transient shrinkage of metastatic nodules during thera-
py. The antibodies recognized different antigens, indicating that individual patients may develop
different responses to the same immunization protocol. Finally, one report of IL-2 gene transfer
into TILs which were reinfused to advanced lung cancer patients with pleural effusions demon-
strated that in six of ten patients pleural effusions did not re-accumulate for at least 6 weeks. In
one patient, in addition to resolution of pleural effusions the size of the original tumour decreased
[124]. During the 3rd European Conference on Gene Therapy of Cancer held in Berlin in
September 1997, S. Osanto (Leiden, The Netherlands) reported results of immunization of 27
patients with an HLLA class I-matched allogenic melanoma cell line modified to secrete IL-2. Five
patients showed regression of one or more metastases, including one patient with complete
regression of small intradermal metastases. Others (E.M. Rankin et al. Amsterdam, The
Netherlands and Somatix Therapy Co., USA) reported vaccination of 24 patients with autologous
melanoma cells modified to secrete GM-CSF. Six of 24 patients with long enough follow-up
showed protracted (>6 months) stabilization of previously progressive disease.

Three papers describing direct gene transfer of an allogenic class I MHC (HLA-B7) into
patients with metastatic melanoma have been published [26, 108, 125]. The original report by
Nabel et al. [26] has already been discussed. Subsequent studies carried out by the same group
[108] involving 10 patients demonstrated T cell migration into treated lesions and enhanced
reactivity of TILs. Interestingly, the frequency of CTL against autologous tumour in circulating
peripheral blood lymphocytes (PBL) was not altered, suggesting that PBL reactivity is not
indicative of local tumour responsiveness. In two patients local inhibition of tumour growth was
observed. One of these patients subsequently received TIL treatment derived from a gene-modi-
fied tumour, which resulted in a complete regression of residual disease. In another study [125]
involving 17 patients, seven had tumour responses to the injected nodule, while one patient with a
single site of disease achieved a complete remission.

Promising results were reported for direct pS3 gene transfer into non-small lung cancer [116].
Nine patients were enrolled. Tumour regression was noted in three patients, and tumour growth
stabilized in three other patients. A clinical trial of BCL-2 antisense therapy involved 9 patients
with non-Hodgkin’s lymphoma [34]. In two patients a reduction in tumour size (one minor, one
complete response) was observed. In another two patients a reduction in the number of circulating
lymphoma cells was seen. In a further two patients, symptoms of the disease had improved.

Results of MDR-1 vector modification of bone marrow cells demonstrated that only a very
small subset of the granulocyte/macrophage colony forming unit cell fraction of myeloid cells,
contributes to the repopulation of the haematopoietic tissues following mega-chemotherapy and
transplantation of autologous haematopoietic cells [126].

GMTY - admixture of autologous tumour cells and an HLA-A1/A2-positive allogenic
melanoma cell line modified to secrete IL-6 and sIL-6R

Interleukin-6 (IL-6) is a multifunctional cytokine that exerts its activity via a receptor complex
(IL-6R) composed of two subunits, an IL-6-binding o chain (gp80) and a signal transducing 3
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chain (gp130) [127]. The soluble form of the & subunit (sIL-6R) acts agonistically with IL-6 to
enhance its activity both in vitro and in vivo [128, 129]. Moreover, the IL-6/sIL-6R complex
displays a broader range of biological activities than IL-6 alone, since it is capable of activating
cells which possess gp130 but lack gp80 [128]. In preclinical studies, introduction of the IL-6
and sIL-6R genes into a weakly immunogenic murine melanoma cell line (B-78-H1) inhibited
tumour growth potential and ability to metastasize concomitant with the stimulation of a potent,
specific and long-lasting anti-melanoma immune response [129, 130]. The IL-6/sIL-6R complex
was significantly better at inducing anti-melanoma activity than IL-6 alone. Analysis of tumour
infiltrates demonstrated that IL-6/sIL-6R-secreting melanoma cells attracted CD8+ T cells and
NK cells but not CD4+ T cells or dendritic cells (A. Mackiewicz et al., unpublished results).

These results formed the basis for the design of a phase I/IT human melanoma gene therapy
clinical protocol [131] which was approved by the Committee for Ethics of Scientific Research of
USMS in Poznan on November 26, 1993, and the trial was started on January 6, 1995. The aim
of the study was to immunize melanoma patients of the HLLA-A1 and/or HLA-A2 haplotype with
an IL-6/sIL.-6R GMTYV, in an attempt to elicit specific as well as non-specific anti-melanoma
immune responses of potential therapeutic benefit (Fig. 11).

Figure 11. Strategy of IL-6/sIL-6R gene therapy immunogene therapy protocol. Autologous cells from HLA-A1
or/and HLA-A2 positive patients are isolated from metastatic tumour tissue, frozen in liquid nitrogen, thawed when
required, and mixed with an allogeneic human melanoma cell line transduced with retroviral vector containing
cDNAs encoding hIL-6 and hsIL-6R. The mixture is irradiated and subsequently administered to the patients.
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Clinical design

Twenty two patients with advanced stage malignant melanoma (MM), all of whom signed an in-
formed consent form, were enrolled into the study. Patients were evaluated as described [131].
Immunological tests (immunophenotyping of peripheral blood lymphocytes (PBL); natural killer
(NK) cell activity) were performed before each vaccine administration. NK cell activity was
analyzed using K652 erythroleukaemia cells as targets. In patient No. 9, a biopsy from the site of
vaccination was taken two weeks following the fifth injection. In patient No. 1, biopsies from skin
metastases were taken before treatment and after the third and fourth vaccinations. Biopsy
specimens were analyzed for immune cell infiltration.

The HLA-A1/A2-positive melanoma cell line Mich-1, which expresses MART1, MAGE 1 and
3, was transduced with human IL-6 and sIL-6R cDNAs using a MSCV-based double-copy bicis-
tronic retroviral vector. Following expansion, cultured cells were trypsinized, aliquoted (2.5% 107
viable cells) and frozen in liquid nitrogen. Metastatic melanoma lesions were surgically excised,
the tissue minced into 2—3 mm pieces, and single cells released by enzymatic digestion with
collagenase and separated by density gradient centrifugation. Tumour cell preparations were
aliquoted (2.5% 107) and frozen. Prior to injection, the two types of cells were mixed 1:1 (5% 107
cells total) and irradiated with 100 Gy. They were then injected into the patient at 3—4 sites
(usually in the arm); in the vicinity of draining nonaffected lymph nodes on days 0, 14, 28, 32,
further injections were given once a month for three consecutive months and subsequently at two-
month intervals for a year.

Cellular responses

In biopsies obtained from the sites of vaccine inoculation, only a few melanoma cells were found
which were, however, heavily infiltrated by activated T cells (CD3+, DR+) of both CD8+ and
CD4+ subsets, with a prevalence of CD8+ cells. Analysis of the PBL phenotype (CD3, CDS,
CD4, HLA-DR, CD25, CD16, CD56, CD19) demonstrated a considerable increase in activated
T cells (CD3+DR+, CD3+CD25+4) after the third and fourth injections. In most patients, the
peripheral NK cell activity before treatment was markedly lower than that determined for the
corresponding controls. Upon additional injections, all patients exhibited a considerable increase
in NK cell activity which exceeded initial levels and was similar to that of controls.

Following the second vaccination, the sites of distant subcutaneous metastases in some pa-
tients became discoloured (a dark blue) and warm. In patient No. 1 some of the affected meta-
stases regressed; however, new ones appeared later on. In patient No. 7, a significant reduction in
the number and size of skin metastases was observed, with no evidence of new lesions. A biopsy
of a subcutaneous metastatic nodule taken from patient No. 1 before treatment revealed the
presence of T cells at the margin of the neoplastic infiltration which did not penetrate the tumour
proper. Inspection of a biopsy specimen taken from a subcutaneous metastatic lesion from the
same patient two weeks after the third vaccination indicated substantial migration of CD3+ T cells
into the malignant tissue. In the dispersed infiltrate, CD8+DR+ T cells predominated; however
CD4+ cells were also present. In a subsequent biopsy taken from another subcutaneous meta-
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static nodule 2 weeks after the fourth vaccination, a heavy T cell infiltrate was observed in the
melanoma mass which consisted mainly of CD8+DR+ cells. In neither biopsy specimens were
NK cells detected.

Selected clinical courses

Patient No. 4 developed MM (left cheek, Clark III, ulceration) at the age of 15. Three years later,
multiple metastases were detected in the neck lymph nodes and were treated by surgery followed
by high-dose combination chemotherapy and radiotherapy. In the following year, metastases in
mediastinal lymph nodes were diagnosed and remained unchanged over the next 3 years. After
that time they began to grow progressively. During this period, a metastatic tumour (1812 cm)
was found in the left ovary. The tumour was surgically excised and used for vaccine preparation.
Vaccination was initiated three months following surgery. At that time, multiple mediastinal meta-
stases were pressing the trachea and oesophagus, causing problems with breathing and swallow-
ing. After two months of treatment, a substantial reduction in mediastinal tumour burden was
observed, with the metastatic nodules continuing to regress until they were no longer detectable at
8 months.

Patient No. 11 developed MM (left thigh, Clark III, ulceration) at the age of 42. Five months
after initial treatment, metastases were detected in inguinal lymph nodes. These tumours were
surgically excised and used for vaccine preparation. Vaccination was started 3 months after
surgery. After 8 months of treatment, this patient remains free of detectable disease.

Clinical response

Out of 22 patients, one complete response (CR), two partial responses (PR), 6 cases of stable
disease (SD), 5 SD followed by progression of the disease (PD), and 2 mixed responses were
observed. In 6 patients PD was seen.

Conclusions

(1) The procedure has a good safety profile with no toxicity; (ii) the vaccine induced cellular (anti-
tumour) immune responses associated with significant T cell infiltration of distant metastatic
nodules; and (iii) although clinical efficacy requires further testing, the feasibility of this approach
as a potential treatment of metastatic melanoma was demonstrated.

Concluding remarks

Although very promising, cancer gene therapy is still in its infancy. The incompletely understood
pathogenesis of cancer and the still primitive technology of gene delivery are both factors which
limit successful treatment. Improvement to the existing gene transfer technology and the design
of new ones are the major directions for further development. In addition new information gained
from the molecular studies of cancer biology and provided by the Human Genome Project will
identify targets for further gene therapy strategies.
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Appendix

Table 1. Cancer gene therapy protocols approved for clinical trials

A. Immunogene therapy protocols.

M. Wiznerowicz et al.

Principal Investigator ~ Protocol Title Gene Trans- Target Vector  Delivery
duction Name

Berchuck A. Duke 1L-2 gene modified tumour cellsin ~ Exvivo Metastatic IL-2  Lipid

University, Durham, patients with metastatic ovarian ovarian cancer

USA cancer cells

Black KL.. UCLA, Injection of glioblastoma patients Ex vivo Autologous -2/  Retrovirus

School of Medicine, with TGF-B, gene-modified glioblastoma  TGF-B,

Los Angeles, USA autologous tumour cells cells

Bozik ME. Univ. of Gene therapy of malignant gliomas:  Exvivo Malignant glial — 1L-4 Retrovirus

Pittsburg Cancer IL-4 gene modified autologous cells

Institute, USA tumour cells

Brenner M. St. Jude Cytokine gene-modified autologous  Ex vivo Neuroblasts IL-2  Retrovirus,

Children’s Research neuroblastoma cells for treatment of Adenovirus

Hospital, Memphis, relapse/refractory neuroblastoma

USA

Cascinelli N. Sylvester Immunization of metastatic mela- Exvivo  Human mela- I.-4  Retrovirus

Cancer Center/Univ. of noma patients with IL-4-transduced, noma cell line

Miami Hospital, USA  allogeneic melanoma cells

Cascinelli N. Sylvester Immunization of metastatic melano-  Exvivo Humanmelano-  IL-2 Retrovirus

Cancer Center/Univ. of ma patients with IL-2 gene-trans- ma cell line

Miami Hospital, USA  duced, allogeneic melanoma cells

Chang AE. Univ. of Immunotherapy for cancer by direct ~ Invivo Melanomacells HLA-B7 Lipid

Michigan Medical gene transfer into tumours B2-micro-

Center, Ann Arbor, globulin

USA

Chang AE. Univ. of Phase II study of immunotherapy of  In vivo Cancercells HLA-B7 Lipid

Michigan Medical metastatic cancer by direct gene (32-micro-

Center, Ann Arbor, transfer globulin

USA

Chang AE.Univ. of Activated lymph node cells primed ~ Exvivo ~ Tumour cells GM-CSE Retrovirus

Michigan Medical with autologous tumour cells

Center, Ann Arbor, transduced with GM-CSF gene

USA

Chen AP. NCI, Natio- Recombinant vaccinia virus Invivo  Prostate cancer PSA Vaccinia

nal Naval Medical expressing PSA vaccine in patient cells

Center, Bethesda, USA with adenocarcinoma of the prostate

Cole DJ. Medical CEA vaccinia virus vaccine In vivo Fibroblasts CEA  Vaccinia

Univ. of South Caro-

lina, Charleston, USA

Conry RM. Univ. of  Polynucleotide immunization to Invivo Myocytes CEA  Plasmid

Alabama, Birmingham,
USA

human CEA in patients with
metastatic colorectal cancer
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Table 1A. (continued)

Principal Investigator ~ Protocol Title Gene Trans- Target Vector  Delivery
duction Name
Das Gupa T. Univ. of  Allogeneic melanoma cells trans- Exvivo UTSO-H-MEL2 IL-2 Retrovirus
Iilinois at Chicago, duced with retroviral vector melanoma cells
USA expressing IL-2
Dranoff G. Dana-Farber Vaccination with autologous-irra- Exvivo Melanoma cells GM-CSF Retrovirus
Cancer Institute, diated melanoma cells producing
Boston, USA human GM-CSF
Economou J. UCLA Vaccination with autologous- Exvivo Melanomacells IL-2 Retrovirus
School of Medicine irradiated melanoma cells producing
Los Angeles, USA -2
Economou J. UCLA Vaccination with autologous-irradi-  Exvivo Melanomacells IL-7/  Retrovirus
School of Medicine ated melanoma cells producing IL-7 HyTK
Los Angeles, USA
Figlin RA. UCLA Immunotherapy of metastatic cancer  Invivo Renal carcinoma  IL-2 Lipid
Medical Center Los by direct gene transfer cells
Angeles, USA
Figlin RA. UCLA HLA-B7 as an immunotherapeutic Invivo Renal carcinoma HLA-B7 Lipid
Medical Center Los agent in renal cancer with IL-2 cells
Angeles, USA therapy
Fox BA. Providence  Adoptive cellular therapy of cancer Invivo Irradiated auto- HLA-  Plasmid
Portland Medical combining direct HLA-B7/B2 logous tumour ~ B7/B2
Center, USA microglobulin gene transfer with cells icro-
autologous tumour vaccination for globulin
generation of vaccine primed anti-
CD3 activated lymphocytes
Gansbacher B. Memo- Immunization with HLA-A2 Exvivo Irradiated HLA-  IL-2 Retrovirus
rial Sloan-Kettering matched allogeneic melanoma cells A2 matched
Cancer Center, New that secrete IL-2 in patients with allogeneic
York, USA metastatic melanoma tumour cells
Gansbacher B. Immunization with 11-2 secreting Exvivo Renalcarcinoma  IL-2 Retrovirus
Memorial Sloan- allogeneic HLA-A2 matched irradi- cells
Kettering Cancer ated renal cell carcinoma cells in
Center, New York, patients with advanced renal cell
USA carcinoma
Gluckman JL. Univ. of Allovectin-7 in the treatment of Invivo  Squamouscell  Allo- Lipid
Cincinnati, USA squamous cell carcinoma of the head carcinoma vectin-7
and neck
Gore M. Royal Treatment of metastatic malignant Exvivo Melanoma cells L2 Retrovirus
Marsden Hospital, melanoma with melanoma cells ge-
London, U.K. netically engineered to secrete IL-2
Harris AL. Churchill  Cancer therapy of metastatic Invivo Melanomacells Tyrosin- Plasmid
Hospital, Oxford, UK. melanoma ase, IL-2,
B-Gal
Hersh E. Arizona Study of gene transfer of IL-2 gene  Invivo Tumour cells Leuvectin Lipid

Cancer Center, Tucson,

USA
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Table 1A. (continued)

Principal Investigator ~ Protocol Title Gene Trans- Target Vector  Delivery
duction Name
Hersh E. Arizona Study of gene transfer of HLA-B7 Invivo Tumour cells  Allovec- Lipid
Cancer Center, Tucson, gene tin-7
USA
Hwu P. National Treatment of patients with advanced  Ex vivo PBLs Chimaeric Retrovirus
Institute of Health, epithelial ovarian cancer using anti- Tecell
Bethesda, USA CD3-stimulating peripheral blood receptor
lymphocytes transduced with
chimaeric T cell receptor gene.
Ilan J. Case Western ~ Episome-based antisense cDNA Exvivo  Glioblastoma anti-IGF-I Liposome
Reserve Univ., transcription of IGF-I for brain cells
Cleveland, USA tumours
Lindemann A. Medi-  Vaccination study with B7,1+IL-2 Exvivo Renal carcinoma B7,1/IL-2 Lipid
zinische Universitits-  gene transfected allogeneic cell lines cell lines
klinik, Freiburg, in renal cell carcinoma
Germany
Lindemann A. Medi-  Evaluation of vaccine preparations Ex vivo Allogeneic IL-2or Lipid
zinische Universitits-  in melanoma patients fibroblasts + GM-CSF
klinik, Freiburg, NATC
Germany
Link CJ. Human Gene Adoptive immunotherapy for Exvivo  Lymphocytes HSV-TK Retrovirus
Therapy Research Inst, leukaemia: donor lymphocytes
Des Moines,USA transduced with HSV-TK for
remission induction
Lotze MT. Univ. of IL-4 gene-modified antitumour Exvivo Imradiated auto- IL-4 Retrovirus
Pittsburgh School of  vaccines logous fibro-
Medicine, USA blasts + NATC
Lotze MT. Univ. of IL-12 gene therapy with genetically — Ex vivo Autologous IL-12  Retrovirus
Pittsbu engineered autologous fibroblasts fibroblasts
rgh School of
Medicine, USA
Lyerly HK. Duke Autologous human IL-2 lipofection  In vivo Metastatic -2 Lipid
Univ. Durham, USA gene-modified tumour cells in breast cancer
patients with refractory or recurrent cells
metastatic breast cancer
Mackiewicz A. Great ~ Immunogene therapy of malignant Ex vivo Autologous  IL-6and Retrovirus
Poland Cancer Center, melanoma with autologous cells cells mixed with soluble
Poland admixed with allogeneic cells allogeneic cell  IL-6R
engineered to secrete IL-6 and lines
soluble IL-6R
Marshall JL. George-  Study of recombinant ALVAC virus  In vivo Autologous CEA  Pox virus
town Univ. Washing-  that expresses CEA in patients with muscle cells
ton, USA advanced cancers
Mertelsmann R. Medi- T cell-mediated immunotherapy by Exvivo Irradiated auto- -2 Lipid

zinische Univ.-klinik
Freiburg, Germany

cytokine gene transfer in patients
with malignant tumours

logous fibro-
blasts + NATC
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Principal Investigator ~ Protocol Title Gene Trans- Target Vector  Delivery
duction Name

Nabel GL. Univ. of Immunotherapy of cancer by invivo  Invivo  Melanoma cells HLA-B7, Lipid

Michigan Medical gene transfer into tumours [32-micro-

Center, Ann Arbor globulin

Osanto S. Academisch Immunization with IL-2-transfected ~ Exvivo Melanomacells  IL-2 Plasmid

Ziekenhuis Leiden, melanoma cells for patients with

The Netherlands metastatic melanoma

Paulson DF. Duke Autologous IL-2 gene-modified Exvivo  Prostate cancer -2 Lipid

Univ. Medical Center, tumour cells for locally advanced or cells

Durham, NC, USA metastatic prostate cancer

Podack E. Antoni Van  Small-cell lung tumour cells trans-  Exvivo Small-celllung  IL-2  Lipid

Leeuwenhoek Hospital, duced with a vector expressing IL-2 cancer cells

Amsterdam, The

Netherlands

Rankin EM. Antoni Vaccination with autologous GM- Fxvivo Melanomacells GM-CSF Retrovirus

Van Leeuwenhoek CSF-transduced and irradiated

Hospital, Amsterdam,  tumour cells in patients with

The Netherlands advanced melanoma

Rosenberg SA. Nation- Gene therapy of patients with In vitro TILs TNF  Retrovirus

al Cancer Institute, advanced cancer using TILs trans-

Bethesda, USA duced with gene coding for TNF

Rosenberg SA. Nation- Immunization of cancer patients In vitro Autologous -2 Retrovirus

al Cancer Institute, using autologous cancer cells modi- tumour cells

Bethesda, USA fied by insertion of gene for IL.-2

Rosenberg SA. Nation- Immunization with autologous In vitro Autologous TNF  Retrovirus

al Cancer Institute, melanoma tumour cells transduced tumour cells

Bethesda, USA with gene for TNF

Rosenberg SA. Nation- Patients immunized with recombin-  Invivo Melanomacells MART-I Adenovirus

al Cancer Institute, ant adenovirus containing the gene

Bethesda, USA for the MART-1 tumour antigen

Rosenberg SA. Nation- Recombinant adenovirus containing  In vitro Melanomacells gpl30  Adenovirus

al Cancer Institute, the gene for the gp 100 melanoma

Bethesda, USA tumour antigen

Rosenblatt J. Univ. of Interferon gamma gene-transduced Exvivo Neuroblastoma  INF-  Retrovirus

California, Los tumour cells in patients with cells gamma

Angeles, USA neuroblastoma

Rubin J. Mayo Clinic. Interferon gamma gene-transduced Ex vivo Colorectal INF-  Lipid

Rochester, USA tumour cells in patients with carcinomacells  gamma
neuroblastoma

Schmidt-Wolf I. Insti-  IL-7 gene therapy for lymphoma Exvivo Lymphomacells IL-7 Plasmid

tut fiir Molekularbiolo-

gie, Berlin, Germany

Seigler HF. Duke Human interferon gamma-transduced Exvivo Melanomacells INF-  Retrovirus

Univ. Medical Center, autologous tumour cells for gamma

Durham, USA

disseminated malignant melanoma
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Principal Investigator ~ Protocol Title Gene Trans- Target Vector  Delivery
duction Name
Silver H. BC Cancer  Immunotherapy by direct gene In vivo Melanoma/ VCL- Lipid
Center, Vancouver, BC  transfer renal/ lymphoma 1005-201
Canada cells
Silver H. BC Cancer  Intralesional transfection with Invivo Melanomacells VCL- Lipid
Center, Vancouver, BC plasmid HLA-B7 in melanoma cells 1005
Canada
Simons J, Johns Hop- Phase I study of nonreplicating Exvivo Renal carcinoma GM-CSF Retrovirus
kins Oncology Center, tumour cells injections using cells cells
Baltimore, USA prepared with or without GM-CSF
gene transduction in patients with
metastatic renal cell carcinoma
Sobol RE. San Diego Injection of a glioblastoma patient Exvivo  Autologous tu- L2 Retrovirus
Regional Cancer Cen-  with autologous tumour cells and mour cells and
ter, USA irradiated fibroblasts genetically fibroblasts
modified to secrete IL-2
Sobol RE. San Diego Injection of colon carcinoma pati- Exvivo Autologous L2 Retrovirus
Regional Cancer Cen- ents with autologous irradiated tu- fibroblasts
ter, USA mour cells and irradiated fibroblasts
genetically modified to secrete IL-2
Sznol M. National Trial of B7-transfected lethally-irra-  Exvivo  Irradiated allo- B7 Lipid
Institutes of Health, diated allogeneic melanoma cells geneic
Frederick, USA lines to induce cell-mediated immu- melanoma cells
nity against tumour associated
antigens
Vogelzang NJ. Univ.  Immunotherapy of metastatic renal Invivo Renal cancer HLA-B7 Lipid
of Chicago Medical cell carcinoma by direct gene cells
Center, USA transfer: phase II study in kidney,
colon, breast
Vogelzang NJ. Univ.  Immunotherapy of metastatic cancer  In vivo Cancercells HLA-B7 Lipid
of Chicago Medical by direct gene transfer
Center, USA
Yee C,.Univ. of Adoptive immunotherapy using Ex vivo Tyrosinase- HyTK  Retrovirus

Washington, Seattle,
USA

autologous CD8+ tyrosinase-speci-
fic T cells for metastatic melanoma

specific T cells
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B. Administration of “suicide genes” and activation of suicide mechanism for direct killing of cancer cells

Principal Investigator ~ Protocol Title Gene Trans- Target Gene Trans- Delivery
duction duced

Albelda SM. Univ. of Gene therapy for malignant In vivo Malignant HSV-TK Adenovirus
Pennsylvania Medical mesothelioma with HSV-TK mesothelioma
Center, Philadelphia,
USA
Crystal RG. Cornell Administration of replication-defi- In vivo Liver cells CDh Adenovirus
Medical Center, New  cient adenovirus vector containing
York, USA the Escherichia coli cytosine de-

aminase gene to metastatic colon

carcinoma of the liver with 5-fluor-

ocytosine
Curiel D. Univ. of Adenovirus intraperitoneal HSV-TK  Invivo  Ovarian cancer HSV-TK Adenovirus
Alabama, Birmingham, for ovarian and extra ovarian cancer cells
USA patients
Eck SL, Univ. of Recombinant adenovirus for the Invivo  Glioblastoma/ HSV-TK Adenovirus
Pennsylvania, Phila-  treatment of CNS cancer astrocytoma
delphia, USA cells
Fetell MR. Columbia-  Stereotactic injection of HSV-TK Invivo  Gliomacells HSV-TK Retrovirus
Presbyterian Medical ~ vector producer cells for treatment
Center, New York, of recurrent malignant glioma
USA
Finocchiaro G. Inst. Gene therapy of glioblastoma with Invivo  Glioblastoma HSV-TK Retrovirus
Nazionale Neurologico HSV-TK cells
C, Besta, Milan, Italy
Freeman SM. Tulane  Treatment of ovarian cancer with a Exvivo  PA-lovarian HSV-TK Retrovirus
Univ. Medical Center, modified HSV-TK cancer vaccine tumour cells
New Orleans, USA
Freeman SM. Tulane = Vaccination with HER/neu- Exvivo PA-1ovarian/ HSV-TK Retrovirus
Univ. Medical Center, expressing tumour cells and HSV- MDA breast
New Orleans, USA TK gene-modified tumour cells cancer cells
Grossman RG. Baylor HSV-TK for central nervous system  Invivo  Braintumour HSV-TK Adenovirus
College of Medicine, turnours cells
Houston, USA
Izquierdo M. Univ. Gene therapy of glioblastoma with Invivo  Glioblastoma HSV-TK Retrovirus
Autonoma de Madrid, HSV-TK cells
Spain
Klatzman D. Hopital Gene therapy for metastatic mela- Invivo Melanomacells HSV-TK Retrovirus
Pitie Salpetriere, Paris, noma with HSV-TK
France
Klatzman D, Hopital ~ Gene therapy for glioblastoma with ~ Invivo  Glioblastoma HSV-TK Retrovirus
Pitie Salpetriere, Paris, HSV-TK cells

France
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Principal Investigator ~ Protocol Title Gene Trans- Target Gene Trans- Delivery
duction duced

Kun LE. St. Jude Stereotactic injection of HSV-TK In vivo Neoplastic HSV-TK Retrovirus
Children’s Research producer cells for progressive or glial cells
Hospital, Memphis, recurrent primary supratentorial
USA pediatric brain tumours
Link CJ. Human Gene HSV-TK treatment of refractory or Invivo  Ovarian carcin- HSV-TK  Retrovirus
Therapy Research Inst., recurrent ovarian cancer oma cells
Des Moines, USA
Mariani L. Neurochir-  Gene therapy for glioblastoma with  Invivo  Glioblastoma HSV-TK Retrovirus
urgische Klinik, Insel- HSV-TK cells
spital Bern, Switzerland
Mulder NH. Aca- Gene therapy for glioblastoma with  Invivo  Glioblastoma HSV-TK Retrovirus
demisch Ziekenhuis HSV-TK cells
Groningen, The
Netherlands
Munshi NC. Univ. of TK-transduced donor leukocyte Exvivo  Lymphocytes HSV-TK Retrovirus
Arkansas Medical infusions for patients with relapsed
Center, Little Rock, or persistent multiple myeloma after
USA bone marrow transplant
Oldfield EH. National =~ Gene therapy of brain tumours with ~ Invivo Malignant glial HSV-TK Retrovirus
Institutes of Health, HSV-TK tumours
NINDS, Bethesda,
USA
Raffel C. Mayo Clinic, Gene therapy for treatment of In vivo Astrocytoma  HSV-TK  Retrovirus
Rochester, USA recurrent pediatric malignant cells

astrocytomas with in vive tumour

transduction with the HSV-TK gene
Van Gilder JC. Univ.  Gene therapy for glioblastoma with ~ Invivo  Glioblastoma HSV-TK Retrovirus
of Jowa Hospital, lowa HSV-TK cells
City, USA
Yla-Herttuala S. Univ. Gene therapy for glioma with HSV-  Invivo Gliomacells HSV-TK Retrovirus

of Kopio, Finland

TK

C. Inactivation of oncogenes or activation of tumour suppressor genes which regulate cell-cycle

Principal Investigator ~ Protocol Title Gene Trans- Target Gene Trans- Delivery
duction duced
Bishop M. Univ. of Antisense p53 for ex vivo treatment  Exvivo  Myelogenous  anti-p53  Oligos
Nebraska Medical of autologous peripheral blood stem leukaemia cells
Center, USA cells with OL in patients with acute
myelogenous leukaemia
Clayman GL. M.D. Modification of tumour suppressor ~ Invivo  Squamous cell anti-p53  Adenovirus

Anderson Center,
Houston, USA

gene expression in head and neck
squamous cell carcinoma with an
adenovirus expressing wildtype p53

carcinoma of
head and neck




Gene therapy of cancer

Table 1C. (continued)

149

Principal Investigator

Protocol Title

Gene Trans-
duction

Target Gene Trans- Delivery

duced

Habib N. Hammersmith
Hospitals NHS Trust,
Lonon, UK

Holt J. Vanderbilt
Univ. Medical School,
Nashville, USA

Holt J. Vanderbilt
Univ. Medical School,
Nashville, USA

Hortobagyi GN. M.D.
Anderson Cancer
Center, Houston, USA

Luger S. Hospital of
the Univ. of Pennsyl-
vania, Philadelphia,
USA

Luger S. Hospital of
the Univ. of Pennsyl-
vania, Philadelphia,
USA

Roth JA. M.D. Ander-

son Cancer Center,
Houston, USA

Roth JA. M.D. Anders-
on Cancer Center,
Houston, USA

Steiner M. Univ. of
Tennessee, Memphis,
USA

Venook A. Univ. of
California, San
Francisco, USA

p53 DNA injection in colorectal
liver metastases

Retroviral antisense c-fos RNA for
metastatic breast cancer

BRCA-1 retroviral gene therapy for
ovarian cancer

E1A gene therapy for patients with
metastatic breast or epithelial ova-
rian cancer that overexpresses HER-
2/neu

Autologous bone marrow trans-
plantation using c-myb antisense
oligodeoxynucleotide-treated bone
marrow in CML in chronic or
accelerated phase

Infusional c-myb antisense oligode-
oxynucleotides in chronic myelo-
genous leukaemia and acute
leukaemia

Modification of tumour suppressor
gene expression and induction of
apoptosis in NSCLC with adeno-
virus vector expressing wildtype
p53 and cisplatin

Modification of oncogene and
tumour suppressor gene expression
in NSCLC

Treatment of advanced prostate
cancer by in vivo transduction with
prostate-targeted retroviral vectors
expressing antisense c-myc RNA

Adenovirus expressing p53 via
hepatic artery infusion for primary
and metastatic liver tumours

In vivo

Invivo

Invivo

In vivo

Ex vivo

Ex vivo

Invivo

Invivo

In vivo

Invivo

Colorectal liver ~ p53
metastases

Breastcancer  anti-fos
cells in infu-
sion
Ovarian cancer BRCAI1
cells

Breastcancer EIA gene

Leukaemic Anti-c-
cells in bone myb
marrow

Leukaemic Anti-c-
cells myb

Lung cancer ps3
cells

Lung cancer p53, ras
cells

Prostate cancer  c-myc
cells

Primary and p53
metastatic liver
cancers

Plasmid

Retrovirus

Retrovirus

Lipid

Oligos

Oligos

Adenovirus

Retrovirus

Retrovirus

Adenovirus
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Table 1. (continued)

D. Introduction of multidrug resistance genes (MDR) into patient bone marrow cells as a protection from massive

chemotherapy
Principal Investigator ~ Protocol Title Gene Trans- Target Gene Trans- Delivery
duction duced

Cowan K. National Retroviral mediated transfer of Exvivo Haematopoietic ~mdr-1  Retrovirus
Institutes of Health, MDR-1 into haematopoietic stem stem cells
Bethesda, USA cells during transplantation after

chemotherapy for metastatic breast

cancer
Cowan K. National Antimetabolite induction followed Exvivo Haematopoietic — mdr-1 Retrovirus
Institutes of Health, by high-dose single alkylating stem cells
Bethesda, USA agent consolidation and retroviral

transduction of the MDR-1 and

NEO-R genes into peripheral blood

progenitor cells
Deisseroth AB. Yale  Use of retrovirus to introduce Exvivo Haematopoietic =~ mdr-1  Retrovirus
Univ., New Haven, chemotherapy resistance sequences cells
USA into normal haematopoietic cells for

chemoprotection during therapy for

breast cancer
Deisseroth AB. Yale  Use of retrovirus to introduce retro-  Ex vivo CD34 mdr-1  Retrovirus
Univ., New Haven, viral chemotherapy resistance se-
USA quences into normal haematopoietic

stem cells for chemoprotection

during therapy for ovarian cancer
Hesdorfer C. Columbia MDR gene transfer in patients with  Exvivo Haematopoietic  mdr-1  Retrovirus
Univ., New York, USA advanced cancer stem cells
Mickioch C. Univ. Autologous reinfusion of haemato- ~ Exvivo Haematopoietic  mdr-1  Retrovirus
Hospital Rotterdam, poietic precursor cells genetically stem cells
The Netherlands modified by retroviral gene transfer

of the multidrug-resistance gene in

patients with metastatic refractory

bladder carcinoma
Sonneveld P. Univ. Autologous reinfusion of haemato- ~ Exvivo Haematopoietic ~ mdr-1  Retrovirus
Hospital Rotterdam, poietic stem cells derived from bone stem cells
The Netherlands marrow and genetically modified by

retroviral gene transfer of the multi-

drug-resistance gene in patients

with relapsed or primary refractory

high-risk non-Hodgkin’s lymphoma
Stoter G. Univ, Reinfusion of autologous bone mar- Exvivo Haematopoietic — mdr-1 Retrovirus
Hospital Rotterdam row genetically modified by retro- stem cells

The Netherlands

viral gene transfer of the multidrug-
resistance gene in patients with
breast cancer refractory to first-line
chemotherapy
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Summary. Antisense oligodeoxynucleotides (AS-ODNs) are short nucleotide sequences of DNA synthesized as
reverse complements of the target mRNA nucleotide sequence. On formation of the RNA-DNA duplex, gene
expression is prevented. Delivery of AS-ODNs which target oncogene-encoded mRNAs to human cells in culture
is associated with inhibition of cell proliferation and, in some circumstances, cell death. AS-ODNs, chemically
modified to survive nuclease attack, have been used systematically in murine models of human malignancies. In
some studies, a measurable anti-tumor effect has been observed. On the basis of these preclinical investigations,
phase I clinical trials involving ex vivo and systemic administration of such compounds are now in progress at
various institutions. Despite the remarkable progress of the past few years, much remains to be investigated:
uptake, cellular distribution, mechanism(s) of action, and metabolism of AS-ODNs. Furthermore, the ‘antisense
effects’ of the AS-ODNs might also be associated with nonspecific effects. Time, a great deal of effort, and
patience will tell whether such compounds have a role as novel antineoplastic agents.

Introduction

Conventional chemotherapeutic agents for cancer are designed to inhibit enzymes or the nucleic
acid functions necessary for cell growth. The most important limitation of these agents, and their
primary source of side effects, derives from their lack of specificity, since they either block en-
zymatic pathways or interact randomly with DNA irrespective of the cell phenotype. Accordingly,
any killing of neoplastic cells preferentially over normal cells by a particular drug exploits differ-
ences in biochemical or metabolic process (e.g., growth rate) between normal and cancer cells,
rather than the specific effects of that drug on genetically defined characteristics that distinguish
neoplastic cells.

The identification of genes that confer a growth advantage to neoplastic cells, and the under-
standing of the genetic mechanism(s) responsible for their activation, have made possible a direct
genetic approach to cancer treatment, using nucleic acid therapeutics. The ability to block expres-
sion of individual disease-causing genes provides a powerful tool to explore the molecular basis
of normal growth regulation, and the opportunity for therapeutic intervention when a particular
gene is pathogenetically activated. Specific species of synthetic ODNSs provide the biological tool
and, in principle, the potential therapeutic agent.

Mechanisms of altered gene expression in cancer cells as a target for antisense strategy

Aberrant proto-oncogene or tumor suppressor gene expression is common in cancer cells and
probably contributes to distinct steps of tumor development. Such altered expression is often due
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to a recognizable mechanism of gene activation (orncogene) or inactivation (tumor suppressor
gene) such as amplification, translocation (with or without rearrangement), or point mutation.

Amplification

Proto-oncogene overexpression is in some cases due to gene amplification. This occurs rarely in
normal cells [1], but appears to become more common as cells progress towards a malignant phe-
notype [2]. Many tumors carry abnormally amplified domains of DNA that can include proto-
oncogenes and magnify their expression [3]. The most common examples of gene amplification
include N-myc in neuroblastoma, L-myc in carcinoma of the lung, erb-B1 in astrocytoma and
erb-B2 in adenocarcinoma of breast and ovary [3—5]. Proto-oncogene amplification is rarely
detected in hematological malignancies, although c-myc amplification in HL-60 promyelocytic
leukemia cells was one of the earliest cases described [6-7].

Translocation

Translocations are frequently detected in cancer cells and appear to contribute to tumorigenesis
by activating proto-oncogenes to oncogenes [8]. Two of the most common translocations des-
cribed in neoplastic cells occur in hematological malignancies: in Burkitt’s lymphoma, the c-myc
proto-oncogene on chromosome 8 is juxtaposed to the chromosomal sites of the immunoglobulin
genes [9]; in the 9;22 translocation of chronic myelogenous leukemia (CML), the c-abl gene is
translocated from chromosome 9 into the breakpoint cluster region (bcr) gene localized on
chromosome 22 [10, 11].

In Burkitt’s lymphoma, the involved c-myc allele is constitutively expressed, perhaps under the
control of the B lymphocyte-specific immunoglobulin enhancer [12], whereas in CML, a chimeric
gene is generated from the fusion of the truncated ber gene with the translocated c-abl gene [13];
the chimeric gene has higher tyrosine kinase activity than that of the non-translocated c-abl gene
[14]. The constitutive expression of the c-myc gene product and the enhanced tyrosine kinase
activity of the ber-abl fusion product are the most likely mechanisms for oncogenic activation of
these two genes.

Point mutations

A large number and variety of human neoplastic cells contain consistent point mutations in ras
proto-oncogenes that are responsible for oncogenic activation [15]. In many cases of acute mye-
logenous leukemia, N-ras carries nucleotide substitutions that mutate codon 13 [16]. The ras
proteins belong to the GTPase superfamily, the members of which are involved in signal trans-
duction [17]. The biochemical consequences of ras mutations in human malignancies could be
maintenance of the protein in the GTP-bound form which is responsible for transformation of
rodent fibroblasts [17].
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Point mutations also cause inactivation of tumor suppressor genes such as p53 [18]. Mutated
P53 acts as an oncogene by blocking the activity of the product of the remaining wild-type allele.

In summary, these three types of genetic aberration determine deregulated expression of either
a normal proto-oncogene product (amplification and translocations which leave the affected gene
intact) or synthesis of an abnormal gene product (point mutations or translocations which alter
the gene product), and could be targeted by antisense strategy.

Mechanisms of the antisense effect

Oncogene expression can be disrupted by a variety of methods. The available technologies can be
grouped according to whether they target the gene itself (e.g., homologous recombination), or the
gene’s transcriptional product, a messenger RNA. Among RNA-directed perturbation strategies,
the most widely used are catalytic RNA molecules or ribozymes, and antisense oligodeoxynucleo-
tides (AS-ODNSs). The latter are short nucleotide sequences of DNA synthesized as exact reverse
complements of the desired mRNA target’s nucleotide sequence. In theory, the antisense DNA
molecule can hybridize in a stable manner only with its mRINA target. Once the RNA-DNA du-
plex forms, translation of the message is prevented and/or destruction of the molecule by RNase
H is promoted. The major appeal of the antisense approach is based on this apparent simplicity: a
short sequence of DNA is synthesized, applied to a cell, taken up by the cell, and use of a specific
mRNA molecule is inhibited. Viral delivery vectors are unnecessary, and because DNA is weakly
immunogenic, tachyphylaxis theoretically never occurs. Of course, prediction and reality do not
always coincide, but since the earliest attempts by Zamecnick and Stephenson to inhibit Rous
sarcoma virus replication and cell transformation by a specific ODN [19], antisense DNA
compounds have appeared to be an attractive tool not only for investigations of normal and
pathological gene functions, but also as potential therapeutic agents in a spectrum of pathologic
processes ranging from viral infections to neoplastic disorders.

The specificity of Watson-Crick base pairing provides the theoretical basis for AS therapeu-
tics. AS sequences complementary to a target sequence can be designed with exquisite specificity:
oligonucleotide sequences as short as 15 bases are likely to be unique in the mRNA pool of a
eukaryotic cell and therefore, assuming that full homology is required for an AS effect, capable of
specific interaction. However, a number of issues must be addressed before this strategy can be
usefully employed [20-22]: the AS molecule must enter the cell efficiently and reach the appro-
priate compartment within the cell, it should resist breakdown by intra- and extracellular nucle-
ases, it should not be toxic to the cell or interact with sequences other than the target, and the
target sequence must be accessible to the AS molecule.

Chemical modifications can be introduced which confer nuclease resistance, whereas unmodi-
fied phosphodiester oligomers are very sensitive to endo- and exonucleases. They can also be
synthesized in quantities sufficient for clinical use. However, chemical modifications may also
have important effects on cellular distribution, toxicity and target specificity which must be taken
into account. For example, phosphorothioate oligomers, which have a sulfur for oxygen substitu-
tion in the phosphate backbone to confer nuclease resistance, seem to be extensively trapped in
the endosomal compartment [23] and bind avidly to a variety of intracellular proteins [24] which
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may contribute to the toxicity of these molecules. Table 1 briefly summarizes the characteristics
of the most common ODN chemical derivatives.

Accessibility of a target sequence to the action of AS-ODNs appears, at least partly, to be a
function of its secondary structure. DNA can be targeted by virtue of its ability to form triple
helical structures via Hoogsteen base pairing in the major groove. More commonly, mRNA is the
intended target, but not all sequences are equally accessible because of folding of the mRNA
strand. Preferred target sites appear to be the initiation AUG region and hairpin loops, but their
accessibility is largely dependent on the precise target sequences. For example, the 5' cap region
of MYC mRNA is a better target than the AUG region [25].

The pioneering observations of the Weinberg, Barbacid and Wigler laboratories, on point mu-
tations of the ras transforming genes isolated from epithelial neoplasia [26] and the subsequent
elucidation of two other common modalities of oncogene activation in cancer cells, amplification
(e.g., erb-B2 in breast and ovarian cancers) and translocation (e.g., juxtaposition of the bcr and c-
abl genes in CML), have led to the realization that the tumor-specific abnormalities generated by
the activation of proto-oncogenes can be exploited for nucleic acid-targeted therapy. Table 2 lists

Table 1. Biochemical characteristics of different ODN derivatives

Characteristics
AS-ODNs Easy Stability Uptake Half-lifein  Targeting Non-antisense effect
synthesis in vivo the cells

Phosphodiester + - + - + -
Phosphorothioate + + + + +
Phosphoramidate - + + + + ?
Methylphosphonate + + + + -
Table 2. Examples of targets for AS-ODN strateg

Disease Gene

Breast carcinoma c-myb, erb-B2, ras mutant

Chronic myelogenous leukemia berlabl, c-myb, c-myc

Acute myelogenous leukemia c-myb, p53 mutant, AMLI/ETO

Melanoma c-myb, c-myc

Colon carcinoma c-myb, PKA/RJa

Lung carcinoma c-kit

Fibrosarcoma NF-kB

Burkitt lymphoma c-nyc

Non-Hodgkin lymphoma bcl-2

Neuroblastoma c-niyb, B-myb, N-nyc
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potential targets for AS-ODNs as antineoplastic agents. The potential for such highly specific
targeting contrasts with the mechanism(s) of action of conventional anticancer chemotherapeutic
agent which block enzymatic pathways or randomly interact with nucleic acids irrespective of cell
phenotype. AS-ODNs exploit the presence of genetically defined characteristics that distinguish
neoplastic cells and are responsible for their growth advantage over normal cells.

In recent years, the AS-ODN's strategy for cancer therapy has progressed from studies in vitro
to animal models and now to clinical studies. We describe the current state of progress toward
gene-directed AS-based cancer therapy primarily from the viewpoint of initial proof-of-concept
studies in animal models of human leukemias and phase I clinical investigations.

Targeting of an oncogene in a SCID mouse model of human leukemia

The ideal strategy for the treatment of leukemia would selectively eliminate leukemic cells and re-
store normal hematopoiesis. An example of such rational drug design is the targeting of bcr/abl
transcripts found in leukemic patients carrying the Philadelphia chromosome translocation [10,
13], which has attracted considerable attention as a paradigm uniquely suited to AS. The patho-
genetic role of the ber/abl gene in CML has been strongly suggested by the appearance of CML-
like syndromes in mice bearing ber/abl constructs [27-29]. Synthetic ODNs complementary to
the junction of ber/abl transcripts, produced from the splicing of either the second or the third
exon of the ber gene to the second exon of c-abl, were shown to suppress Philadelphia1 leukemic
cell proliferation in vitro and to spare the growth of normal marrow progenitors [30]. A prere-
quisite for the in vivo use of AS-ODNSs as anticancer drugs is the development of animal models
that mimic the natural course of the disease in humans. Unlike other types of human neoplasia,
leukemic cells obtained directly from a patient’s marrow can be transplanted into immuno-
deficient SCID mice, where they show a pattern of leukemic spread similar to the natural course
of the disease [31]. Initial in vivo findings in SCID mice, injected with Philadelphia1 BV173 cells
and systematically treated with a nuclease-resistant 26-mer b2/a2 phosphorothioate AS-ODNs at
1 mg/day for 9 consecutive days, have been very encouraging [32]. The treatment led to marked
decrease in three different measures of leukemia burden: percent CALLA-positive cells, number
of clonogenic leukemic cells, and amounts of ber/abl transcript in mouse tissues. Similar studies
in SCID mice carrying Philadelphia! cells obtained directly from CML patient in blast crisis con-
firmed the ability of ber/abl phosphorothiate AS-ODNSs to suppress the spread of leukemia tem-
porarily [33].

Targeting of an oncogene and its downstream effector(s)

Although ber/abl is clearly the most rational therapeutic target for patients with CML, theoretical
considerations suggest it might be wise to explore other molecular targets as well. The most
significant consideration is based on the possibility that some CML. stem cells might persist after
exposure to ber/abl-targeted AS-ODNs because they do not express the ber/abl mRNA [34]. For
this reason, and because the usefulness of ber/abl AS-ODNSs is restricted to CML patients, other
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molecular targets are being sought. On the other hand, the partial antitumor effect of AS-ODNs
in vivo may reflect their inadequate uptake by the leukemic cells, or an inefficient treatment sche-
dule. Accordingly, repeated AS-ODN injections may prolong survival or even cure leukemic mice
if the tumor burden is greatly diminished. Alternatively, a combination of these agents with low
doses of conventional antitumor chemotherapeutic agents or a cocktail of ODNs might enhance
the therapeutic effect. We have therefore been particularly interested in the c-myc gene.

c-myc was first associated with human malignancies because of its involvement in the chromo-
somal translocation of Burkitt’s lymphoma [35, 36], and its amplification in tumor cell lines [37,
38]. Subsequently, the demonstration that c-myc expression is induced by mitogens and by
platelet-derived growth factor [39], and that its constitutive expression partially abrogated growth
factor requirements in growth factor-dependent cells [40, 41] formally established the relevance
of this gene in the regulation of cell proliferation.

AS-ODNs targeted to the initiation codon and downstream sequences of the human c-myc
mRNA inhibited proliferation of normal T lymphocytes and myelogenous leukemia line HL-60
[42—44]. Several pieces of evidence, such as the synergy of c-myc and v-abl in transgenic models
of plasmacytomas [45], and the selective enhancement of c-myc expression in myeloid hemato-
poietic cell lines constitutively expressing v-abl [46], suggest cooperation between bcr/abl and
c-myc in the transformation of hematopoietic cells. Recently it was shown that a dominant nega-
tive c-myc profein blocks the transformation induced by v-abl and ber/abl [47], and that c-myc is
required for the proliferation of CML cells [48], raising the possibility that c-myc is a down-
stream effector of ber/abl. In addition, trisomy of chromosome 8 (on which c-myc is localized)
has been detected in some CML patients in blast crisis [49]. Together, these findings suggest that
the combined use of ber/abl and c-myc AS-ODNs might lead to enhanced therapeutic effects in
SCID mice injected with Philadelphia' leukemic cells. Indeed, preliminary evidence suggests that,
ber/abl and c-myc AS-ODNSs in combination exert a synergistic antiproliferative effect in vitro
and in vivo, on BV173 cells [50] and CML blast crisis primary cells [33], at concentrations at
which individual ODNs were only partially effective or completely ineffective. The reasons for
the synergistic effect are not fully understood. It seems likely, especially in vivo, that AS-ODNs
reach a plateau in their ability to downregulate gene expression, insufficient to block cell
proliferation completely. Targeting of a second oncogene involved in the disease process may
arrest the growth of cells that escaped the inhibitory effect associated with individual gene target-
ing. Alternatively, the downregulation of gene expression by single AS-ODNs at the relatively
low concentrations reached in vivo might be insufficient to inhibit cell proliferation, whereas
partial inhibition of two cooperating oncogenes might induce a more permanent block in the
ability to proliferate. Although the importance of c-myc for normal cell proliferation raises the
issue of undesirable side effects associated with c-myc AS-ODN administration, use of such
compounds at nontoxic concentrations together with, for example, ber/abl AS-ODNs, which
target leukemia-specific sequences, did not cause evident toxicity in mice [33, 50]. A similar
strategy in humans might achieve enhanced therapeutic efficacy with minimal adverse effects.

Among the ber/abl downstream effectors described thus far is phosphatidylinositol-3 kinase
(PI-3k), which phosphorylates phosphoinositols at the D-3' position of the inositol ring and
produces novel phosphorinositides [51], that activate downstream effectors of PI-3k [52]. We
focused on this molecule because inhibition of PI-3k function (but not of molecules such as RAS
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[53], GAP [53] or RAF [54]), appears to induce a selective antileukemia effect, while sparing nor-
mal hematopoietic cells [52]. Wortmannin (WT), a specific PI-3k inhibitor when used at low con-
centrations, selectively eliminated CML cells from a mixture of leukemic and normal hematopoi-
etic cells. Moreover, simultaneous inhibition of bcr/abl and PI-3k by AS-ODNs and WT, respec-
tively, induced a synergistic and selective antileukemia effect by induction of apoptosis in CML
cells (T. Skorski, unpublished data). Thus the targeting of bcr/abl and one of its downstream
effectors might provide a unique opportunity for developing a selective antileukemia therapy.

Another strategy that might enhance the therapeutic potential of oncogene-targeted ODNs
involves the combined use of these compounds with conventional antineoplastic drugs. It is be-
coming clear that the therapeutic effects of most of these drugs depend not only on interference
with distinct aspects of tumor cell metabolism, but also on a more general ability to modulate the
levels of proteins involved in regulating apoptosis. This raises the possibility of adjusting drug
concentrations to limit the effects on metabolic processes (which are also toxic for normal cells),
while preserving the apoptosis-inducing function. Specifically, the therapeutic potential of onco-
gene-targeted ODNs might be optimized by use in combination with conventional antineoplastic
drugs, as indicated by the highly efficient in vitro killing of Philadelphi_a1 cells exposed to a sub-
optimal concentration of mafosfamide and ber/abl AS-ODNs [55].

The in vivo efficacy of such combination therapy and the mechanism(s) underlying the appa-
rently synergistic effects of this treatment modality have recently been investigated. Systemic
treatment with the ber/abl AS-ODNs + cyclophosphamide combination was associated with a
retardation of the disease process that correlated with an apparent cure of 50% of the leukemic
mice and a much longer survival of the remaining mice [56]. This enhanced antileukemic effect
appears to correlate with an increase in the induction of apoptosis associated with upregulation of
P53 and bax and downregulation of bel-2 protein levels in leukemic cells by the cytostatic and
AS-ODN:S, respectively. Furthermore, the uptake of ber/abl AS-ODNs was 3 to 6 times higher in
mafosfamide-pretreated CML blast crisis primary cells, as indicated by detection of cell-
associated intact ODNs by blot hybridization, and of intracellular fluorescent ODNs by confocal
microscopy. This increased ODN uptake correlated with a more profound downregulation of
ber/abl protein levels in cells pretreated with mafosfamide and exposed to relatively low b2/a2
AS-ODN concentrations. Thus, the combination of ber/abl AS-ODNs and cyclophosphamide, at
the concentration eliciting changes in the expression of genes involved in mediating apoptosis, is
an effective treatment in SCID mice carrying a Philadelphia1 leukemia, and might represent a
rational strategy for treatment of human leukemias.

Oncogene-targeted AS-ODNs: potential clinical applications in hematological
malignancies

AS-ODNs can, in principle, be used for ex vivo or systemic treatment of leukemia.

Among the various experimental applications of autologous cell therapy, bone marrow purging
has had a definite place in the treatment of several neoplasms, including acute and chronic
leukemias [57]. The marrow is cleansed of leukemic cells by a variety of agents, including immu-
nological reagents [58] and chemotherapeutic drugs [59, 60], and is then reinfused in patients



158 T. Skorski et al.

treated with ablative chemotherapy. Theoretically, AS-ODNs targeted against an oncogene that
confers a growth advantage to leukemic cells should prove therapeutically useful and, most im-
portant, more selective than conventional chemotherapeutic agents in killing leukemic cells while
sparing normal progenitor cells. However, several issues must be addressed before devising
effective protocols for ex vivo use of AS-ODNss in therapy. One issue relates to the halflife of the
mRNA target and, as a consequence, to the incubation time of marrow cells in the presence of
ODNs. For example, the halflife of myc protein (10 to 30 min) is considerably shorter than that
of ber/abl protein (18—24 h), which suggests that a 24 to 48 h incubation of marrow cells might
be adequate if the target is c-myb mRNA, but not ber/abl mRNA. A second issue relates to the
potential benefit of enriching hematopoietic progenitor cells before the ex vivo treatment, to com-
pensate for the relatively low proportion of clonogenic cells in marginally manipulated marrows:
the selection of such enriched progenitor cell populations (e.g., CD34" cells) could offset the
probable differential uptake of ODNs among marrow cells, which might result in ineffective tar-
geting of leukemic cells. Finally, and perhaps of equal or greater importance, the outcome of any
purging approach for leukemia treatment is inextricably linked to the ability of the in vivo pre-
paratory regimen to cleanse the patient of leukemic cells. Even the cleanest autograft will rapidly
become contaminated by viable residual leukemic cells left alive in the host marrow. A protocol
for ex vivo purging of CD34* -enriched CML marrow cells with ber/abl AS-ODN s followed by
autologous trarsplantation is now ongoing at the University La Sapienza, Institute of Hemato-
logy, Rome, Italy.

Oncogene-targeted AS-ODNs might also be used in combination with conventional purging
agents under conditions that favor the killing of malignant cells and the sparing of a high number
of normal progenitor cells. To this end, the bone marrow purging drug, mafosfamide, was used at
low doses in combination with ber/abl AS-ODNs, to eradicate Philadelphia1 cells from a mixture
of normal and leukemic cells. The full eradication of leukemic cells and the sparing of a
significant number of normal progenitors was demonstrated by in vitro clonogenic assays and
reconstitution experiments in immunodeficient mice [55]. Moreover, the combination of
cyclophosphamide and ber/abl AS-ODN s exerted synergistic and selective antileukemic effect in
SCID mice bearing CML blast crisis cells [56]. The increase in AS-ODN uptake by cells pene-
trated with the drug and simultaneous induction of apoptosis by the drug and the AS-ODNs
(using different mechanisms) are probably responsible for this effect.

Pharmacokinetics and biodistribution of phosphorothioate ODNs in animals

The in vivo efficacy (and toxicity) of any antisense agent is controlled not only by its ability to
interact with a biologically relevant target, but also by its pharmacokinetics and biodistribution,
which refer, respectively, to the time course of appearance in plasma and urine, and the percentage
of dose found in an organ at any given time.

Initial pharamacokinetic measurements with phosphorothioates were conducted in either mice
or rats given single intravenous (i.v.) injections and using either radioactivity (uniformly 338-1a-
beled phosphorothioate backbone), gel electrophoresis, or high-performance liquid chromatogra-
phy to monitor the amount and integrity of oligomer. This early work revealed that phosphoro-
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thioates of different lengths (20- to-27-mers) and base composition are excreted in urine largely
intact and exhibit roughly comparable biphasic plasma kinetics, with relatively long ty/,, values of
40 to 72 h and slow urinary excretion (approximately 70 % over about 48 h) {61, 62]. Inversen
[61] found that this long t;/;, following single i.v. injection of phosphorothioate ODNs also
occurs in rats, rabbits and monkeys. In the first studies with rhesus monkeys (Macaca mullata) a
20-mer phosphorothioate given single i.v. injections (50 to 150 mg) showed ty/,, of 5 minutes
and t;,,, of 8 to 10 h. Urinary excretion and initial plasma concentrations were all proportional to
dose: 13 to 27% of the dose was excreted within 6 days of injection and the organs with the
highest concentrations were liver, kidney, heart, spleen and pancreas. Continuous i.v. infusion of
rhesus monkeys with the 20-mer phosphorothioate at 0.5 to 2 g over 6 to 15 days gave peak
plasma concentrations at 4 to 9 days, reaching values of 1.5 to 5.5 mmol/L, which is in the range
of phosphorothioate concentrations reported to be effective in cell culture. Urinary excretion ac-
counted for 25 to 75 % of the material administered, and the same organs noted above showed the
highest accumulation.

Distribution analysis of ber/abl phosphorothioate AS-ODNs in mouse tissues by DNA
hybridization with a 32p_labeled oligomer complementary to the injected ODN revealed intact
ODNs throughout the body, but accumulation in the liver at 24 and 72 h after the last ODN in-
jection [32]. Intact ODNs were detected in the kidney and liver up to 14 days after the last injec-
tion. Accumulation of the ber/abl phosphorothioate ODNs in various organs was also assessed
by measuring the amount of 335-labeled material in weighed organ samples: tissue concentrations
correlated with the relative levels of intact ODNs detected in the same tissues and ranged from 3
to 26 mmol/L. Because [S]JODNs undergo relatively slow degradation in mouse tissue [63], the
9-day treatment schedule in SCID mice appeared to achieve concentrations in every tissue (except
brain) that would be sufficient to inhibit the growth of primary leukemic cells while sparing that
of normal cells [30, 55].

Based on these data and the availability of a sufficient amount of compound, potentially thera-
peutic concentrations of phosphorothioate AS-ODNSs in plasma and various organs of patients
can be reached by continuous i.v. infusion. Analogous to the treatment of colorectal cancer pa-
tients with, for example, 5-fluorouracil, AS-ODNs can probably be administered with a portable,
external, infusion device connected to a subcutaneously implanted venous catheter, thus allowing
for outpatient treatment.

Safety studies in animals and humans

The only substantial body of data currently available on either tolerance or toxicity of AS agents
is for phosphorothioate ODN analogues. Overall, these data indicate that phosphorothioates are
relatively well tolerated and nontoxic in rodents, rabbits, monkeys and humans when administered
either as single i.v. injections or continuous i.v. infusion for up to 10 days. For example, in the
case of a 20-mer AS-ODN to p53, a 10 kg rhesus monkey given either a single i.v. dose of appro-
ximately 150 mg (15 mg/kg) or continuous i.v. infusion of about 2 g over 10 days (200 mg/day)
showed no ill effects in behavior, food intake, excretion patterns, hematocrit, blood count, blood
electrolytes, blood pressure, heart rate, or cardiac output. However, rapid i.v. administration of
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phosphorothioates in doses 25 to 10 mg/kg may lead to cardiovascular collapse and death. For
this reason, phosphorothioates must be given by slow infusion with careful monitoring [63].

Other studies in rhesus monkeys (10 kg) using a different length (24-mer) phosphorothioate
complementary to c-myb mRNA have used the same parameters to confirm the absence of side
effects with repeated cycles of treatment, namely, approximately 1 g given by continuous infusion
for 7 days (approximately 140 mg/d) repeated twice more at 21-day intervals (approximately 3 g
total over 3 months). Evidently, higher doses need to be studied to define acute toxicities, which, if
any, would probably be liver and kidney dysfunction, based on biodistribution and analogy to
many other drugs. Unlike some oligopeptides/protein drug products, no detectable antigenicity is
associated with administration of phosphorothioate ODNs, perhaps partly due to their relative
similarity to natural DNA, which is a very poor antigen.

The first phase I safety study of any AS agent given systematically by i.v. infusion was per-
formed at the University of Nebraska Medical Center in collaboration with Lynx Therapeutics. In
this trial, which involved five dose groups of three patients each who received up to 4.5 g over 10
days for a body weight of 75 kg, no remarkable toxicities were found.
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Introduction

In recent years, a large number of extracellular growth factors which regulate hematopoietic cell
development have been molecularly cloned, expressed as active proteins; and used clinically. The
intracellular events which are triggered when these growth factors interact with their receptors
have also begun to be defined. Nevertheless, most of the molecular machinery which regulates
blood cell development remains enigmatic and difficult to access. This is particularly so for
normal blood cells because of the difficulty of applying modern molecular analytical techniques
to the small numbers of cells usually available for such investigations.

To approach the problem of understanding gene function in hematopoietic cells, two main
strategies have been applied. One involves infecting cells with a vector engineered to express the
gene of interest at high levels [1-3]. If the cell’s phenotype/behavior changes in the infected cell,
but not a sham transfected cell, we can tentatively attribute the change in phenotype to the newly
expressed gene. Function may therefore be inferred. This approach, while potentially informative,
has a number of drawbacks. First, it is not certain that the changes observed are directly related to
the gene’s function, as any effect observed may be an indirect one. Second, the experiment is not
really ‘physiological’ since overexpression of the gene may exaggerate its normal function or
impart new functions by leading to an excess of the encoded protein. Finally, this approach is
often limited to leukemic cell lines, since normal cells are often much more problematic in terms
of both infection and expression of the vector.

An alternative experimental approach, and one which may yield more physiologically relevant
data, is either to physically ‘knock-out’ the target gene, or to interfere with its function by per-
turbing the use of the gene’s encoded mRNA. Homologous recombination remains the ‘gold
standard’ for experiments of this type, since the methodology physically destroys the gene of
interest [4—8]. However, because this strategy ultimately depends on selecting cells in which a
rare crossover event has occurred, it would currently appear to have limited therapeutic practi-
cality. Ribozymes, antisense RNAs and antisense DNAs, all of which interfere with use of the
targeted mRNA, appear to have more immediate relevance from a therapeutic point of view. These
approaches have therefore become an increasingly popular strategy for exploring gene function in
cells of virtually any type.
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For the past several years, we have been engaged in trying to develop an effective strategy of
disrupting specific gene function with antisense oligodeoxynucleotides (AS-ODNs). We have
also been actively engaged in attempting to use this strategy in the clinic. This latter pursuit has
focused on finding appropriate gene targets for a successful antisense approach, and then scaling
up the methods so that techniques developed in the laboratory could be applied clinically. It was
our opinion that human leukemias would be particularly amenable to this therapeutic strategy.
They can be successfully manipulated ex vivo, the tumor is ‘liquid’ in vivo and therefore more
likely to take up ODNSs successfully, and a great deal is known about their cell and molecular
biology. The latter in particular facilitates choice of a gene target. Accordingly, if ODNs were to
be developed as therapeutics, the hematopoietic system would seem an ideal model system.

The c-myb proto-oncogene

Of the genes we have targeted for disruption using the antisense AS-ODN strategy [9—13] one
that has been of particular interest to our laboratory, and one where therapeutically motivated dis-
ruptions are now in clinical trial, is c-myb [14]. C-myb is the normal cellular homologue of v-myb,
the transforming oncogene of the avian myeloblastosis virus (AMYV) and avian leukemia virus
E26. It is a member of a family composed of at least two other highly homologous genes, A-myb
and B-myb [15]. Located on chromosome 6q in humans, c-myb’s predominant transcript encodes
a ~75 kDa nuclear binding protein (Myb) which recognizes the core consensus sequence 5'-
PyAAC(G/Py)G-3' [16]. Myb consists of three primary functional regions [17] (Fig. 1).

At the N-terminus is the DNA binding domain. This region consists of three imperfect tandem
repeats (R1, R2, R3), each consisting of 51 to 52 amino acids. Three perfectly conserved trypto-
phan residues are found in each repeat. Together they form a cluster in the hydrophobic core of
the protein which maintains the DNA binding helix-turn-helix structure. The mid-portion of the
protein contains an acidic transcriptional activating domain. The DNA binding portion of the pro-
tein is required for these transcriptional effects to be observed. The protein also contains a nega-
tive regulatory domain which has been localized to the C-terminus. The C-terminus is deleted in
v-Myb and this has been thought to contribute to v-Myb’s transforming ability. Recently report-
ed experiments have been among those to confirm this hypothesis and have further demonstrated
that N-terminal deletions give rise to a protein with even more potent transforming ability [18].
Deletions of both the amino and C-termini create a protein with the greatest transforming ability,
and one which induces the formation of hematopoietic cells more primitive than those produced
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Figure 1. Functional map of the c-myb protein. See text for details
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by N-erminal deletions alone [18]. These data suggest that simultaneous loss of Myb’s ability to
bind DNA and interact with as yet unidentified proteins are potent transforming stimuli.
Nevertheless, this simple hypothesis is complicated by the observation that overexpression of the
C-terminal portion of c-myb can also be oncogenic [19] whereas overexpression of the whole
protein is not [18]. At least, we may conclude that sequestration of certain potential Myb binding
proteins may also be an oncogenic event.

Recently, a putative leucine zipper structure was described within the amino terminal portion of
Myb’s C-terminal domain [20]. Leucine zippers, such as those found in the transcription factors
Jun, Fos, and Myc are thought to facilitate the protein-protein interactions which permit hetero-
dimerization of DNA binding proteins. Such dimerization is thought to play a key role in
regulating the transcriptional activity of these factors. A Myb dimerizing binding partner has yet
to be identified but Myb-Myb homodimerization, which probably occurs through its leucine zip-
per, does lead to loss of DNA binding and transactivation ability [21]. Accordingly, we could rea-
sonably postulate that Myb-driven transactivation and/or transformation might be regulated by the
binding of additional protein partners in the leucine zipper domain [20]. Alternatively, loss of the
ability of Myb to dimerize with a putative regulatory partner might also contribute, directly or
indirectly, to cellular transformation and leukemogenesis. Point mutations in the Myb negative re-
gulatory domain might be one mechanism for bringing about such a loss [20]. Finally, interaction
(not physical dimerization) with other nuclear binding proteins such as the CCAAT enhancer
binding protein (C/BEP) [22], and the related myeloid nuclear factor NF-M [23] may also
regulate Myb’s transactivation or repressor functions.

The above discussion suggests that c~myb might play a role in leukemogenesis. Additional, al-
beit indirect, evidence also support this contention. For example, ¢-myb amplification in AML and
overexpression in 6q~ syndrome has been reported [24]. The mechanism whereby overexpressed
Myb might be leukemogenic is uncertain, but emphasizes the important difference of working
with primary cells as opposed to cell lines. As noted above, it has been reported that over-
expressing Myb is not by itself leukemogenic [18] but this work was carried out in cell lines
which may give results that are valid only for the lines tested. As was also noted above, we could
reasonably postulate that Myb-driven transformation might be regulated by the binding of addi-
tional protein partners in the leucine zipper domain [20]. Recent evidence demonstrating that Myb
interacts with other nuclear binding proteins, and that Myb’s carboxy terminus may interact with
a cellular inhibitor of transcription supports this hypothesis [22, 25]. Other potential mechanisms
might relate to Myb’s ability to regulate hematopoietic cell proliferation [26], perhaps by its
effects on important cell cycle genes including c-myc [27], and cdc2 [28]. Finally, Myb also plays
a role in regulating hematopoietic cell differentiation [29]. It functions as a transcription factor for
several cellular genes including the neutrophil granule protein mim-1 [30], CD4 [31], IGF-1 [32],
and CD34 [33] and possibly other growth factors [34], including c-kit [35]. The latter is of
particular interest since it has been shown that when hematopoietic cells are deprived of c-kit
ligand (Steel Factor) they undergo apoptosis [36]. Accordingly, myb is clearly an important
hematopoietic cell gene which may, directly or indirectly, contribute to the pathogenesis or main-
tenance of human leukemias. For this reason it is a rational target for therapeutically motivated
disruption strategies.
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Targeting the c-myb gene

Our investigations were initially designed to elucidate the role of Myb protein in regulating hema-
topoietic cell development. Because the results obtained from these studies had obvious clinical
relevance, more translationally oriented studies were also undertaken. These have now culminated in
clinical trials presently being conducted at the Hospital of the University of Pennsylvania. Below I
summarize the steps carried out in the clinical development of the c-myb-targeted AS-ODNs. In
addition, I will also allude briefly to our initial clinical experience with the myb-targeted ODNS.

In vitro experience in the hematopoietic cell system

Role of c-myb encoded protein in normal human hematopoiesis: Attempts to exploit the c-myb
gene as a therapeutic target for AS-ODNs began as an outgrowth of studies which were seeking
to define the role of Myb protein in regulating normal human hematopoiesis [9, 26]. During the
course of these studies it was determined that exposing normal bone marrow mononuclear cells
(MNC) to c-myb AS-ODNSs resulted in a decrease in cloning efficiency and progenitor cell proli-
feration. The effect was lineage indifferent since c-myb antisense DNA inhibited granulocyte-
macrophage colony forming units (CFU-GM), CFU-E (erythroid), and CFU-Meg (megakaryo-
cyte). In contrast, c-myb ODN with the corresponding sense sequence had no consistent effect
on hematopoietic colony formation when compared to growth in control cultures. Finally,
inhibition of colony formation was also dose related. Inhibition of the targeted mRNA was also
demonstrated. Sequence-specific, dose-related biological effects, accompanied by a specific de-
crease or total elimination of the targeted mRNA, were strong pieces of evidence to suggest that
the effects we were observing were due to an ‘antisense’ mechanism. It should be added that the
effects we observed were largely confirmed using homologous recombination [37]. In other in-
vestigations, it was also determined that hematopoietic progenitor cells appeared to require Myb
protein during specific stages of development, in particular when they were actively cycling [38],
as might be expected given the above functional description of Myb protein.

Myb protein is also required for leukemic hematopoiesis: Since the c-myb AS-ODNs inhi-
bited normal cell growth, we were also interested to determine their effect on leukemic cell
growth. While we could reasonably postulate that aberrant c-nyb expression or Myb function
might play a role in carcinogenesis, demonstrating this was another matter. To address this ques-
tion, we employed a variety of leukemic cell lines, including those of myeloid and lymphoid
origin. In addition, we also employed primary patient material. We first determined the effect of
myb sense and antisense ODNs on the growth of HL-60, K562, KG-1, and KG-1a myeloid cell
lines [39]. The AS-ODN inhibited the proliferation of each leukemia cell line, although the effect
was most pronounced on HL-60 cells. Specificity of this inhibition was demonstrated by the fact
that the sense ODN had no effect on cell proliferation, nor did ‘antisense’ sequences with two or
four nucleotide mismatches. To determine whether the treatment with myb AS-ODNs modified
cell cycle distribution of HL-60 cells, we measured the DNA content in exponentially growing
cells exposed to either sense or antisense myb ODNs. Control cells, and cells treated with c-myb
sense ODN, had twice the DNA content of HL-60 cells exposed to the AS-ODNSs. The majority
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of these cells appeared either to reside in the G1 compartment, or were blocked at the G1/S
boundary. To examine the effect of the c-myb ODNs on lymphoid cell growth, we employed a
lymphoid leukemia cell line, CCRF-CEM. As we noted in the case of normal lymphocytes [26],
the CCRF-CEM cells were extremely sensitive to the antiproliferative effects of the c-myb AS-
ODNSs. When exposed to the sense ODN, we found negligible effects on CEM cell growth in
short-term suspension cultures. In contrast, exposure to c-myb antisense DNA resulted in a daily
decline in cell numbers. Compared to untreated controls, antisense DNA inhibited growth ~ 2
logs. Growth reduction was not a cytostatic effect since cell viability was reduced only ~70%
after exposure to the AS-ODNs, and CEM cell growth did not recover when cells were left in
culture for an additional nine days.

Results obtained from primary patient material were equally encouraging (Tab. 1) [40]. We
began by attempting to determine if CFU-L from AML patients could be inhibited by exposure to

Table 1. Effect of c-myb oligomers on primary AML cell colony/cluster formation

Colonies ~ % Control Clusters — % Control
Case Sense Antisense Sense Antisense
1 86 18 (0.058) 60 37 (0.080)
4 NG NG 90 28 (0.036)
5 NG NG 70 22 (0.101)
6 NG NG 79 22 (0.026)
7 170 100 (0.423) 76 128 (0.502)
8 92 11 (0.008) 96 46 (0.020)
10 NG NG 190 216 (0.034)
11 45 14 (0.021) 58 21 (0.084)
14 68 01 (0.152) 90 53 (0.071)
15 66 81 (0.736) 100 100 (0.896)
16 NG NG 66 24 (0.001)
17 NG NG 16 8 (0.023)
18 NG NG 110 77 (0.164)
19 113 116 (0.717) 91 91 (0.763)
20 92 09 (0.051) 100 50 (0.009)
21 94 00 (0.006) 90 06 (0.004)
22 80 13 (0.001) 103 11 (0.015)
23 63 06 (0.001) 74 27 (0.004)
24 87 17 (0.002) 91 26 (0.018)
25 100 00 (0.019) 107 38 (0.364)
26 76 00 (0.009) 89 00 (0.001)
27 79 21 (0.014) 59 18 (0.043)
28 88 20 (0.009) 94 152 (0.096)

Blast cells were isolated from the peripheral blood of AML patients and exposed to sense or antisense oligomers.
Colonies and clusters were enumerated and values were compared with growth in control cultures, which contained
to oligomers. For each case, the number of colonies or clusters arising in the untreated control dishes was assumed
to represent maximal (100 %) growth for that patient. The numbers of colonies or clusters arising in the oligomer-
treated dishes are expressed as a percentage of this number. NG=No growth. The statistical significance (deter-
mined by Student’s ¢ test for unpaired samples) of the change observed in the antisense-treated dishes relative to
the untreated control is given as a P value in parentheses.



168 M.Z. Ratajczak and A.M. Gewirtz

c-myb AS-ODNs. Of the 28 patients we initially studied, colony and cluster data were available in
16 and 23 cases respectively. After exposure to relatively low doses of c-myb AS-ODNs
(60 ig/ml) colony formation was inhibited in a statistically significant manner in 12/16 (~75%).
Inhibition of cluster formation fell in a similar range. Of equal importance the numbers of resi-
dual colonies in the antisense-treated dishes was ~10%.

An obvious problem with interpreting these results, was determining the nature of the residual
cells, i.e., were they the progeny of residual normal CFU or CFU-L? To try to answer this ques-
tion in a rigorous manner we turned out attention to CML, where the presence of the t(9:22) or
ber/abl neogene provided an unequivocal marker of the malignant cells {41]. Exposure of CML
cells to c-myb AS-ODN resulted in inhibition of CFU-GM derived colony formation in >50%
cases evaluated and so far we have studied more than 40 patients. Representative data are shown
in Figure 2, and are presented as a function of oligomer effect on cells with ‘greater’ cloning effi-

Figure 2. Effect of c-myb oligomers on chronic myeloid leukemia cell colony formation by cells with ‘high’ (A)
and ‘low’ (B) cloning efficiency. Colony-forming cells were enriched from patient peripheral blood or bone mar-
row and exposed to oligomers. At 24 h cells were plated and resulting colonies were enumerated in plates
containing untreated control cells [fl]; antisense (B§-20 pg/ml then 10 pg/ml; E§-40 pug/ml then 20 pg/ml;
100 pg/ml then 50 pg/ml); and sense (>-100 pg/ml then 50 pg/ml) treated cells. Values plotted are mean+SD of
actual colony counts compared to growth in control cultures which contained no oligomers.
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ciency (control colonies >250/plate) (Fig. 2A) versus ‘lesser’ cloning efficiency (control colo-
nies <250/plate) (Fig. 2B). In this particular study, colony formation was observed in eight of
eleven cases evaluated and was statistically significant (p<0.03) in seven. The amount of inhi-
bition seen was dose-dependent and ranged between 58 % and 93 %. In two cases the effect of the
c-myb oligomers on CFU-GEMM colony formation was also determined to assess the effect of
the oligomers on progenitors more primitive than CFU-GM. In each case, significant inhibition
of CFU-GEMM derived colony formation was noted. It is also important to note that colony in-
hibition was sequence specific. For example, as shown in the graphs below, c-myb sense se-
quence ODN fails to inhibit colony formation significantly when employed at the highest anti-
sense doses used.

Normal and leukemic progenitor cells rely differentially on c-myb function

In order to be useful as a therapeutic target, leukemic cells would have to be more dependent on
Myb protein than their normal counterparts. To examine this critical issue, we incubated phago-
cyte and T cell depleted normal human marrow mononuclear cells (MNC), human T lymphocyte
leukemia cell line blasts (CCRF-CEM), or 1:1 mixtures of these cells with sense or antisense
ODNs to codons 2—7 of human c-myb mRNA [40]. ODNs were added to liquid suspension
cultures at Time 0 and at Time +18 h. Control cultures were untreated. In controls, or in cultures
to which ‘high’ doses of sense ODNs were added, CCRF-CEM proliferated rapidly, whereas
MNC numbers and viability decreased <10%. In contrast, when CCRF-CEM were incubated for
four days in c-myb antisense DNA, cultures contained 4.7£0.8 x 10% cells/ml (mean+SD;
n=4) compared to 285+t 17x 10*/ml in controls. At the effective AS dose, MNC were largely
unaffected. After four days in culture, remaining cells were transferred to methylcellulose sup-
plemented with recombinant hematopoietic growth factors. Myeloid colonies/clusters were enu-
merated at day ten of culture inception. Depending on cell number plated, control MNC formed
from 3114 to 274+ 18 colonies. In dishes containing equivalent numbers of untreated or sense
ODN exposed CCRF-CEM, colonies were too numerous to count. When MNC were mixed 1:1
with CCRF-CEM in AS oligomer concentrations <5 pg/ml, only leukemic colonies could be
identified by morphological, histochemical and immunochemical analysis. However, when anti-
sense oligomer exposure was intensified, normal myeloid colonies could now be found in the
culture, while leukemic colonies could no longer be identified with certainty using the same ana-
Iytical methods. Finally, at antisense DNA doses used in the above studies, AML blasts from 18
of 23 patients exhibited ~75% decrease in colony and cluster formation compared to untreated or
sense oligomer treated controls. When 1:1 mixing experiments were carried out with primary
AML blasts and normal MNC, we were again able preferentially to eliminate AML blast colony
formation while normal myeloid colonies continued to form.

Use of c-myb ODN as bone marrow purging agents

The above experiments suggested that leukemic cell growth could be preferentially inhibited after
exposure to c-myb AS-ODNs. In contemplating a clinical use for our findings, application in the
area of bone marrow transplantation seemed compelling. In this application, exposure conditions
are entirely under the control of the investigator. In addition, the patient’s exposure to the anti-
sense DNA is minimal. This circumstance would also make approval by regulatory agencies less
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difficult. We therefore determined whether the AS-ODNs could be used as ex vivo bone marrow
purging agents.

Normal MNC were mixed (1:1) with primary acute myelogenous leukemia (AML) or chronic
myelogenous leukemia (CML) blast cells and then exposed to the ODNs using a slightly modi-
fied protocol designed to test the feasibility of a more intensive antisense exposure. With this in
mind, an additional ODN dose (20 pg/ml) was given just prior to plating the cells in methylcellu-
lose. In control growth factor-stimulated cultures leukemic cells formed 25.5+3.5 (mean+SD)
colonies and 157%8.5 clusters (per 2% 10° cells plated). Exposure to c-myb sense ODN did not
significantly alter these numbers (19.5£0.7 colonies and 140.5+7.8 clusters; p>0.1). In
contrast, equivalent concentrations of AS-ODN totally inhibited colony and cluster formation by
the Jeukemic blasts. Colony formation was also inhibited in the plates containing normal MNCs,
but only by ~50% in comparison to untreated control plates (control colony formation, 296140
per 2x 10° cells plated; treated colony formation, 149+ 15.5 per 2x 10° cells).

To assess the potential effectiveness of an antisense purge, we carried out co-culture studies
with cells obtained from CML patients in blast crisis and in chronic phase of their disease [11].
CML was a particularly useful model because cells from the malignant clone carry a tumor-
specific chromosomal translocation which can be easily identified in tissue culture by looking for
ber-abl, the mRNA product of the gene produced by the translocation [42]. RNA was therefore
extracted from cells cloned in methylcellulose cultures after exposure to the highest c-myb AS-
ODN dose. The RNA was then reverse transcribed and resulting cDNA amplified. For each pa-
tient studied, mRNA was also extracted from a comparable number of cells derived from un-

Figure 3. (A) Detection of ber/abl transcripts in CFU-GM derived colonies from marrow of eight patients (#s 1-8)
whose marrow was unexposed to c-myb AS ODN (A), to c-myb sense ODN (B), or to c-myb antisense ODN. All
colonies present in the variously treated methylcellulose cultures were harvested and subjected to analysis. Colony
selection bias was therefore avoided. (B) Detection of ber/abl transcripts in CFU-GM (lanes 1-3), and CFU-
GEMM (lanes 4—6) derived colonies obtained from reseeded primary colonies of patient #8. Note that while b-
actin transcripts are clearly detected in all colony samples, ber/abl in only detectable in colonies derived from
untreated control colonies (lanes 1 & 4) and colonies previously exposed to Myb sense ODN (lanes 2 & 5). Cells
derived from colonies originally exposed to c-myb AS ODN do not have detectable ber/abl expressing cells. Lane
7 is a control lane for the PCR reactions and is appropriately empty.
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treated control colonies using the same technique. Eight cases were evaluated and in each case
ber-abl expression as detected by RT-PCR correlated with colony growth in cell culture. In cases
which were inhibited by exposure to c-myb AS-ODNs (7/11), ber-abl expression was also
greatly decreased or non-detectable (Fig. 3A). These results suggested that ber-abl expressing
CFU might be substantially or entirely eliminated from a population of blood or marrow mono-
nuclear cells by exposure to the AS-ODNSs. To explore this possibility further, replating experi-
ments were carried out on samples from two patients (Fig. 3B). We hypothesized that if CFU
belonging to the malignant clone were present at the end of the original 12-day culture period, but
not detectable because of failure to express ber-abl, they might re-express the message upon
regrowth in fresh cultures. Accordingly, cells from these patients were exposed to ODN and then
plated into methylcellulose cultures formulated to favor growth of either CFU-GM or CFU-
GEMM. As was found with the original specimens, untreated control cells and cells exposed to
sense ODN had RT-PCR detectable ber-abl transcripts. Those exposed to the c-myb AS-ODNs
had none. One of the paired dishes from these cultures was then solubilized with fresh medium,
and all cells in it were washed, disaggregated, and replated into fresh methylcellulose cultures
without re-exposing the cells to ODN. After 14 days, CFU-GM and CFU-GEMM colony cells
were again probed for ber-abl expression. Control and sense-treated cells had RT-PCR detectable
mRNA but none was found in the antisense-treated colonies. These results suggest that elimina-
tion of ber-abl expressing cells and CFU was highly efficient and perhaps permanent.

Efficacy of c-myb oligodeoxynucleotides in vivo: development of animal models

The studies described above were carried out primarily with unmodified DNA. Such molecules
are subject to endo- and exonuclease attack at the phosphodiester bonds and are therefore of little
use in vivo. We therefore needed to address two questions. First, we had to know if a more stable,
chemically modified ODN would give similar results. Second, we needed to know if these materi-
als would have effectiveness in an in vivo system against human leukemia cells. Since we could
not give this material to patients we established a human leukemia/SCID mouse model system
which would allow us to address both questions simultaneously [11]. To carry out these experi-
ments, SCID mice were injected IV with K562 chronic myeloid leukemia cells after cyclophos-
phamide conditioning. K562 cells express c-myb, the AS-ODN target, and the tumor-specific
bcr\abl oncogene which was used for tracking the human leukemia cells in the mouse host. After
tumor cell injection, animals developed blasts in the peripheral blood within 4 to 6 weeks. After
peripheral blood blast cells appeared, mean (+ SD) survival of untreated mice (n=20) was 6+3
days. Dying animals had prominent central nervous system infiltration, marked infiltration of the
ovary, and scattered abdominal granulocytic sarcomas. Infusion of either sense or scrambled
sequence c-myb phosphorothioate ODN (24 bp; codons 2-9) for 3, 7 or 14 days had no
statistically significant effect on sites of disease involvement, or animal survival in comparison to
control animals. In contrast, animals treated for 7 or 14 days with c-myb AS ODN survived 3.5 to
8 times longer (p<.001) than the various control animals (n=60) (Fig. 4). In addition, animals
receiving c-myb AS DNA had either rare microscopic foci or no obviously detectable CNS
disease (Fig. 3), and a >50% reduction of ovarian involvement. A 3-day infusion of myb AS
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Figure 4. Survival curves of SCID - human chimeric animals transplanted with K562 chronic myelogenous leuke-
mia cells. Animals received a 14 day infusion of oligomers at a dose of 100 pg/day. Legend — [—a3—
CONTROL, ~~———— SENSE, ~—g— ANTISENSE, —o— SCRAMBLED].

(100 pg/d) was without effect. Infusing mice (n=12) with AS ODN (200 pg/day x 14 days)
complementary to the c-kit protooncogene (which K562 cells do not express), also had no effect
on disease burden or survival (n=12). These results suggested that phosphorothioate modified c-
myb antisense DNA might be efficacious for the treatment of human leukemia in vivo.

Why does downregulating Myb kill leukemic cells preferentially?

Our initial studies on the function of the c-kif receptor in hematopoietic cells suggested that c-kit
might be a Myb-regulated gene [11]. Since c-kit encodes a critical hematopoietic cell tyrosine kin-
ase receptor [43], we hypothesized that dysregulation of c-kit expression may be an important
mechanism of action of Myb AS ODN. In support of this hypothesis, it has been shown that
when hematopoietic cells are deprived of c-kit R ligand (Steel Factor) they undergo apoptosis
[36]. It has also recently been shown that when CD56%8" NK cells, which express c-kit, are
deprived of their ligand (Steel Factor), they too undergo apoptosis, perhaps because bcl-2 is
downregulated [44]. Malignant myeloid hematopoietic cells, in particular CML cells, also express
c-kit and respond to Steel Factor. Accordingly, we postulate that perturbation of Myb expression
in malignant hematopoietic cells may force them to enter an apoptotic pathway by downregulating
c-kit. Preliminary studies of K562 cells exposed to c-myb antisense ODN demonstrates that such
cells do in fact undergo nuclear degenerative changes characteristic of apoptosis.
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Use of AS-ODN in a clinical setting

CML seemed to us to be an excellent disease model for the purpose of developing an AS-ODN
therapeutic. CML is relatively common, and it has a convenient marker chromosome and gene for
objectively following potential therapeutic efficacy of a test compound [45]. In addition to these
considerations, CML is uniformly fatal except for individuals who are fortunate enough to have
an allogeneic bone marrow donor. Picking a gene target in CML was actually somewhat prob-
lematic. An obvious target was the ber/abl gene encoded mRNA [46]. However, because ber/abl
is not expressed in primitive hematopoietic stem cells [47], and because it is uncertain if transient
interruption of ber/abl signalling actually results in the death of CML cells, we felt that an alterna-
tive target might be of greater use in treating this disease. Based on the type of data presented
above, a favorable therapeutic index in toxicology testing, and more detailed knowledge of the
pharmacokinetics of oligonucleotides, we have begun to evaluate the myb-targeted AS-ODN in
the clinic [48].

To this end, we initiated clinical trials to evaluate the effectiveness of phosphorothioate modi-
fied AS-ODN to the c-myb gene as marrow purging agents for chronic phase (CP) or accelerated
phase (AP) chronic myelogenous leukemia (CML) patients, and a Phase I intravenous infusion
study for blast crisis (BC) patients and patients with other refractory leukemias. ODN purging
was carried out for 24 h on CD34+ marrow cells. Patients received busulfan and cytoxan, fol-
lowed by re-infusion of previously cryopreserved P-ODN purged MNC. In the pilot marrow
purging study seven CP and one AP CML patients have been treated. Seven out of eight en-
grafted. In 4/6 evaluable CP patients, metaphases were 85—100% normal 3 months after engraft-
ment, suggesting that a significant purge had taken place in the marrow graft. Five CP patients
have demonstrated marked, sustained, hematological improvement with essential normalization of
their blood counts. Follow-up ranges from 6 months to ~2 years. In an attempt to increase purg-
ing efficiency further we incubated patient MNC for 72 h in the P-ODN. Although PCR and
LTCIC studies suggested a very efficient purge had occurred, engraftment in five patients was
poor. In the Phase I systemic infusion study, 18 refractory leukemia patients (two patients were
treated at two different dose levels; 13 had AP or BC CML). Myb AS-ODN was delivered by
continuous infusion at dose levels ranging between [0.3 mg/kg/ day x7 days] to [2.0 mg/kg/day
%7 days]. No recurrent dose-related toxicity has been noted though idiosyncratic toxicities, not
clearly drug related, were observed (1 transient renal insufficiency; 1 pericarditis). One BC patient
survived ~14 months with transient restoration of CP disease. These studies show that ODN may
be administered safely to leukemic patients. Whether patients treated on either study derived
clinical benefit is uncertain, but the results of these studies suggest to us that ODN may eventu-
ally be useful in the treatment of human leukemias.

Prospects for future development are dependent on solving important problems today

The power of the antisense approach has been demonstrated in experiments in which critical bio-
logical information has been gathered using AS technology, and has been subsequently verified
by other laboratories using other methodologies [9, 37, 49]. However, this technology, in spite of
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its successes, has been found to be highly variable in its efficiency. To the extent that many have
tried to employ ODNs and have been perplexed and frustrated by results that were non-infor-
mative at best, or at worst, misleading or unreproducible, it is easy to understand why this ap-
proach has become somewhat controversial. We believe that progress on two fronts would help
address this problem.

First, in order for an ODN to hybridize with its mRNA target, it must find an accessible
sequence. Sequence accessibility is at least in part a function of mRNA physical structure which
is dictated in turn by internal base composition and associated proteins in the living cell. Attempts
to describe the in vivo structure of RNA, in contrast to DNA, have been fraught with difficulty
[50]. Accordingly, mRNA targeting is largely a hit or miss process, which accounts for many
experiments where the addition of an ODN has no effect on expression. Hence, the ability to
determine which regions of a given mRNA molecule are accessible for ODN targeting is a
significant impediment to the application of this technique in many cell systems. We have begun
to approach this issue by developing a footprinting assay to determine which physical areas of an
RNA are accessible to the oligonucleotide. We have proceeded under the assumption that a se-
quence which remains accessible to single-stranded RNases in a more physiological environment
may also remain accessible for hybridization with an ODN. Preliminary experiments performed
in our laboratory, in which a labeled RNA transcript is allowed to hybridize with an oligonu-
cleotide, in the presence or absence of nuclear extracts from the cells of interest along with RNase
T1, suggest that footprinting of this type is feasible. Of more interest, our preliminary results
suggest that this approach may be of use in designing oligonucleotides.

Second, the ability to deliver ODN into cells and have them reach their target in a bioavailable
form also remains problematic [51]. Without this ability, it is clear that even an appropriately
targeted sequence is not likely to be efficient. Native phosphodiester ODNs, and the widely used
phosphorothioate modified ODNs, which contain a single sulfur substituting for oxygen at a
non-bridging position at each phosphorus atom, are polyanions. Accordingly, they diffuse across
cell membranes poorly and are only taken up by cells through energy dependent mechanisms.
This appears to be accomplished primarily through a combination of adsorbtive endocytosis and
fluid phase endocytosis, which may be triggered in part by the binding of the ODN to receptor-
like proteins present on the surface of a wide variety of cells {52, 53]. After internalization, con-
focal and electron microscopy studies have indicated that the bulk of the ODNs enter the endo-
some/lysosome compartment. These vesicular structures may become acidified and acquire other
enzymes which degrade the ODNs. Biological inactivity is the predictable result of this process.
Recently described strategies for introducing ODNs into cells, including various cationic lipid
formulations, may address this problem [54-56].

Conclusions

The ability to block gene function with AS-ODNs has become an important tool in many re-
search laboratories. Since activation and aberrant expression of proto-oncogenes appears to be an
important mechanism in malignant transformation, targeted disruption of these genes and other
molecular targets with ODNs could have significant therapeutic use as well. In this regard, the
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potential therapeutic usefulness of ODNs has been demonstrated in many systems and against a
number of different targets including viruses, oncogenes, proto-oncogenes, and an increasing
array of cellular genes. These studies in aggregate suggest that synthetic ODNs have the potential
to become an important new therapeutic agent for the treatment of human cancer. Nevertheless, it
is clear that considerable optimization will be required before antisense oligonucleotides will
emerge as effective agents for treating human disease. Progress will need to occur on several
fronts. These include issues related to the chemistry of the molecules employed. For example,
how chemical modification impact on uptake, stability and hybridization efficiency of the syn-
thetic DNA molecule. A clearer understanding of the mechanism of AS-mediated inhibition, in-
cluding where such inhibition takes place, will also be required. Finally, cellular ‘defense’
mechanisms, such as increasing transcription of the targeted message, may also be factors to con-
sider in planning effective treatment strategies with these agents. Choice of target is also an
important issue. Nevertheless, while many issues remain to be resolved, we remain optimistic that
this approach will one day prove useful for the treatment of patients with a variety of hemato-
logical malignancies.
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Introduction

It has been a provocative experience to share my thoughts on tumor heterogeneity. This is not a
subject I previously pondered in specific terms, but when I began to review the subject, it was
apparent that the problem of tumor heterogeneity is one of the fundamental problems of cancer
therapy [1—12]. Treating cancer is analogous to shooting at a continuously moving target. As our
comprehension of cancer improves through scientific advances, the more scientific strategic
approaches to control this devastating disease appear to be akin to Don Quixote throwing our
national resources at the windmills in the fields outside Barcelona [13]. This is not to suggest that
the expenditures have not resulted in remarkable scientific achievements but rather a successful
conclusion has not been reached.

The importance of genetic instability was immediately apparent when a karyotype of a malig-
nant melanoma was presented by Charles Balch during one of John Durant’s multi-disciplinary
conferences at the University of Alabama in 1976. Karyotypic analysis identified the presence of
genetic instability well before the current thrust in molecular biology revealed its importance at the
molecular level. A review of age-adjusted cancer mortality from 1972 to 1990 and in the four year
interval (1990-1994) revealed that, in spite of some limited though impressive gains, we have
been remarkably unsuccessful in reducing cancer mortality, given the national resources provided
for this effort since 1972 [14]. The improvement in cancer survival over the four most recent
years (1992-1995) was due to changing incidence or early detection. A recent report from the
National Cancer Institute confirms a 5% decrease in breast cancer and a 6 % reduction in colon
cancer deaths. A reduction was also observed in prostate cancer deaths; the reason for this is
unknown. (Source: National Center for Health Statistics, Public Use Tapes: 1995, preliminary
data)

The complexities of the cancer problem have been vastly underestimated, as were the comple-
xities of the networks of the central nervous system, the immune system, and signaling- pathways
within single cells. In addition to these multiple complex signaling networks are the contributions
of stromal-epithelial interactions, not to mention the relationship between the entire organism and
its environment, all of which affect genetic instability. It seems each breakthrough promises to
lead to success, but instead, we find another layer of complexity beneath the surface. This discus-
sion examines tumor heterogeneity from a different point of view. Basic science has been
extremely fruitful in understanding what happens in tumors and, in fact, most of our cancer
research efforts have been directed at understanding and treating clinical cancers. By the time a
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tumor reaches this stage of development, tumor heterogeneity will generally defeat our efforts. An
alternative approach is to redirect our basic research efforts toward understanding events which
lead to the emergence of genetically unstable tumors. We can thereby hope to deal with tumor
heterogeneity before it becomes a problem. What cancer research needs to illuminate is carcino-
genesis itself. Ultimately we should treat the premalignant field prior to genetic instability and the
expression of the metastatic phenotype. Consequently, I shall discuss tumor heterogeneity in the
epithelial field [15—17] and biomarkers as they relate to genetic instability. Based on our experi-
ences, utilizing biomarkers to unravel the complexities of genetic instability is both multifaceted
and informative.

The primary goal of this chapter is not only to provide an overview of tumor heterogeneity and
genetic instability as it relates to the current understanding of the molecular nature of the deve-
lopment of cancer but also to lend special credence to using biomarkers of effect on cells in the
premalignant cancer field as a reliable means of identifying individuals who are at risk for
developing biologically active cancer. It is my opinion that by using these markers alone or in
combination with genetic markers of susceptibility to identify cancer in its premalignant stages,
the inherent problems of treating cells that are both unstable and variable genetically would be
obviated. For these reasons it is important to know when specific biomarkers of effect are ex-
pressed in the cascade of tumorigenesis. Knowing when markers are expressed early or late will
assist in monitoring the effect of chemopreventive agents that can be tested in patients at risk, as
well as in determining at what point genetic instability becomes a therapeutic problem. To
accomplish these objectives, it is first necessary to review past perspectives on tumor hetero-
geneity, then to a discuss biomarkers of genetic instability. Finally, a biomarker study in an
occupationally exposed cohort at risk for bladder cancer will be presented to illustrate the salient
concepts and power of this approach.

General historical perspectives on genetic instability

Prior to attempting to relate current perspectives on tumor heterogeneity, it is useful to reflect on
the concepts and scientific advances of the past 15 years. In 1982, a closed state-of-the-art
meeting was held in Saskatchewan, Canada [18]. One important session was specifically related
to tumor heterogeneity. Particularly germane to the discussions and this manuscript was a presen-
tation by Dr. Victor Ling discussing genetic instability, clonality, and the metastatic phenotypes
[18]. In general, the presentations consisted of descriptive data, reflecting the significant advances
made in cell biology, and virtually excluded molecular biology and the signaling pathways de-
fined since the conference was held. It is now apparent that concepts pertaining to heterogeneous
clones resulting in a metastatic phenotype were correct. Epigenetic alterations or genetic muta-
tions from within the cloned cells contributed to metastatic diversity. The “Summary” failed to
mention the mechanisms of signaling pathways related to tumor heterogeneity and a discussion
of biomarkers pertaining to genetic instability was conspicuously absent.

Discussions by Gloria Heppner brought into focus that the cellular heterogeneity of subpopu-
lations within a solitary tumor could be defined by the tumor’s metastatic potential and karyo-
typic analysis [19]. A glimpse of the importance of growth factors was supplied by the obser-
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vation that supernatant from one clone enhanced the growth of slower growing clones [6]. These
concepts were extended to observations related to drug sensitivity testing, explaining the im-
portance of interactive ecosystems [7]. However, the general themes derived from the
presentations clearly demonstrated that, although our insight into the mechanisms involved in
tumor heterogeneity were progressing, there was a paucity of discussion pertaining to the
mechanism leading to tumor heterogeneity. A search continued for “magic bullets” to enhance
the effectiveness of various treatment modalities, including radiation therapy, chemotherapy, and
immunotherapy [20].

Tumor heterogeneity — the clinical cancer problem

Since President Nixon’s war on cancer commenced, there has been cautious optimism that cur-
rent scientific advances would give an effective therapeutic result. In the intervening years, there
has been optimism that in vitro drug sensitivity assays would be effective in identifying active
chemotherapeutic agents, the problems of drug resistance would be understood and overcome,
and immunotherapy would be successful. Now, 25 years later, all therapeutic modalities including
radiation therapy, chemotherapy, and immunotherapy are still ultimately thwarted by genetic
instability. I shall illustrate this point by drawing on my personal research experience to bring an
immunological perspective to this issue. Similar points could be made for radiation and chemo-
therapy.

Although McFarland Burnett’s theory on immune surveillance may be correct, the enthusiasm
for manipulating the immune system in the early 1970s has not been translated into widely
applicable therapies [21]. By contrast, immune surveillance is highly effective in animal models
with chemically induced tumors [22]. These positive results are not to be confused with earlier
studies where transplantation antigens were responsible for perceived tumor immunity. Critical
experiments by Peter Gore resolved this confusion [23]. In spite of animal studies, the effective-
ness of immune surveillance in controlling spontaneous human neoplasms remains a point of
speculation. A balanced perspective on this subject was realized when I heard Richmond Prehn’s
presentation at an International Cancer Congress in Houston, Texas, in the early 1970s.

Although not totally optimistic, the discussion confirmed my decision to pursue a fellowship
in immunology at Duke University with Bernard Amos, a world class transplantation immuno-
logist ,and H.F. Seigler [24], his creative clinical arm and colleague who has spent his profes-
sional career studying the immunobiology of malignant melanoma. Caught in the enthusiasm of
tumor biology, I decided to pursue a doctoral degree to master the rigors of the discipline. My
objective was to develop an in vitro assay to detect cellular immunity in patients with renal cell
carcinoma, utilizing the mixed lymphocyte tumor reaction [25]. These basic science-clinical stu-
dies confirmed that renal cell tumor plasma membranes would stimulate autologous peripheral
blood lymphocytes in what was then termed a “mixed lymphocyte tumor reaction” [26]. The sti-
mulating membrane antigens were shown to be glycolipids, and confidence abounded [27]: a ma-
jor scientific advance had been made, and my research was on the pathway to autologous vaccines.
The autologous vaccines would address the problems of tumor heterogeneity, particularly if ade-
quate tissue could be obtained. At this time, awareness of antigenic heterogeneity was reaching
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new heights of awareness and was, subsequently, elegantly reviewed in a number of scholarly
articles [1, 10, 20, 28].

Tumor antigens, expressed on precancerous lesions, were hypothesized to be clonal in origin
with the later development of antigenic diversity. After reviewing the current literature, it is the
author’s impression that tumors may arise as clonal neoplasms and form a tumor, developing
from an expanding field change, or arise as multifocal heterogenous neoplasms from a pre-
malignant field. This is not to suggest that premalignant field changes do not occur in organs
where they arise as a single focus. These concepts support the earlier observations of Nowell,
Poste, and others regarding antigenic diversity [29—35]. Consolidation of my thinking occurred
when I read a study of Y-chromosome expression in prostatic cancer, where multiple patterns of
cellular expression were clearly documented in an area of glandular prostate intra-epithelial neo-
plasm (PIN) [36]. Another fallacy of the vaccine concept was the lack of appreciation for contin-
ued immunological diversity developing at the distant tumor site [37]. Grant support was evasive,
but the research evolved in an attempt to isolate a T cell growth factor to expand activated tumor
infiltrating lymphocytes (TILs). While a very bright graduate student was working on this project,
the Cetus Corporation commercialized genetically engineered IL-2, and the lymphocyte activated
killer cell concept spawned new enthusiasm because of the non-selective but specific affinity of
these cells for the transformed phenotype [38, 39]. This work of Elizabeth Grimm and Steve
Rosenberg was logical, and brought the clinical trials in the area of biological response modifiers
to anew level [40—43].

Basic and clinical research efforts facilitated our contract with Cetus to define the pharmaco-
kinetics of subcutaneous IL-2 in patients with renal cell carcinoma [44, 45]. It was our impression
that the clinical responses with subcutaneous IL-2 were not nearly as impressive as the responses
following a protocol with moderate doses of IL-2 and lymphocyte activated killer (LAK) cells
developed at Oklahoma, although randomized trials have not been performed to confirm this
impression. There was a sense of regret and a wish that our group had been allowed to administer
high doses of IL-2 [42, 46]. The subcutaneous pharmacokinetics studies, however, did establish
the fundamental pharmacological data for the subcutaneous route of IL-2 today [45].
Interestingly the response of malignant melanoma and renal cell carcinoma to IL-2 paralleled the
high rate of spontaneous regression of these neoplasms [47].

Paradoxically, other tumors responding to IL-2 in vitro were clinically unresponsive in vivo,
suggesting the more immunogenic nature of renal cell carcinoma (RCC) and melanoma may be
relevant. A more specific immune mechanism may be involved, such as cell-mediated lysis in-
duced by IL-2 [47]. Whatever the mechanism, it was rather spectacular to document the regres-
sion of 100 grams of RCC metastatic to the liver in a patient receiving IL.-2 and LAK cells [48]. 1
never witnessed such a response in a patient with renal cancer treated with chemotherapy or
radiation. The press was caught in the enthusiasm, and misquoted our results in a headline on the
front page of The Daily Oklahoman. The patient subsequently refused further therapy and died
of her metastatic disease. However, another patient who had a large bulky tumor compressing his
spinal cord was treated with IL.-2 and multimodality therapy, including surgery, and is still alive
10 years later. Because of cases such as these, most admire the rigor of the FDA who facilitated
approval of this drug but not without considerable debate because of the associated toxicity and
the marginal efficacy of the biological response modifiers as single agents.



Genetic instability and tumor cell variation 183

Optimism for the clinical efficacy of natural killer (NK) cells, [41, 43, 49—52] activated
macrophages or, more recently, LAK cells persists, as they are perceived as the potentially effec-
tive “Pac-Man” killers. Effective therapeutic progress has been made in this arena in selected
patients and the mean duration of response now exceeds 15.4 months [53]. Patients are
undoubtedly living longer when treated with biological response modifiers in combination with
other modalities, including radiation and surgery and, more recently, growth factors(N.J. Vogel-
zang, personal communication). However, most clinical results are defined in terms of months
rather than years, and tumor heterogeneity ultimately foils the system.

Although the majority of therapeutic advances with biological response modifiers have not
been curative, what has evolved is an appreciation for the complexities of the immunological sig-
naling pathways and the problem of tumor heterogeneity [28]. Our inability to achieve clinical
cures routinely relates to the complexities of signaling pathways present in an unstable state,
perturbated by unidentified exogenous and endogenous risk factors. One approach to solving the
cancer problem is to identify the final common signaling pathways pertinent to the development
of the metastatic phenotypes and manipulate them within the context of the organism’s unstable
epithelial ecosystem [54]. An alternative and logical solution to these complexities is to address
the cancer problem at its earliest stages of perturbation, defined by quantitative alterations of
biomarkers, specifically related to the common pathways of tumorigenesis. For the past ten years,
this has been the primary direction and focus of our research laboratory, having abandoned II.-2
research with the exception of treating clinically ill patients.

Chronologically prior to clinical research with IL-2, Bacillus Calment Guerin (BCG) was re-
ported to be an effective treatment for superficial bladder cancer [55]. Subsequent to the initial
report on BCG therapy for the treatment of non-invasive bladder cancer, the effectiveness of this
vaccine has been confirmed by a Southwest Oncology Group trial [S6]. One usually thinks of
vaccine therapy as eliciting a specific immune response against tumor-associated antigens; how-
ever, data suggest that nonspecific immune mechanisms may be relevant. Because BCG’s effica-
cy is related to nonspecific immunological mechanisms, it is particularly effective in a closed
compartment like the bladder [57]. Other therapies, including genetic engineering with retrovirus
vectors which deliver gene products such as cytokines, may also be delivered effectively to the
lining of the hollow vesicle. BCG vaccine therapy is not without considerable toxicity and, conse-
quently, great attentjon to detail is required during its administration to prevent unexpected death
[58]. A “take home” message from years of research is that BCG is effective because it circum-
vents the problem of tumor heterogeneity by seemingly nonspecific mechanisms. Total success is
elusive because genetic instability persists or recurs, but deaths from bladder cancer in this
century are slowly decreasing [59], in part because of these rather remarkable scientific advances.

Curative therapeutic results with immunotherapy have been limited, and tumor heterogeneity
imposes limitations on chemotherapy and radiation therapy as well. In Heppner’s review of tu-
mor heterogeneity, she mentions the problems associated with effective chemotherapy and multi-
drug resistance [1]. One key to successful chemotherapy is solving the problems of multidrug
resistance (MDR). There are two types of MDR. One is due to high levels of P-glycoprotein.
The other is due to a failure of cells to die of apoptosis, even when exposed to drugs. P-glyco-
protein is a specific transport glycoprotein that can export a drug as fast as it enters cells, a key to
phenotypic markers for MDR. A consensus conference report in 1996 emphasized that the
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principal problem even with establishing reliable assays for multidrug resistance, is tumor
heterogeneity [60]. If reliable assays could be established, the variable expression of P-glyco-
protein on cellular heterogeneity and expression at the single cell level would prevail. More
recently, chemotherapy-induced upregulation of the apoptosis-inducing protein Fas with the
subsequent interaction of its complementary ligand (Fas ligand) has been implicated as a
common mechanism underlying drug sensitivity [61, 62]. Again, however, tumor cells containing
a mutated or deleted p53 are unable to upregulate Fas and die in response to the chemotherapeutic
agent, allowing outgrowth of a pS3 mutant chemoresistant tumor cell subpopulation [61, 63]. The
summarized consensus confirms the need for reliable assays and in a sense, recapitulates some of
the principles we have expressed [64].

Radioimmunotherapy

One area of research and clinical investigation that shows promise for the future is radioimmu-
notherapy, particularly for nonsolid neoplasms. Antibody targeting of cell membrane-associated
epitopes, e.g. CD20 B-lymphocyte cell surface antigen, shows some promise in B cell non-
Hodgkin’s lymphomas, [65] and remissions have been observed 16 to 31 months following
treatment. Cell surface membrane antigens are expressed in these malignancies, and there appears
to be less genetic instability and antigenic diversity. Based on the effectiveness of anti-T cell anti-
sera for transplant immunosuppression, one can anticipate that this therapy might be at least
partially effective. The promise of the treatment of solid tumors, such as of the breast has been a
focus of research for many years, and currently there is little progress in this area [66]. Attempts
to improve treatment efficacy involve the incorporation of new immunoconjugates, but they may
be more immunogenic [67]. Complete remission responses as high as 30% to 50% have been
reported. Wilder recently reviewed this topic and summarized the problems associated with
radioimmunotherapy [68]. In this review, he suggested solutions for of many of the problems and
remains optimistic, but no solution was offered for antigenic tumor heterogeneity, antigenic
modulation, or the lack of antigenic expression high enough to elicit an immune response. A
similar multiplicity of problems also relate to oncologic antibody imaging. The use of human
antibody fragments isolated from bacteriophage filaments have improved penetration and are not
trapped in the liver, should enhance the resolution of imaging and radionucleotide therapy [69—
71]. Overall, the power of radioimmunotherapy probably resides in combination with more
conventional chemotherapeutic approaches [72].

General concepts about biomarkers and tumor variability

From the work of several special study groups, a paradigm for understanding biomarkers in
relation to the pathogenesis of disease and chemoprevention has evolved [73, 74] (Fig. 1). A brief
synopsis of the various classes of biomarkers is reviewed in the context of genetic instability.
Biomarkers of susceptibility are genotypic, i.e. DNA, and contain the genetic code of life and,
ultimately, the code of death [75, 76]. Alterations in the genotype are genetically determined
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Figure 1. Flow chart depicting the classes of biological marker (indicated by boxes). Solid lines reflect the
progression, if it occurs, to the next class of marker. Dashed lines represent the potential susceptibility and chemo-
preventive influences on the rates of progression. Biological markers reflect a continuum of change. Adapted from
the Committee on Biological Markers of the National Research Council, 1986, and the Committee on Biological
Markers in Urinary Toxicology, 1993.

(biomarkers of susceptibility) or may be altered by endogenous or exogenous exposures by
either genetic (mutational) or epigenetic mechanisms which promote or retard genetic instability
and carcinogenesis. Mutated genes are biomarkers of effect. Mutations or deregulations of bio-
markers of susceptibility which modulate metabolic variants that impair an organism’s ability to
regulate cell cycle arrest, proliferation, apoptosis, the metastatic phenotype or repair DNA damage,
may contribute to individual risk assessment. Other genes classified as biomarkers of suscepti-
bility include the p53 gene associated with Li-Fraumeni syndrome, Rb associated with retino-
blastoma, and the BRCI gene associated with breast cancer in 10% to 13% of women with no
family history [77, 78]. Many genetic mutations reported in cancers are not inherited, but are a
result of genetic instability or mutations. These are then classified as biomarkers of effect, and
should be distinguished from genetically inherited markers.

Epigenetic events are inferred from biological observations, such as those of Pilot, Rubin, and
others [79-84]. Table 1 summarizes important biological observations which support the im-
portance of epigenetic mechanisms in carcinogenesis. In contrast to mutagenic biomarkers or
chromosomal aberrations, documentation of phenotypic biomarkers requires precise quantitative
changes in normally expressed phenotypic biomarkers that may exist in the absence of genetic
alterations. Only recently have techniques been developed which can accurately determine quanti-
tative differences at the single cell level [76, 85-88].

Innumerable cellular biomarkers have been identified, but few have been integrated into longi-
tudinal controlled trials or have met the standards of quality control necessary for clinical imple-
mentation. Currently, our knowledge of markers and their potential utility needs to be expanded,
and there is a paucity of support for well-constructed clinical trials to evaluate biomarkers to
define the precancerous condition. Given the changes in health care delivery and the demands on
clinicians, it is highly unlikely these issues will be solved shortly. Aggressive approaches are
needed to resolve this problem. Clinicians without a strong basic scientific knowledge are not
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Table 1. Epigenetic mechanisms of carcinogenesis

Mechanism Reference
Morphological transformation of cultured cells. 80
Microfilament network is one of the earliest targets of oxidative stress. 247
Oxidant injury products dramatic changes in cytoskeleton organization and cell shape. 251-253
Inhibiting the assembly of actin monomers. 334

Tonizing radiation induces several ongoing processes that involve altered gene function without 344, 345
known changes in DNA base sequences and which are widespread among exposed cell
populations.

Increased transcription of a variety of genes. 346
Altered DNA methylation patterns. 347
Increased somatic recombination. 348

NIH3T3 line- neoplastically transformed foci when they are maintained at high density for 349
more than one week.

Hepatocellular carcinomas result from the overproduction of hepatitis B virus large envelope 350
polypeptide in transgenic mice. Non-genetic mechanism for carcinogenesis that could involve
the production of oxygen-free radicals.

Changes in cell shape or architecture can regulate gene expression. 351

Alteration of cytoskeletal and nuclear matrix proteins is related to the process of 244
transformation.

Self-perpetuating changes in patterns of gene expression are a plausible mechanism for an 336
epigenetic component of carcinogenesis.

Non-mutational nature of cancer initiation: of 262 compounds listed by the U.S. National = 94
Toxicological Program, 162 were rodent carcinogens of which only 90 (56 %) were mutagens.

Of the 100 non-carcinogens, 25 (25 %) were mutagens. Mutagenicity is neither necessary nor
sufficient for carcinogenicity.

equipped to address such problems, particularly if one is interested in determining when genetic
instability develops in the cascade of tumorigenesis. Biomarkers of instability may be defined by
the gene, message or protein product. Which of these is the most clinically useful depends on a
variety of complex factors, including sample type, cost, instrumentation, specificity, sensitivity,
and many other parameters [89].

Endogenous or exogenous exposures may either promote or prevent genetic instability.
Nutritional and environmental exogenous exposures have, historically, been difficult to quantify,
and their biological effects are often variable and indefinite. Epidemiological reconstruction of
exposure history is at best an approximation, and is particularly complex as it relates to disease
outcome because many more individuals are exposed than actually progress to pathological
disease. Consequently, statistical correlations are frequently weak when analyzed in epidemiolo-
gical studies. As a result, when one attempts to relate weak exposure factors, i.e. nutritional, en-
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vironmental or occupational exposures, large expensive studies are required and usually exclude
interesting, unknown, confounding variables.

To correlate and determine the relevance of exogenous exposures more accurately, such as
nutritional factors or xenobiotics, analysis in relation to early biomarkers of effect may be signi-
ficantly more informative and require smaller sample sizes. The relevance of exogenous and
endogenous exposures to cancer development is clearly illustrated by the increased incidence of
prostate cancer in second generation Chinese-Americans compared to Asian Chinese [90]. The
importance of nutritional factors and primary cancer prevention has recently been reviewed [91].
Analysis of nutritional factors in relation to early biomarkers of effect rather than disease and
susceptibility factors may show a better correlation because not all initial events progress to
disease. Defining exposures, linking them to susceptibility, and analyzing them in terms of early
biomarkers of effect should markedly enhance the statistical power of analyses. Biomarkers of
effect, when analyzed and linked to susceptibility, enhance our ability to analyze the importance of
biomarkers of toxic exposure. This defines a significant opportunity for basic science and mole-
cular epidemiological research. However, other factors including complex interactions such as
environment, nutrition or confounding genetic polymorphisms and equilibrium of reactions, fur-
ther confound interpretation.

Jones and others have hypothesized that mutational patterns found in specific genes can serve
to predict the effects of occupational exposures [92]. For those with a focus on the precision of
base pair analysis and the powerful computer microchip’s array analysis, the results may well
contribute to individual risk assessment [93]. These techniques are conceptually attractive but fail
to consider the complex networks of signaling pathways and post-translational events and
regulatory signals associated with epigenetic mechanisms that are not an integral part of the
model. Support for the importance of epigenetic mechanisms is given by the fact that only two-
thirds of carcinogens are mutagenic. The general applicability of this approach is, thus, under-
standably limited [94]. A recent chapter review by Feinberg on Genomic Imprinting and Cancer
provides an elegant up-to-date review [94b]. He states loss of imprinting (L.OI) is “one of the
most common alterations in human cancer”.

Biomarkers of effect, by definition, may be phenotypic or genotypic; an issue which is fre-
quently confused. Inherited DNA base pairs are genotypic markers of susceptibility, in contrast
to mutational alterations, chromosomal deletions, translocations, or amplifications detected by
fluorescence in situ hybridization (FISH) or by comparative genomic hybridization. All of the
latter are genetic biomarkers of effect. Quantitation of these rather complex genetic alterations
gives clues to the mechanisms of carcinogenesis and may, in many instances, reflect genetic
instability. How biomarkers function and when they are expressed or altered in the cascade of
tumorigenesis are two important considerations [64, 89]. Perhaps more importantly, epigenetic
mechanisms and the genetic mutations and chromosomal aberrations affect the messages and
protein products, all biomarkers of effect. Our research has primarily focused on biomarkers of
effect related directly to phenotypic pathways of disease. One important observation is that
cancers, with their tumor heterogeneity, do not develop in isolation. Instead, tumors develop
within an epithelial field of cells which are phenotypically altered by the presence of the tumor
cells and by epigenetic events which act as promoters [15].



188 G.P. Hemstreet, IIT

This view resulted from the rather remarkable research of Dr. Seymour West, who proved that
with appropriate instrumentation, biophysical cytochemical measurements could be made at the
single cell level using fluorescence microscope-based systems [86]. His concepts built on the
fundamental theories of T. Casperson, the father of quantitative microscope-based data acquisi-
tion [95]. His work served to emphasize that all disease starts in the cell, as proclaimed by
Virchow. Our research group has built on these concepts and developed quality control methods
for automated instrumentation [96]. What I have come to appreciate is that most diseases are
subtle, quantitative perturbations of normal cellular functions [97]. West suggested that a cell can
function as a microcuvette (S. West, personal communication) and with appropriate controls,
quantitative analysis may be performed on single cells. Their communication is a very powerful
tool for understanding the chemistry of single cells and one to another, i.e. “cell talk”, in relation
to disease. Precise quantification of biomarkers in individual cells establishes a unique means to
understand tumor heterogeneity. Traditional techniques for biomarker analysis relied on
conventional biochemical methods using extraction techniques for protein, DNA and RNA
analysis with the hope that the biomarker changes of interest occurring in a minority of cells
would be sufficiently strong to detect them. Microdissection techniques have facilitated the study
of DNA and RNA at the cellular level by applying the polymerase chain reaction and RT-PCR.
Flow cytometry with fluorescence can be achieved, but correlation with cellular morphology, e.g.
nuclear vs. cytoplasm, is more difficult [76]. Moreover, the precise detection of the gene or
message does not necessarily correlate with the protein product [98, 99]. Current conventional
immunohistochemical techniques quantify measurements as dichotomous variables based on the
number of positive cells. Increased sensitivity is obtained by quantifying data as threshold count
markers or by quantifying precise average values for a population of cells [64]. Critical to the
success of defining when tumor heterogeneity occurs is defining of normal biomarker values at
the cellular level considering normal cellular senescence, independent of or associated with the
aging process and cell cycle expression.

The complexities of the clinical implementation of related biomarkers is illustrated by the bio-
marker prostate specific antigen (PSA). Even the lay community has some idea of the complexity
of interpreting this simple test. It is not uncommon for a physician (urologist) to be confronted
with a 20 page print-out from the Internet, provided by the patient, to assure the physician’s
knowledge base. The print-out may contain the details of the test, the pros and cons of cancer
screening, and a discussion related to the complex issue of the desirability of radical prostatec-
tomy. To improve the test, age-adjusted values have been defined because of the high false-posi-
tive rate in older men and missed tumors in younger men [100]. New baseline PSA values for
African-American men may be another refinement [101, 102]. Other attempts to improve the
sensitivity have included PSA density and velocity [103]. This is a subject I have reviewed earlier,
and perhaps the free versus total PSA will contribute to enhanced specificity and sensitivity of the
PSA test [73, 104].

Since patients with an elevated PSA frequently undergo biopsy, an alternative approach is to
incorporate cellular biomarkers expressed in the normal appearing cells in the cancer field to
define the probability that an elevated PSA is cancer associated. Several markers which might be
evaluated include G-actin and transglutaminase or DNA 5-CER [27, 105]. Others not quantita-
tively evaluated at the single cell level, could include telomerase or glutathione transferase II. Both
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show a high correlation with the malignant phenotype. The frequency of patients with
biochemical failures, e.g. increased PSA, following radical prostatectomy supports the notion that
PSA is a late biomarker of effect. Furthermore, it is frightening that only 30% of the positive
PSAs (4-10 ng/ml) have prostate cancer, requiring a large number of unnecessary biopsies.
Inaccuracy of biopsy, and other confounding variables such as benign growth of the prostate and
prostatitis contribute to the dilemma. Thus, cellular biomarkers might be used, for example, to
determine the necessity for a repeat biopsy. A major factor in assessing biological potential is the
degree of tumor heterogeneity and whether specific metastatic phenotypes are expressed. Other
biomarkers are needed for preventing, detecting, and predicting the biological potential of this
neoplasm. The historical problems associated with a simple marker such as PSA clearly illustrate
the complexity of integrating a biomarker into clinical practice and the enormous effort required
to optimize its utility. This same rigor would be required for bringing biomarkers of genetic
instability to the clinical arena.

Previously, I was asked to present approaches for the selection of biomarkers. This was re-
cently summarized in a review and there is no need to pollute the literature with duplication [64,
106]. Several points related to this discussion deserve emphasis. (1) Biomarkers of genetic insta-
bility may be most useful for knowing that the initiation of therapy is too late, or that very
aggressive therapy is indicated. (2) Functional biomarkers of effect may be the most informative
if they herald risk of developing the metastatic phenotype. (3) The use of surrogate intermediate
endpoint markers of effect and the point at which they are expressed in the cascade of tumori-
genesis may be the most informative for directing therapy. (4) Identification of early markers
prior to the onset of genetic instability may be the most informative for cancer prevention. Table 2
summarizes an approach for identifying biomarkers and testing them in a variety of clinical asses-
sment schemes [64]. A rational approach to eliminating the problem of genetic instability is to
treat clinical cancer prior to its onset.

Targeting normal cell receptors that are upregulated during carcinogenesis but are not affected
by tumor heterogeneity provides an alternative approach. J. Folkman has devoted his research
career to defining and identifying angiogenic factors and crucial signaling pathways demonstrat-
ing that tumor proliferation requires angiogenesis [107—-110]. Several molecules including VEGF
and basic FGF are active in the network of signaling pathways that control endothelial cell
proliferation associated with neovascularity. Attempts to neutralize the signals mediating neovas-
cularity to date have not been totally effective, probably due to the redundancy of signals. An

Table 2. Summary of the various types of studies that can be used to evaluate a biomarker to determine its clinical
utility alone or in combination with other biomarkers. Adapted from Hemstreet [2].

Paradigm for clinical evaluation of biomarkers

Pilot study

Stratified risk study

The “simple” trial

The field disease model

Evaluate biomarkers in patients undergoing tumor progression or regression
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alternative approach is to attack a normal upregulated cellular component relevant to neovasculari-
ty such as the 0i5f3; integrin glycoprotein associated with normal endothelial proliferation [111].
Interestingly, a specific cyclic peptide containing arginine, glycine, and aspartate (RGP) binds
with high affinity to the proliferating endothelial cell receptors [111]. Attacking the more stable
upregulated receptors on a normal cell not plagued by genetic instability makes sense, providing
the reagent can be delivered and antigenic modulation is not a concurrent problem. Thus, using
biomarkers of effect to define premalignant changes prior to the onset of genetic instability or to
target cancer prevention or therapeutic treatments to target genetically stable cells participating in
the carcinogenesis process are two viable options.

Biomarkers for monitoring genetic instability

A discussion of biomarkers of genetic instability is complicated because the multiple mechanisms
and the complexity of the signaling pathways leading to this undesirable state have not been fully
elucidated. A summary of candidate biomarkers which may reflect tumor heterogeneity is
provided. For those actively involved in this area of research, I trust that they will not be offended
if their area of expertise is not represented, but given the complexity of the network of signaling
pathways I am %ure that this will occur. A summary of this topic is relevant because our hypo-
thesis is that once genetic instability has occurred, clinical treatment of the malignant neoplasm is
profoundly complicated. Therefore, it is logical to use biomarkers of instability to define when
this salient event occurs. Although this is intuitively obvious, the concept did not become an inte-
gral part of my thinking until I met Karl Bergey, an aerospace engineer, trained at the Massa-
chusetts Institute of Technology. Bergey designed the Cherokee Piper aircraft, and now builds
wind machines. His wind machines are in demand worldwide because they seldom fail, and
because of their durability. A joint venture has just been initiated with the People’s Republic of
China. While working together on a biopsy gun to obtain FNA single cells for biomarker
analysis automatically, Bergey kept stressing the concept of reducing the design to its least degree
of complexity to minimize instrument failure and costs. Cancer should also be defined and
prevented during its least complex state for the very same reasons.

Biomarkers of genetic instability may be attributed to genetically inherited susceptibility fac-
tors. Genes involved in DNA repair may contribute directly because of inherited defects or be se-
condary to genetic or epigenetic exogenous or endogenous risk factors. Other proto-oncogenes
or suppressor genes, such as p53, which regulate cell cycle arrest, facilitate DNA repair, or regu-
late apoptosis or cellular proliferation, participate more indirectly in the genetically unstable state.

Establishing thresholds for biomarkers of genetic instability is not a simple issue and by
definition must include quantitation of apoptosis and proliferation. For example, it is recognized
that a small number of cells with greater than 5C DNA (aneuploid cell) may be present in the
urine of smokers, presumably reflecting a clastogenic effect. Clastogenic cells are incapable of
clonal expansion because of decreased proliferation or increased apoptosis. Thus the genetically
unstable cell expressing a defined biomarker must be capable of clonal growth for some
prescribed interval or until a new clone develops. A number of theoretical models have been
proposed, all of which lead directly or indirectly to the metastatic phenotype [112—114]. My per-
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sonal bias is that the process is not necessarily linear, but may have an unstructured order because
of the pre-existing gene expression in a given organ or cell, undefined and defined exogenous
factors, and genetic instability.

Faulty DNA repair

Genetic instability may be caused by faulty DNA repair. Faulty DNA repair results from a
number of potential causes, including inherited and mutational genetic and epigenetic factors.
Although the primary cause may be attributed to inherited DNA repair genes such as those asso-
ciated with right-sided hereditary non-polyposis colorectal carcinoma (HNPCC), other mecha-
nisms such as cell cycle arrest, quantity of telomerase, degree of DNA methylation, alteration in
the cytoskeleton, or oxidative stress, may lead to faulty DNA repair. Bohr concisely summarized
the various DNA repair mechanisms that maintain the normal integrity of the genome as illustrat-
ed in Figure 2 [115]. Most faulty DNA repair is probably not due to mutated DNA repair genes,
but is the result of multiple genetic polymorphism with DNA repair resulting from exogenous
and endogenous factors. The organism is uniquely set to correct most of these genetic defects.
Current research is directed at identifying functional biomarkers regulating cell cycle arrest or
DNA repair genes which are the functional cause in a specific neoplasm(s). Depending on the
method, i.e., single cell vs. homogenate or mixed sample, the results may only reflect the average
change in a population and not the relevant clone, i.e. functional metastatic phenotype.
Microsatellite DNA is a phenotypic marker for genetic instability resulting from replication
errors attributed to mismatched repair genes. Four human genotypic mismatched repair genes

DNA Repair

l

Direct Recombmahonal Nucleotlde
Reversal Repair Excision Repair
Bulk Genome Gene Specific
Repair Repair
Preferential Strand
Repair

Specific
Figure 2. Different mechanistic pathways for mammalian DNA of repair. Adapted from [1].
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have been designated as AMSH2, hMLSHI, hPMS1, and hPMS2 [116—-124]. As the sensitivity
for detecting microsatellites increases with additional probes, what functionally defines a genetic-
ally unstable ecosystem with immortality will require scientific validation. Cells with microsatel-
lites could also reflect a clastogenic event, analogous to that observed with SC DNA ER. Perhaps
cells with microsatellites and increased telomerase or with hypomethylation will be highly
indicative of genetic instability. The accurate identification of faulty DNA repair at the phenotypic
level may require developing a biomarker profile at the cellular level to exclude rare event clasto-
genic changes.

Cervical cancer serves as a useful model for documenting and observing the molecular
biomarker changes, i.e. microsatellite formation and loss of heterozygosity (LOH) associated,
with malignant transformation because of the defined orderly histopathological dedifferentiation.
There is a need for defining individuals at risk for cervical cancer, because a large number of
women with cervical dysplasia unnecessarily undergo surgical or laser intervention who would
not necessarily progress to the malignant phenotype. The incurred cost approaches $6 billion
annually. Biomarkers which more precisely define individuals at risk for dysplasia progress
would be a significant improvement over the weak association with papilloma virus now thought
to perturb cell cycle G arrest via E 6 and E7 proteins [125, 126]. Based on our studies with
bladder cancer, we suggest G or F actin or 5C DNA ER could potentially be useful, but other
markers remain to be investigated [105, 127]. An interesting technique using a modification of
DNA sequence analysis is to increase the specificity of the PCR-based assay, eliminating the
number of stutter repeats. This study served to show that in 89 cervical cancers, the mismatch
repair and the microsatellite formation with RER was relatively infrequent {128]. The authors
conclude that the function was primarily due to tumor suppressor genes, and not to genetically
acquired defects in mismatched repair genes, confirming that microsatellite function is not
primary in cervical cancer. They suggest that lack of cell cycle arrest may be attributed to p53 or
aberration of some other genes in the cell cycle arrest pathway [128]. What is currently unknown
is what is the threshold or the cut-off points, or the combination of biomarkers which constitute
genetic instability in cervical cancer and other diseases.

Telomerase

Telomerase is a nuclear protein complex, functioning as an internal guide to the maintenance of
chromosomal telomeres [129]. Telomeres are the truncated end of the chromosomes with repeat
S'TTAGGG3' arrays. In humans, they are 15 kb in length and protect the chromosome from
exonuclease and ligases, and prevent the activation of DNA damage check points. With cellular
senescence, there is a shortening of the telomeres with resultant chromosomal deletions and
eventual cell death [130]. Immortalized cells are programmed to produce increased amounts of
telomerase and, consequently, the cell achieves a state of immortality; although not without genetic
and epigenetic drift in its unstable state [131]. Somewhat paradoxically, an enzyme expressed at
low levels in untransformed eukaryotic cells becomes a marker of genetic instability at increased
levels. A number of methods are available for measuring telomerase and telomeres. Many of
these involve functional assays or RT-PCR techniques to assay the message [132]. Deter-
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Figure 3. (a) Correlation of transglutaminase of human prostate cell lines by three methods. Cells were harvested
and assayed for transglutaminase activity, amount of transglutaminase by ELISA or amount of transglutaminase by
quantitative fluorescence image analysis. X-axis, transglutaminase activity; Y 1-axis, quantitative fluorescence
image analysis (#—#); Y2-axis, ELISA (M-—H). Based on the QFIA and ELISA data for these cells, the lower
limit of QFIA detection is approximately 107!° moles of 10° molecules of transglutaminase per cell. (Provided by
Paul Birckbichler). (b) Immunofluorescent staining of human prostate PC-3 cell line for transglutaminase. Cells
were harvested, fixed, and assayed for transglutaminase by quantitative fluorescence image analysis, using a

monoclonal antibody to tissue transglutaminase and a biotin-Texas Red detection system. Magnification 32X.
(Provided by Paul Birckbichler)
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mination of the protein sequence will facilitate production of antibodies to the telomerase which
can then be assayed at the single cell level as demonstrated for transglutaminase (Fig. 3a). The
heterogeneous expression of the enzyme is clearly documented in the photograph (Fig. 3b).

However, quantification of the protein does not necessarily translate to functionality because of
other components contributing to the reaction such as binding proteins. Quantitative antibody
assays at the single cell level may result in methods with clinical utility. Thus, with this biomarker,
as with other biomarkers, a number of parameters contribute to genetic instability and the utility
of a biomarker. How early the biomarker is perturbated in carcinogenesis may be reflected by
slightly increased levels in the cancer field [15]. Coffey reported on increased telomerase in 12 %
of normal appearing cells in the adjacent field in three of 25 prostate cancer cases [133]. These
observations should stimulate more precise studies in the future. The potential exists to use this
marker in combination with other markers to predict which patients will develop biologically ac-
tive disease and genetic instability. Initial studies indicated telomerase was expressed only in trans-
formed cells, but more recent studies confirm it is expressed at low levels in peripheral (normal
samples) blood lymphocytes and stem cells. Thus, it may be quantitatively up regulated during
the cell cycle. There is a debate related to its quantitative expression during the cell cycle [134].

Since telomerase appears to be a late marker associated with transformation, some have
suggested it as a target for cancer therapy. Quite frankly, Sharma’s review of the subject was one
of the most objective reviews of potential new cancer therapy I have read [135]. Sharma empha-
sized that telomerase is not expressed in all cancer cases and, therefore, alternate pathways must
exist. (Genetically unstable cells are likely to find these pathways.) Secondly, he predictably
raises the question that anti-telomerase agents might be toxic to stem cells and germ cells and
other viable cells expressing telomerase at low levels. Additional studies quantifying this bio-
marker at the single cell level should provide further insight into its mechanisms of action, its
influence on the microecosystem, and its relationship to genetic instability.

DNA methylation

DNA methylation represents a common functional mechanism for controlling gene expression
and is important in invertebrates. Methylation of cytosine within CpG dinucleotides by the
enzyme methyltransferase serves to control gene transcription. The mechanisms whereby this
occurs are only now being elucidated. DNA methylation may be quantified by specific and
nonspecific assay techniques [136].

Studies of methylation patterns indicate that punative suppressor genes, such as Rb and p53,
and oncogenes may initially be involved in a variety of tumors, and the degree of methylation is
variable [137]. Somatic hybridization experiments and cell culture experiments clearly reveal in-
creased DNA methylation with aging, and in association with carcinogenesis [138]. DNA meth-
ylation is clearly an epigenetic mechanism for controlling suppressor gene function during car-
cinogenesis and embryogenesis [139]. The field of methylation research was advanced with an
improvement in chromatographic techniques and with ligation-mediated PCR techniques deve-
loped by Miiller in 1989 [136]. Conversion of the unmethylated cytosine to uracil facilitates the
amplification of uracil and 5-methylcytosines with strand-specific primers using a PCR reaction.
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With this technique, the amount of DNA required for methylation studies has been substantially
reduced [136]. The specificity whereby one gene is hypermethylated by methyltransferase and
the other is not involved in the regulatory events, requires further elucidation.

Methylation of DNA promoter regions presumably makes them inaccessible to the transcrip-
tional apparatus [140]. Other studies indicate that feedback autoregulation pathways are related to
the density of methylation of the promoter region [141]. The regulation of transcription by DNA
methylation in some systems may depend on the phosphorylation on the interacting histones
[142]. There is also evidence to suggest that the trace metal arsenic may affect the methylation of
the promoter controlling suppressor genes such as p53 [143]. This is potentially important
because low levels of arsenic are ubiquitous in our environment.

DNA methylation is not only a mechanism for controlling gene expression, but has diagnostic
and therapeutic implications as well. These include the detection of residual leukemic cells and by
the inhibition of DNA methyltransferase in patients with acute leukemias. Particularly germane to
this discussion is the observation that hyper-methylation precedes LOH or mutations on the p53
gene in renal cell carcinomas. These results strongly suggest that DNA methylation is an
epigenetic mechanism which may contribute to genetic instability [144].

DNA aneuploidy

Although aberrant ploidy has long been used as a marker for bladder cancer, the presence of cells
with >5C DNA is not synonymous with aberrant ploidy [76], and is a useful marker of genetic
instability. One immediate difference is that in measuring ploidy, one is attempting to extract a
signal in the form of an aberrant cell population from the region where the DNA content of
normal cells, which are usually in a large majority, is expressed [76]. In contrast, normal cells do
not contain more than 5C DNA. The signal from abnormal cells, then, is separated from the
normal signal, thereby greatly improving the signal to noise ratio. Cells with >5C DNA are
generated by the genetic instability of transformed or transforming cells, exposure to clastogenic
substances (e.g. smoking), or the presence of dividing aneuploid cell populations {64, 87, 105,
145]. Several studies have documented the clinical utility of DNA ploidy to improve the
sensitivity of exfoliated urinary cytology [86—88, 96, 146, 147]. New techniques such as
fluorescence in situ hybridization (FISH) are redefining ploidy to include gain or loss of one or
more chromosomes, or even segments of a single chromosome or virus DNA [148—151]. This is
possible because of the increased optical resolution of fluorescence and the implementation of
new fluorescence probes, and combinations of probe assayed on multiple chromosomes simul-
taneously [152]. One can anticipate there will be an operational threshold wherein a correlation
exists with genetic instability. It seems a threshold of aberrations occur prior to the onset of a
transformed phenotype. This is clearly indicated in FISH studies in individuals who have pre-
viously had bladder cancer and who are at risk for recurrence [148, 149]. Perhaps the biomarker
combination of upregulated telomerase and LOH defined by FISH will provide insight into the
relationship between chromosomal aberrations and the nuclear matrix. Assaying these alterations
at the single cell level may be most instructive.
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Other potential phenotypic markers of genetic instability

Microsatellites, LOH, and gross chromosomal aberrations detected by comparative genomic
hybridization are phenotypic biomarkers of effect, while DNA repair genes and their associated
mutations are genotypic markers of genetic instability. The current dilemma is which biomarkers,
or combination of biomarkers, reflect functional genetic instability. Genetic instability occurs
when a cell is at least transiently immortalized, with uncontrolled growth associated with contin-
ued perturbation of the genetic machinery. It eventually forms a neoplasm that acquires the meta-
static phenotype and circumvents therapeutic intervention. If the scientific community is to
address genetic instability then a precise definition seems appropriate. From a clinical perspective,
patients’ tumors that express early biomarkers of effect should receive chemopreventive agents
prior to the development of genetic instability. Monitoring biomarkers expressed at different
intervals in the carcinogenic process during chemoprevention may be extremely useful for
validating more precisely when genetic instability develops and what the thresholds of biomarkers
are that determine genetic instability.

LOH has been observed in a number of neoplasms as specific chromosomes and are preferen-
tially affected in a given neoplasm. For specific cancer types, LOH appears to occur preferentially
in a number of chromosomes. In bladder cancer, LOH has been observed in chromosomes 9 and
17 {153, 154]. LOH has been summarized for a number of tumors [155—-158]. An important
concept emphasized by Field is that “LOH may not necessarily be indicative of a tumor sup-
pressor gene,” because the presence or absence is defined by the relative imbalance in the stain-
ing of two bands and thus, may reflect an amplification or a deletion on the contralateral chromo-
some [159]. Thus, the methods themselves are limited in their accuracy. Fractional allelic loss
(FAL) is another approach which has been used as a marker for genetic instability. FAL has been
correlated with genetic instability by correlating FAL with the grade and stage of disease in a
variety of tumors [159]. In general, more severe perturbations are observed with increasing FAL.

Mechanisms of genetic instability

Somatic hybridization changes in biomarker profiles provide clues to their relative importance and
highlight the relevance of the previous discussion on biomarkers. Their relative contributions of
genetic and epigenetic mechanisms to carcinogenesis remain to be defined and may be different
for each individual tumor. Defining or determining epigenetic factors must be integrated with an
understanding of genetically regulated signaling pathways. The ultimate functionality must also
occur at the protein level and the mechanisms are likely to be highly variable.

Establishing contributing factors requires the ability to quantify the effects of mutational and
nonmutational events in cells, and this includes alterations in epigenetic signaling pathways and
specific gene products which herald the metastatic phenotype. Molecular biology techniques
including DNA sequencing have contributed to precise base-pair analysis and as mentioned pre-
viously, microchip array technology provides a means to screen for DNA sequence changes, but
these do not facilitate measurements at the single cell level. Negatively regulated changes may be
missed. Proto-oncogenes, tumor suppressor genes and, more recently, DNA repair genes con-
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tribute to the process. What is less clear are the mechanisms contributing to the more gross
chromosomal aberrations such as DNA translocations, deletions, amplifications, and factors
contributing to DNA repair or strand scissors such as the nuclear matrix and other factors that
effect the mitotic spindle. Many of the known carcinogens such as oxidative stress affect both the
cytoskeleton and the DNA. Improved methods are needed for quantifying nonmutational effects.

When I began to review the subject of biomarkers of the genitourinary tract in relation to our
own research on the cytoskeleton, I questioned the relative contributions of genetic and epigenetic
mechanisms for the first time [15]. Previously, I had fully accepted Knudson’s hypothesis of
suppressor and proto-oncogenes in carcinogenesis as the driving primary force in cancer deve-
lopment [160-162]. The foundation for the mutational events was seemingly supported by
inherited disorders such as those attributed to the Li Fraumeni syndrome [163—166] and retino-
blastoma [167], or genetically acquired thyroid cancer. However, this obviously was not the total
story, because of the occurrence of gross chromosomal translocations [168] and deletions [155,
169, 170], and the marked genetic polymorphism, which contribute to the cancer process.

Even in the case of breast cancer, one gene (BRCAI) predicts breast cancer development only
in 50% to 90% of those with the abnormal gene and a family history [171, 172]. Although
certainly a major advance, the single gene is important in only 10% to 13 % of total patients with
breast cancer [173]. One cannot question that there are specific genes which control the balance
of proliferation, apoptosis, gene repair, and growth control, all of which contribute to the evolution
of the carcinogenic process. Richmond, Prehns’ article, “Do mutations beget cancer or does
cancer beget mutations?” emphasizes a number of salient points which others have failed to ad-
dress, and now must be countered by evolving new concepts in models for carcinogenesis [174].

Addressing the mechanism of carcinogenesis in humans is a highly complex issue. Most in
vitro models of carcinogenesis have utilized cell culture systems which severely limit the facets of
stromal and epithelial paracrine interactions, not to mention endocrine influences on the integrated
system [83, 175]. The use of animal models to study carcinogenesis, although informative, is
artificial in the dose, and lacks the subtle background of human genetic susceptibility and
associated polymorphisms. Patients with clinical disease, cancer families and alternatively occupa-
tionally-exposed cohorts who are at increased cancer risks provide a unique opportunity to detect
the molecular mechanisms of carcinogenesis in longitudinal follow-up studies. However, the
mechanisms may not be the same in nonoccupational cancers, and occupational cancers are
estimated to cause 10%—20% of all malignancies [176, 177].

Several observations drive me to consider that epigenetic factors are more important in the per-
turbation of the functioning signaling network of normal growth control. The first is the fact that
all spontaneous morphological models have not fit the conventional theories of carcinogenesis.
Secondly, gross chromosomal karyotypic analysis reveals that there are gross chromosomal
alterations in the peripheral blood lymphocytes in patients with bladder cancer and carcinogen-
exposed individuals which are different from controls [178]. One might hypothesize that patients
who develop occupational bladder cancer develop the disease because the carcinogen is present in
higher quantities in the bladder than the blood. However, an alternative explanation is there is a
balanced network of signaling pathways which makes the bladder more perturbated by the speci-
fic gross chromosomal aberration, or a generalized defect may exist in DNA repair [179, 180].
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This, in many respects, parallels the concept that very diverse creatures in the hierarchy of
evolutionary development have common genes. This is not surprising, given that organs with the
same genes are profoundly different. There are quantitative differences in the phenotypic expres-
sion of functional molecules that contribute to the differential development of an individual or an
organ. Arguments concerning the epigenetic mechanisms of carcinogenesis are quite convincing
and parallel the thinking we favored several years earlier and those of others before that. To
obtain convincing evidence of epigenetic mechanisms will require the careful documentation of
the genetic and epigenetic forces during the precancerous process prior to the onset of genetic
instability [181]. Finally, it should be remembered that at any particular point along an evolution-
ary process, looking backward the process appears to be linear and direct. In our own family
trees, a straight line can be drawn to any particular ancestor, but this ignores the contributions of
all the other forbears. The same is true with a tumor cell and its potentially numerous progeny. It
is possible that tumors appear to be clonal only because genetic instability and selection lead to
the extinction of all but a single tumor cell lineage.

P53 - the cancer gene: A model for mutagenic mechanisms

Elegant research has recently evolved regarding the postulated functional mechanisms of p53
activity, and there is a growing scientific support for the importance of this and other genes in the
carcinogenic process [182, 183]. Part of the reason for this enthusiasm are the advances in the
understanding of molecular biology and new techniques that facilitate defining specific mutations
in this gene, and correlating these mutations with phenotypic expression of the protein product in
relation to the gene’s function. An insightful appreciation has evolved regarding signaling
pathway expression [184—-186], and correlation with the risk for cancer and response to therapy.
The discussion which follows will relate to the functional role p53 signaling pathways, DNA
repair; genetic instability, proliferation and apoptosis. As an example the mutagenic alterations
which affect the signaling pathways in bladder and prostate cancer will be discussed, and the
differences between low and high-grade pathways will be considered. Throughout the course of
the discussion, an attempt will be made to relate general concepts pertinent to clinical problems of
individual risk assessment and strategic therapeutic options, and overall concepts pertinent to
mutational events in carcinogenesis leading to genetic instability.

The p53 gene is located on chromosome 17-p 13.1, and codes for a phosphoprotein consisting
of 393 amino acids, with a molecular weight of 53 kd [182]. Although the discussion will focus
on the mutational events in p53, it is important to recognize that the function of this gene may be
affected not only by mutations, but by LOH, translocations, deletions, and amplifications as
reflected by microsatellite formation [187—189]. Which of these is most relevant to a specific
tumor remains to be defined by a variety of molecular methods and is extremely complex because
of the genetic or epigenetic mechanisms and the complex network of signaling pathways.
Mutations in the p53 gene may affect any one of four functional domains which can be correlated
with protein functional phenotypes. Critical to cell-cycle regulation and DNA repair and apopto-
sis is the N-terminus domain consisting of 42 amino acids [190]. p53 protein targets
CDKN1/p21, inhibiting cyclin-dependent kinase Cdk {191, 192] and GADD45. During DNA
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repair, the p21 protein is upregulated and binds to cyclin-dependent kinases, which then inhibit
the phosphorylation of Rb, arresting the cell in G-1 [193, 194]. An integral part of the signaling
pathways are p21 and GADDA45 which bind to PCNA and block cellular proliferation [195, 196].
These interactions serve to illustrate a linkage between increased cellular proliferation, DNA
repair and apoptosis, all related to carcinogenesis. Other portions of the p53 molecule include the
specific DNA binding domain, associated with exons 5-8, a tetramerization domain, and a
C-terminus domain, which regulates pS3 binding to specific DNA sequences [182]. When DNA
damage occurs by any one of a variety of mechanisms, the normal functioning wild-type p53 will
induce programmed cell death by upregulating BAX while reciprocally downregulating bcl2 ex-
pression, thus linking p53 functional phenotype to apoptosis [197-199]. The point is that any
one of a number of mutations in any one of five or six proteins in the immediate network of sig-
naling pathways may result in the same fundamental functional phenotypic deficit. There are a
variety of pathways whereby the overall functional phenotype may be altered and the most im-
portant one will be related to its frequency of expression. The final common pathways of genetic
and epigenetic alterations result in a process of altered “functional genomics.” Functional geno-
mics may be the result of gain or loss of function. It is clear from this discussion that there are
multiple signaling pathways affecting multiple genes, and an array of relevant and irrelevant muta-
tions making a complex network of regulation analogous in many respects to a neural network.

Two pathways have been hypothesized for bladder cancer. One involves mutations in p53.
This pathway is generally related to high grade disease and carcinoma in situ. The high and low
grade pathways involve potential tumor suppressor genes in both the long and the short arm of
chromosome 9 [200—-204] and chromosome 17 [205, 206]. However the pathways may not be
nearly as clear-cut as hypothesized, since only 60% of the high grade tumors have mutational or
more gross genetic abnormalities identified on chromosome 17p.1 [205, 206]. Given the complex
set of genetic interactions discussed above with Cdk, GADD45 and Rb [207], one can imme-
diately hypothesize that a constellation of other mutagenic events could be affecting the network
of signaling pathways. The Hubert Humphrey case, demonstrating p53 genetic abnormalities
early in the history of his disease, suggests p53 may be an early cancer genetic alteration in high
grade disease [208]. The frequency with which this occurs is unknown, but if it correlated with
genetic instability associated with 5C DNA ER, then one would anticipate greater than 20 % of all
tumors to have genetic alterations in this gene or other associated genes.

Czernick mapped p53 alterations by microsatellite analyses in chromosome 17 in five bladder
cases [209]. Three-fifths of the bladders had abnormalities in p53 with focal or plaque-like areas
suggesting a clonal origin, while others were intermittently dispersed. The fundamental observa-
tion is that many of the abnormalities are clonal, while others are more sporadic. A gene vector of
chromosome 17 summarized a list of tested markers [210]. Allelic and mutational losses were
both observed early in carcinogenesis. These results support the hypothesis that both mutagenic
and epigenetic mechanisms occur and may be related or independent of one another. One might
speculate that low grade tumors may be more frequently associated with epigenetic alterations
than high grade tumors.

p53 mutations have also been studied in prostate cancer, and it is estimated that 35% of
localized prostate cancers have p53 mutations [211]. While p53 mutations are more common in
hormone-refractory prostate cancer [212], the question to be addressed is, “Are these mutations a
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result of genetic instability or do they contribute to it?”” Analysis of p53 mutations in PIN lesions
(prostatic intra-epithelial neoplasia) or in normal appearing epithelial cells in prostate glands with
PIN or with cancer, will assist in clarifying this issue. When multiple studies are combined, gene
vectors confirm that there are certain “hot spot” base-pair sequences at which specific repeated
base pair mutations occur [213]. It is not surprising that when the functionality of genetic mu-
tations is analyzed, there is gain or loss of functional genetic effects [190, 214-216]. Because of
the network of signaling pathways, and without knowing the constellation of network genetic and
epigenetic changes, both quantitative and qualitative, one cannot be sure a specific mutation is a
result of the mutational event, not to mention the possibility that an epigenetic factor mediated
through a new energy level could be contributing to the ultimate functional phenotype. Now p53
is not only a major contributing factor to the final stages of carcinogenesis because its inactivation
represents one means to escape apoptotic death [217, 218], it also allows genetic instability to
develop. Mutations are therefore not removed. With a loss of DNA repair, the stage is set for the
development of malignant instability [219, 220].

Given these complexities, some have suggested correcting the p53 defect. Once again, in my
opinion, we are naive because we have fallen into the trap of attempting to modulate a presumed
functional genetic defect which occurs against the background of a complex network of genetic
instability and tumor heterogeneity. This is the latest mousetrap which defies scientific logic.
Numerous start-up companies have been founded expending precious resources with limited
success, based on similar faulty logic. Nature has provided us with inherited mistakes in our
genetic machinery which provide clues to the eventual appreciation of a system’s complexity; p53
and its related signaling networks fall into this category. In many respects, the complexities which
have evolved in the study of this gene are similar to the complexities of T and B cell function that
evolved following the discovery of the bursa of Fabricius and thymus-derived T cell immunity.
These anatomical observations triggered our interest in T and B cell-deficiency states associated
with cellular and humoral immunity, not to mention the intricacies of the cytokine networks. Un-
derstanding the complexities of the immune system has been tedious and is still continuing twenty
years later. Any attempt to correct a system which is in a continuous state of networking plagued
by genetic instability is nor cost-effective. This is unlike the AIDS problem which, intuitively, I
have always felt we would eventually solve because it is perpetrated by an infectious process. But
like cancer, its escape of therapeutic measures resides in the mutational capacity of the AIDS
active and latent virus [152, 221-223]. Thus, it is logical to treat it in its early stages to avoid the
complexities of the mutating virus and in this respect it parallels the cancer problem. Genetic
engineering for AIDS and cancer are more likely to be successful prior to genetic instability.

The great genius of Watson and Crick led to the unraveling of the genetic code and the struc-
ture of the double helix, all of which resulted in the birth of molecular biology and an enhanced
understanding of genetic signaling. It is a double helix containing intons and exons with signal-
ing starts and stops. Although insightful, it opens up a Pandora’s box of the complex signals re-
quired to read the basic genetic code. It fails to emphasize post-transcriptional and post-trans-
lational alterations in the complex network of signaling pathways. It has “diverted” our attention
from proteins which are the actual functional molecules that respond to the network signaling
pathways and control DNA synthesis, both in homeostatic regulation and metastasis. However,
the potential exists that understanding these signaling pathways will lead us to a new level.
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Strohman has summarized the Kuhnian revolution as paradigm shifts concerned with the rise
and fall of major physical science modes guiding scientific thought [224]. In his article, Strohman
challenges Adam Wilkin’s conclusion that paradigm shifts may be over in biology, specifically as
they relate to the Watson-Crick era where the proper theory of the gene has evolved into a mole-
cular form of genetic determinism [224]. Many scientists have been enamoured with the concepts
and tools of modern molecular biology which have served us well in comprehending the func-
tional mechanisms of gene regulation and protein synthesis. The Watson-Crick model has pro-
vided us with a framework for interpreting and thinking conceptually about biomarkers, and
relates specifically to the inter-relationship between DNA and markers of susceptibility, but does
not encompass the exogenous and endogenous environment that subtly perturb the organism as a
whole. In order to develop a new model to explain the relationship between genetic determinism
and our environment, it is useful to reflect on the past. Then, and currently, much emphasis is
placed on the importance of the Human Genome Project, particularly as it relates to biomarkers of
susceptibility. A limitation of the Watson-Crick model with its emphasis on molecular biology, is
that it does not explain the network of protein interactions which may be altered by their environ-
ment. Even when considering genetic instability driven by alterations in DNA, there are inter-re-
lated proteins and enzymes so important to DNA repair processes that control functional
evolution. My personal view is that cancer, and other diseases as well, are related primarily to
quantitative alterations in normal proteins, driven by both genetic and epigenetic mechanisms that
perturb the complex network of signaling pathways.

Oxidative stress in carcinogenesis and genetic instability

The relevance of oxidative stress to carcinogenesis is not fully understood and the importance of
oxidative stress to tumor cytoxicity and carcinogeneses requires clarification. Both genetic and
epigenetic mechanisms of carcinogenesis may be affected by oxidative stress. The purpose of this
section is to present the fundamental mechanisms of oxygen free radical generation and describe
the actions of oxygen free radicals in biologic systems. Literature is cited to relate key points but
is not all inclusive. In aerobic eukaryotic cells, oxygen free radicals are an integral component of
the endogenous multiple mitochondrial metabolic pathways, as well as NADP-oxidase in cellular
membranes. Directly related to the production of the oxygen free radicals are iron (Fe) and
copper (Cu). The bioavailability of these metals is dependent on compartmentalization and
binding proteins such as metallothionein [225]. Leukocytes generate reactive oxygen species
(ROS), as a part of an organism’s defense against tumor development and bacterial invasion, and
are another endogenous source of oxygen free radicals.

Exogenous generation of ROS may result from xenobiotic exposure, chemotherapy, and for-
eign bodies. All of these, including generation of ROS from lipids frequently generate -OH or
RO- and HOC! products. These exogenous factors form oxygen free radical intermediates.
Detection of oxygen free radicals in vivo is not a simple issue, but significant advances have been
made with spin-trap techniques using salicylates and nitrone-based free radical traps (NRTSs)
[226]. A balance of ROS is maintained in vivo by cellular catalase, superoxide dismutase,
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Table 3. Oxidative stress in carcinogenesis and genetic instability

Oxidative process Products Possible influence References
Lipid oxidation Aldehydes Reacts with proteins and nucleic 235 236
acid and may be mutagenic
General oxidized protein Chemotherapy resistant, tumor 239 235
ADF. GST-n, GHS T heterogeneity 236
Oxidized LDL 234233
232
Protein oxidation Protease inhibitor damage Proteinase activity increase - 244 247
¢Lj-proteinase inhibitor Invasion and metastasis 248 249
Op-macroglobulin 250240
. 251252
Cytoskeleton and nuclear cytoskeleton =~ Malignant transformation,
alterations, microfilament network Tumor heterogeneity
ATP depletion 253 254
Oxidation of actin SH group
Cross linking of actin
Nucleic acid oxidajion =~ Conformational change in DNA Replication errors 255256
template mutations 236 239
Strand breaks May contribute to Carcino— 232237
genesis 257 256
Altered bases Chromosome aberration
8-Hydroxyguanine Genomic instability
Oncogene activation DNA lesions
DNA protein cross-links Malignant transformation
DNA damage
Double-strand RNA protein
interactions
Signal transduction c-myc Cell proliferation 230231
pathway c-fos Malignant transformation 258
c-jun Overexpression of mRNA 229 228
hMTH1 259 260
BCl-2, Fas HIV-1 gene expression 261 262
TNF-a Transcriptional activation 232229
NF-B Overexpression of wild-type
Protein kinases HSP27
Phosphorylation Apoptosis

Tumorigenic conversion

Abbreviations used: LDL, low-density lipoprotein, TNF, tumor necrosis factor, HIV, human immunodeficiency
virus, NF-,B, transcription factor nuclear factor-kappa B, ADF, adult T cell leukemia - derived factor, GST-P,
glutathione-S-transferase Il hMTH]1, human homologue of the E. coli mutT gene, HSP27, heat shock protein 27.

glutathione reductase, and glutathione peroxidase. These enzymes may also be used to detect
ROS in biological systems.
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Specific enzymes are upregulated with transformation, such as glutathione transferase II in
prostate cancer and kidney cancers. Furthermore, the type of polymerase in the cell may influence
the type of mutation which ultimately results from oxidative DNA damage. Other more indirect
controls on the effects of oxygen free radicals involve heat shock proteins. Huot showed an
increase in heat shock proteins protected against actin fragmentation by the phosphorylation of
HSP27, known to regulate micro- filament dynamics through the activation of MAP-K AP kinase-
2 [227]. What is apparent from this review is that signaling pathways of reactive oxidative stress
(ROS) are complex and that sorting out the relevance in each system is not a trivial issue.
Jacobson stressed the importance of these complex pathways as they relate to apoptosis (pro-
gramed cell death) [228]. The mechanisms related to inflammation or peroxidation occur through
multiple biochemical pathways, including direct effects on cellular proteins [229-235].

The development of sensitive new techniques for measuring oxidative stress provides new
information pertaining to the mechanisms of carcinogenesis and other diseases. Floyd reviewed
the various mechanisms by which oxygen free radicals can damage DNA and potentially promote
carcinogenesis [236] (see Tab. 4). Oxygen free radicals may occur at the tumor site as a result of
a number of specific and nonspecific immunological mechanisms which attract a variety of
leukocytes. In the enriched cytokine environment leukocytes and macrophages release oxygen
free radicals. Activated macrophages are cellular scavengers that amplify the cytotoxic potential of
the immune system, but paradoxically may promote genetic instability by affecting the cytokines
or by producing direct DNA damage (e.g., formation of 8-OH-guanine). For example, oxygen

Table 4. Mechanisms and biological effects of oxidative stress

( Types of oxygen
free radical
intermediates

v

Oxidative
precursor

Oxidative
process

Causes of oxygen
free radicals

L Endogenous — Methods for detection Lipid oxidation Possible biologic functions
Metabolic products Protein oxidation Lethality
i i i i idati Initiate
(Mitochondria) R T Nucleic acid oxidation
Inflammation -»- Biological intrinsic Signal transduction Promote
Leukocytes CCthyg[;en scavengers pathways Genotypic instability
i atalase Proliferation
(NADP-Oxidase) Superoxide dismutase Apoptosis
Glutothione reductase Mutations
Glutothione peroxidase Transformation
Drug resistance
—p- Exogenous Ly Physical chemical Transcriptional activation

Metal mediated

El i
Radiation therapy ectron spin resonance

Salicylate hydroxylation

Xenobiotics ‘ t
Nitro-based

Chemotherapy Spinlggp ased free radical traps (NRT)

Foreign bodies - )

.OH, RO-, HOCI HPLC - electron chemical (80OHdG)

Mass spectroscopy (infrared)
Antibodies
Immunoaffinity columns with ELISA

Lipid peroxidation
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free radicals may be cytotoxic or stimulate cellular proliferation just as chemotherapeutic agents
may promote carcinogenesis and genetic instability {237, 238].

In support of a paradoxical role of potentially cytotoxic activated macrophages is the observa-
tion that in some experimental systems they are more often associated with metastasis and malig-
nant transformation, presumably through the oxygen free radical mechanism [239]. Supporting
this view, tumor-activated macrophages were mutagenic when assayed in the Ames test and
embryocyte mammalian tumor systems, indicating the potential for epigenetic mechanism. These
biological effects were abrogated by a variety of active oxygen free radical scavengers, confirming
the specificity of the oxygen free radical mechanism. To investigate the potential dual function
(tumor promotion or regression) of active oxygen species, the effect of various concentrations of
oxygen free radicals was investigated. Because of our interest in bladder cancer, we initially
investigated the cytotoxic affects of methylene blue as a potential therapy for bladder cancer. This
seemed like a logical approach because methylene blue is FDA approved for clinical use. When
injected intravenously, the dye is excreted in the urine and identifies the ureteral orifices at the
time of cystoscopy, which occasionally are difficult to visualize because of a variety of patholo-
gical conditions. When HUC-BC cells (human urothelial cells, an untransformable clone deve-
loped by C.A. Reznikoff) are exposed to methylene blue and white light, a constellation of events
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Figure 4. HUC-BC cells were seeded at 1000 cells/dish (60 mm) in triplicate, and were treated with methylene
blue at the indicated concentration. Following 24 h of culture, methylene blue was added by diluting 1 mM stock
solution by serum free medium. Following exposure to light for 30 minutes, the dye was decanted twice with
PBS. The treated cells were then grown in complete medium for 10-14 days. Clones were stained by Giemsa and
counted. The biphasic curve demonstrates the variable affects of oxidative stress that may stimulate cell growth, i.e.
proliferation and cell death.
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occur. The multiple effects include the formation of 8-0H guanine and protein cross-linking (Y.
Liang-Hemstreet, unpublished data). The differential effect of oxidative stress on proliferation
and cell death is illustrated in the dose response of methylene blue treatment of HUC-BC cells in
a clonogenic assay (see Fig. 4). At low doses increased proliferation occurs and at high doses, it
is decreased and cell death is predominant. These results clearly illustrate the dichotomous effects
of oxygen free radicals.

The importance of the cytoskeleton and the nuclear matrix, both substrates for oxygen free
radicals, in relation to genetic instability is a novel new area for research. Alterations in the cyto-
skeleton by epigenetic or genetic mechanisms may affect both the cytoplasmic and nuclear cyto-
skeleton, including nuclear matrix proteins [240, 241]. Oxygen perturbation of the cytoskeleton
affects key functions, such as cellular differentiation, proliferation, and apoptosis, and can contri-
bute to malignant transformation. Stimulation of HL-60 cells with phorbol esters results in a de-
crease in F-actin and an increase in cytoplasmic G-actin when assayed by quantitative fluores-
cence image analysis [242]. Treatment of HL-60 cells with DMSO or cis-retinoic acid retinoids
corrects this response and normalizes the F-actin [240]. Interestingly, quantification of the cyto-
plasmic changes in F-actin paralleled the risks for recurrent bladder cancer [105]. Treatment of
patients with non-invasive bladder cancer with BCG corrected the DNA 5C ER rate, a marker of
genetic instability, but did not correct the early dedifferentiation defect [105]. Instillation of DMSO
into the bladder weekly for six weeks corrected the defect in cytoskeleton G- and F-actin [243].
These clinical results confirm the perturbation of cytoplasmic actin during malignant transfor-
mation, both in vitro and in vivo. In addition to the effects of oxidative stress on gene activation, it
may directly affect actin polymerization by epigenetic effects perturbing signaling pathways.

Barboro and Patrone have suggested the nuclear matrix may be a key to malignant trans-
formation, serving as a scaffold for organizing the DNA during transcription [244]. Almost
simultaneously, we were focusing our attention on nuclear actin in association with malignant
transformation in the HUC-BC and HUC-PC tissue culture model, the rat hepatocellular malig-
nant transformation model, and in human bladder cancer. Barboro reported changes in more than
nine nuclear matrix proteins associated with transformation [244]. We have clearly demonstrated
changes in the nuclear actin during transformation, using quantitative fluorescence image
analysis. The results in Table 5 clearly demonstrate changes in nuclear actin in association with
transformation in the three different tumor model systems, including human bladder cancer.
These observations are intriguing, because the nuclear cytoskeleton can be perturbed both by
genetic and epigenetic mechanisms, including oxidative stress (Tabs 1 and 3). Consequently,

Table 5. Nuclear actin changes in transformation

In vitro In vivo Human samples
Huc-RE cell line AAF-induced rat liver tumor bladder tumor
Control Transformed Control Transformed Normal Control Tumor
Nuclear G 19.21+2 28+2 77.0+£33.3 158.31£767 3.17+045 5.53+0.68

Nuclear F 32+4 1342 210.7+£114.7  102.3+42.3 48.1+5.3 389422
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quantitative changes in the nuclear and cytoplasmic actin may reflect common pathways in
carcinogenesis, leading to genetic instability and tumor heterogeneity.

High concentrations of oxygen free radicals are mutagenic and cytotoxic, whereas lower doses,
which probably more closely parallel in vivo conditions, stimulate cellular proliferation. The
disease of carcinogenesis includes cellular initiation and promotion, both of which are enhanced
by proliferation. Proliferation is balanced by apoptosis [245]. It has recently been shown that the
molecular machinery for apoptotic cell death involves a family of ICE (interleukin converting
enzyme)-related proteases or caspases [246]. Inhibition of ICE proteases reduces apoptosis and
may act through a molecular cascade event. However, the precise mechanisms of action for the
ICE proteases are not clear. Recent observations suggest cytoskeletal networks such as actin may
function, as the G-actin binds to DNAase] inhibiting apoptotic DNA degeneration. Consequent-
ly, a decrease in G-actin will, thereby, increase the bioavailability of DNAasel to participate in
apoptosis (manuscript in preparation). Using zymogrophy and QFIA (quantitative fluorescence
image analysis) techniques, we have demonstrated that the polymerization agent jasplakinolide
(JAS) decreases G-actin by polymerizing to F-actin and increases DNAasel in HL-60 cells. This
leads directly to apoptosis. In K562 cells, the jasplakinolide induced a transient actin poly-
merization and membrane bleb formation followed by a predominant F-actin disruption with
G2/M arrest. The differential response of these cell lines reflects a difference in the cell lines’
signaling pathways and, in a sense, reflects tumor heterogeneity. This study confirms that all three
major morphometric features of apoptosis (apoptotic body formation, membrane blebbing and
DNA fragmentation) are regulated by the cytoskeletal network. Thus, the complex signaling
pathways for both proliferation and apoptosis may be orchestrated through the cytoskeletal
network by a common functional phenotypic pathway. Similar arguments can be made for
regulation through genetically regulated signaling pathways. Whatever the mechanisms of
oxygen free radical scavengers, whether nutritional or therapeutic, are germane to cancer
prevention and may promote or retard genetic instability [232]. Current epidemiological studies
support the importance of both vitamins D and E in prostate carcinogenesis, as well as in other
malignancies. The duality of effects of vitamins may be related to the quantitative differential
effects of oxygen free radicals in the biological system. Enzymes such as GST-I] (glutathione-S-
transferase-I1) in prostate are more directly implicated as an inhibitors of oxygen free radicals
and may explain the exogenous effects of selenium, an antioxidant in preliminary studies.

Tumor heterogeneity, genetic instability, and the organs’ cellular ecosystem

Understanding an organ’s ecosystem is instructive for unraveling the complex factors that
contribute to genetic instability. It is not enough to study biomarkers in transformed cells or even
pretransformed cells, unless it is in the context of their microecosystem. Both the bladder and the
prostate are derived from the same genome. Both reside in the pelvis, and both are embryo-
logically derived from mesoderm and endoderm. Each organ’s biological potential and predeter-
mined signaling pathways are driven by genetically programmed DNA, and cytoplasmic factors
(mitrochondrial DNA), and their microecosystem. Understanding the functional regulation within
each of these two systems is quite intriguing, and should facilitate defining biomarkers for risk
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and therapeutic approaches for treating individuals at risk. If the ecosystem’s regulation system
could be comprehended at the protein level with the same precision that mutations and base pairs
code for gene transcription and RNA translation, a number of therapeutic approaches might be
possible. This is not a simple task. We recognize that most diseases, such as cancer and heart
disease, are determined by multiple factors. Over 200 molecules or enzymes affect heart disease,
and most of these were initially appreciated at the protein level. Yet, some have searched for and
suggested that a single gene may be responsible for the malignant metastatic phenotype in
prostate cancer. To illustrate these concepts, the similarities and differences in the bladder and
prostate will be discussed because these are familiar subjects.

The bladder is a specialized hollow vessel embryologically derived from the hindgut and con-
sisting of a neuromuscular component shielded by an impermeable epithelial layer. The muscu-
laris is lined by a basal layer consisting of overlying transitional cells capped by an umbrella cell
layer capable of expansion and contraction mediated by voluntary and involuntary neurological
signaling pathways. Most transitional cells within the bladder are in a resting state, but during car-
cinogenesis they may proliferate more rapidly and respond to growth stimulation. The increased
number of exfoliated cells in a patient’s urine with premalignant disease, compared to the normal
bladder, supports this statement.

Specialized histopathological features of the transitional epithelium maintain membrane imper-
meability to solutes, bacteria infection, and potential chemical toxicants. Contributing to the pro-
tection of the bladder epithelium are desmosomes, specialized ion pumps and proteoglycans [263].
All are vital elements that contribute to the biochemical and morphological architecture relevant to
stromal epithelial interactions. Within the bladder cells, a number of metabolic pathways includ-

Figure 5. Chemoprevention in the bladder can function through a variety of signaling pathways, as well as act
directly in a cell: (1) Can induce apoptotic death in initiated cells; (2) Can induce differentiation in field cells;
(3) Paracrine interactions through stromal or other epithelial cells can suppress malignant phenotype; (4) Juxta-
crine interactions and cell surface-mediated interactions with neighboring cells can suppress malignant phenotype;
(5) Restore extracellular matrix to differentiation-promoting form.
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ing genetically controlled acetylation and P-450 oxidative enzymes may biologically alter exo-
genous exposures [264, 265]. A constellation of genetic polymorphism affects the metabolism of
most toxicants, related to the general health of the host [266—268].

Figure 5 represents a diagram of the bladder and the potentially complex categories of sig-
naling pathways which contribute to the homeostatic mechanisms. Variable expression of biomar-
kers in the transitional epithelium is normal, reflecting alterations in the organ’s biochemical eco-
system and, in a sense, illustrates normal cellular heterogeneity. For instance, Messing showed
EGF is normally expressed in the basal layer but in disease may be observed in the more super-
ficial urothelium [269]. Rao reported on the biochemical field changes within the bladder during
tumorigenesis [15]. A differential expression of phenotypic biomarkers was observed between
the tumor, the area adjacent to the tumor, and the distant, normal-appearing uroepithelium. In this
study, G-actin was abnormal in 60% of normal-appearing uroepithelial cells distant from the
tumor. These studies emphasize the importance of biochemical field disease and subtle quantita-
tive differences in totally normal-appearing cells. Pathological field changes and associated nor-
mal heterogeneity are a crucial component of the molecular basis for bladder cancer. Field bio-
chemical alterations can be used as biomarkers for individual risk assessment and cancer preven-
tion strategies. Protein biochemical normal heterogeneity and field disease are of course, orchestrat-
ed through complex signaling pathways driven by genetic and epigenetic factors. I have previous-
ly mentioned the work of Czernick, who is currently mapping the phenotypic biomarkers DNA
p53 mutations in the biochemical field, building on the concepts established by Rao [15, 209].

The exogenous exposures and susceptibility factors ultimately determine the premalignant
phenotype of the bladder’s ecosystem. Important contributing exogenous factors related to
bladder cancer include occupational and nonoccupational exposure (e.g. cigarette smoke). The
combination of exogenous exposure with DNA may cause adduct formation. Even though a dose
response relationship with adducts has been observed, adduct formation does not translate to
DNA damage without multiple susceptibility factors. Genetically regulated metabolic products
such as benzopyrene potentially may damage DNA [270] but because of the complex inter-
actions, genetic factors alone will not predict individual risks.

The ecosystem of the prostate is anatomically and biochemically more complex than the
bladder. The inability of cells in the prostate from one lobe of the gland to seed the opposite lobe
facilitates a differential analysis of the organ’s microenvironment and distribution of the signaling
pathways related to field cancerization and field effects. This is in contrast to the bladder, where
the cytokines and clonal seeding in the “closed” compartment confound interpretation. A sche-
matic diagram of the prostate gland and the complexity of its anatomical structure and signaling
pathways is given in Figure 6. The prostate consists anatomically of four lobes containing a
complex set of glands. The central and transitional zone ducts drain the more central area, while
other ducts located in the peripheral zone drain the cancer-prone region. These glands provide the
necessary enzymatic and nutritional support for sperm on its journey to fertilization. Understand-
ing the normal anatomy is useful for studying biomarker expression in relation to normal cellular
heterogeneity, which potentially exists. For instance, benign growths of the prostate generally
develop in the central zone. In contrast, cancer of the prostate arises primarily in the peripheral
zone which, fortunately, is located adjacent to the rectum, and is amenable to rectal examination by
the educated finger. Normal biomarker levels may vary in different compartments, an area of
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Figure 6. Illustrations of actual and potential modes of growth control reflecting the multiple factors potentially
influencing the microecosystem. Adapted from Biologic Markers in Urinary Toxicology, 1993.

research for the future, and these variations must be considered in determining biomarker
thresholds.

Given the stromal-epithelial architecture of the prostate, it is difficult to visualize how PIN
could be multifocal without a change in the microenvironment of the gland prior to the develop-
ment of PIN. As discussed previously, we have observed a field disease change in the bladder
with alterations in biomarkers, and hypothesize that a similar approach may be used to identify
individuals at risk for biologically active prostate cancer. Confirmation of the corresponding
pathology in the bladder could be achieved with touch preps with cytologic and histopathologic
correlation. In the prostate gland, cytological correlations with fine needle aspirations (FNAs) are
somewhat more complicated because the cancer within the prostate may be multifocal or without
pattern recognition, or definitive cytological morphology definition. However, FNA cytology has
been shown to have an accuracy of 85% to 95% in comparison to core biopsies {271, 272]. To
facilitate interpretation, biomarkers for specific cell types such as vimentin and cytokerations, may
be employed to distinguish stromal from epithelial elements [273]. Interpretation of the biomar-
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ker results in this organ system thus requires a careful correlation between histopathological
staining and samples obtained by FNA for biomarker analysis. However risk stratification
schemas discussed in the section on biomarkers (Tab. 2) may be used to assist in the identifica-
tion of biomarker results analogous to those used for studying actin in bladder cancer. Under-
standing an organ and its ecosystem is important in interpreting biomarkers, setting thresholds
and optimizing receiver—operator curves (ROC) plots.

A brief review of the biomarker prostate specific antigen (PSA), serves to illustrate the effort
and the confounding issues related to the development of a clinically useful biomarker. Normal
prostate and malignant prostate epithelial cells contain PSA enzyme which has served as a serum
biomarker for prostate cancer. The enzymes escape from the prostate epithelial cells during
invasion or cell death, and exist in the serum as free and total bound forms [104]. Detection of
biomarker PSA has served as a useful test for detecting prostate cancer in symptomatic patients.
Its role as a biomarker for screening is most controversial. The high false-positive and false-
negative rates of this biomarker have been acceptable because of the high prevalence of the
disease. A report by the National Research Council triggered concerns regarding the contribution
of this biomarker as a screening test and its effectiveness for reducing cancer morbidity and
mortality [73]. This has become an international issue, and the debate continues regarding the
appropriateness of screening for prostate cancer, because of the prolonged natural history of the
disease, a high rate of tumor recurrence following radical surgery and the operative mortality and
morbidity (incontinence and impotence). Delayed symptomatic therapy has been proposed as an
alternative to radical surgical intervention. The high rate of recurrence and the refractory nature of
these tumors to therapy is a reflection of the genetic instability. Tribukait has demonstrated
increasing genetic instability (aneuploidy) in prostate cancer cases monitored longitudinally with
serial biopsies [274]. A trial of delayed treatment versus (watchful waiting) screening may
predispose the individuals to develop more genetically unstable tumors. Most agree that the
PIVOT trial should be completed, while others argue that screening has clearly demonstrated
downstaging with earlier detection. Positive lymph node status has decreased from approximately
20% to 3%. Since genetic instability is highly correlated with metastasis, it is intuitive to think
that delayed symptomatic management would not be advantageous if the appropriate patients
could be selected for operative intervention. Consequently, there is a need to define biomarker
changes in the field of the histologically normal prostate gland or in the prostate tumor which
signals the development of biologically active disease. Detection of these biomarker alterations
should theoretically occur prior to the onset of genetic instability, and thresholds must be estab-
lished in relation to the organ’s ecosystem and the exogenous environment. These are particularly
important considerations related to individual risk assessment, targeting chemoprevention and
encouraging primary prevention.

A potential approach for defining markers of metastatic risk

The primary result of genetic instability is the malignant, metastatic phenotype. Given that meta-
stasis is a relatively rare event even though circulating tumor cells are relatively common [275,
276], the metastatic phenotype is likely to represent a minority of cells within a tumor. Metastatic
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cells must also display a number of independent functional traits [277—-279], such as weak cell-
cell adhesion [280—282], the ability to survive in the circulation and adhere to and subsequently
penetrate a capillary bed [283, 284], which implies both mobility on the part of the cancer cell
[285] and the ability either to degrade intracellular matrix or stimulate normal cells to degrade
matrix [286, 287]. Also required is the capacity for autocrine growth or to use growth signals at
the metastatic site [288—-291]. Molecular investigations at either the gene or gene product level are
identifying the molecular basis of these traits, and it is widely believed that understanding the
molecular basis of metastasis will make it possible to predict metastatic potential. This belief may
not be warranted because cells lacking any one of these traits are unlikely to be metastatic, though
measurement of any single trait is likely to be positively correlated with metastasis. Our research
has focused primarily on defining the premalignant phenotype, but it has served to stimulate
thought related to defining markers of metastatic risk associated with the genetic phenotype.
Understanding mechanisms and selecting markers is further complicated by the likelihood that
each trait may be acquired by different molecular pathways. Formally, if there are i traits and j
ways to achieve each trait, and if each has an associated correlation, p, with metastasis, then:

Because the risk is partitioned among all the possible means of achieving the metastatic pheno-
type, all single markers will be weak predictors of metastatic potential with a power insufficient to
formulate major clinical decisions above those delineated by stage and grade. Molecular tools
may be too fine if it becomes necessary to identify all j means to identify a particular trait.

One solution to this problem is to focus not on individual molecular traits, but rather upon
functional phenotypic markers that identify the traits themselves. In other words, is there a small
set of markers that identifies the individual subphenotypes (e.g. a single marker for the capacity
for autocrine growth) Finally, consideration must be given as to how such rare cells will be
detected. Our hypothesis is that predicting metastatic risk requires several biomarkers in combi-
nation using “and-logic.” In other words, if two markers together are required, then “and-logic”
is being used. One example of such a study was the combination of AMFR (autocrine motility
factor receptor) and E-cadherins [292]. This approach is formally equivalent to that seen in cancer
epidemiology where relatively weak exposure and susceptibility markers together have very high
predictive powers [293].

To define the metastatic phenotype, several traits will have to be investigated to determine the
feasibility of developing clinically useful biomarkers for the metastasis phenotype. One model for
evaluating the functional metastatic phenotype is to identify a marker associated with a specific
function. Motility could be represented by the autocrine motility factor receptor (AMFR), low
cellular adhesiveness by E-cadherin, and the ability to degrade extracellular matrix by the ratio of
specific metalloproteinases to specific inhibitors. The marker for angiogenesis and matrix degrad-
ation could be bFGF. Cytoskeletal changes could be represented by G-actin, which represents a
broad phenotypic marker for the malignant phenotype, but has not been specifically investigated
as a marker for metastasis. While these may be individually weak, the combination will have high
predictive power: if all are present (angiogenic ability, motility, ability to degrade matrix and weak
cell-cell interactions), the tumor is likely to have a high metastatic potential.
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Tissue transglutaminase is established as a marker for differentiation and apoptosis in a variety
of cells and tissues [294]. Retinoids and sodium butyrate (differentiation agents) modify the rate
of proliferation and differentiation and induce tissue transglutaminase in a variety of transformed
cells and pathological diseases including cancer [294—299]. Metastatic potential has been shown
to be inversely proportional to the level of transglutaminase in tumor cells; metastatic cells have
lower levels of transglutaminase [300—303]. Transfection of the transglutaminase gene lowers the
cellular metastatic potential [304]. In preliminary studies in prostate, we observed reduced levels
of tissue transglutaminase in single cells of prostate tissue taken from patients with prostate
cancer compared to cells of prostate tissue from patients with BPH [304b]. Thus, combining the
biomarkers described here may assist in identifying the metastatic phenotype. Similar preliminary
results have been reported for G-actin and DNA [105]. If the combined phenotype is truly a rare
event, then finding the phenotype in a heterogeneous primary neoplasm is in itself complex.
Studying circulating cells that now can be isolated serves to narrow the complexity of the
sampling problem. A study of the metastatic site may be useful for understanding the autocrine
and paracrine growth factors. These may be similar, for instance, all tumors which have
metastasized to the liver may be very different from those which metastastasize to the bone.

New discoveries about carcinogenesis and cellular differentiation provide a framework
for marker selection

The normal bladder, or any other solid organ, represents a complex ecosystem of interacting epi-
thelial and stromal cells whose growth is highly regulated, and the progressive subversion of
proliferation, death, and differentiation controls [305-310] leads to the emergence of cells with
tumorigenic phenotypes. Some of these altered phenotypes result, singly or together, from geno-
typic changes, from altered differentiation arising from a changed cytokine and stromal environ-
ment [311, 312] or from epigenetic effects [174]. Bladder cancer seems typically to develop by a
process of “field disease”, frequently involving widespread histopathological or biochemical
changes [15] and carrying increased risk for progression and recurrence [313-315].

The genetic molecular events involved in bladder tumorigenesis are being elucidated. As
mentioned previously, bladder cancer apparently develops along distinct high- and low-grade
pathways [316, 317]. The high-grade pathway results in a distinct series of morphologically
evident premalignant changes [16, 313] eventually leading to a flat, invasive lesion. The low-grade
pathway does not result in a series of morphological changes, and papillary tumors often emerge
from morphologically normal urothelium. The high-grade pathway seems to involve mutations in
the p53 suppressor gene and possibly other loci on chromosome 17p as an apparently late step,
[187, 205, 318] while loss of a tumor suppressor function on chromosome 9q seems to be an
early, obligate step in bladder carcinogenesis of both types [316, 319-321]. Other evidence
suggests loss of suppression function may be related to epigenetic effects such as DNA methyla-
tion in promoter regions. There is considerable evidence for the possibility of more than a single
tumor suppressor gene on chromosome 9 [322].

I have previously discussed the metastatic phenotype related to bladder cancer detections, and
when the changes occur during carcinogenesis. Little equivalent information has been collected
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concerning the metastatic phenotype and when in the course of progression it can be manifested.
Metastasis is certainly associated with tumor heterogeneity. Recent studies have shown an inter-
esting effect of heterogeneity; a small minority of cells can affect the entire population. In a model
system of mixed cancer cells, the presence of a minority of cells secreting acidic fibroblastic
growth factor could increase the tumorigenicity and metastatic potential of the entire population
[323]. The synergistic effect observed between elevated AMFR and decreased E-cadherins [292]
illustrates that the metastatic phenotype requires multiple factors.

Because many components of, for example, signaling pathways, share common intracellular
biochemical components, the possibility of finding markers that reflect alterations in any one of
several possible systems would provide higher sensitivity than would using individual signaling
pathway components as markers (e.g. growth factor receptors). An example is the use of
alterations of the cytoskeleton of the path to carcinogenesis, which has proven to be a powerful
marker for assessment of carcinogenic risk {15, 127, 242, 324]. Aberrant DNA ploidy represents
an effect of genomic instability and is one of the most powerful markers yet developed, regardless
of whether it is used to determine the central tendency of cell populations by flow cytometry [88]
or the appearance of rare, aberrant cells as determined by image analysis [15, 87, 325-328]. In
comparing the efficacy of genotypic and phenotypic markers, similar considerations hold in that
many genotypes, for example, mutations of different codons on the p53 gene, may share a
common phenotype.

In order to be useful clinically, the results of biomarker tests must be definitive enough to
select or alter an individual patient’s treatment. It is not necessary that definitive answers be pro-
vided for all patients; a marker can be clinically useful if a definitive answer is provided for some
patients. The requirement that markers have high predictive power pays an important statistical
benefit in that their efficacy can be demonstrated in small studies. Indeed, if their efficacy is not
demonstrable in a small study, the marker cannot be strong and therefore will not be clinically
useful. Moreover, there is also a number of currently used markers, and for a new marker to
provide any additional information, it should provide an improvement over what is currently
available if the metastatic phenotype is to be defined.

Extrapolation of experimental models to the problem of genetic instability

Studying cancer and normal biomarker expression is highly relevant to individual risk assessment
and preventing cancer. There is a scarcity of data pertaining to the point at which tumor hetero-
geneity and genetic instability develop during tumorigenesis. This is an important theoretical and
practical question and is related directly to how early specific classes of chemopreventive agents
need to be administered. Cellular heterogeneity is normally present and may be quantitatively
differentially expressed during carcinogenesis. Experimental models in whole animals may be
useful for investigating how early genetic instability develops, but may not parallel the kinetics or
mechanisms of human disease. Although longitudinal studies in high risk cohorts for cancer have
unique and numerous advantages, the accessibility of these cohorts is limited. Thus, in addition to
animal models, clinical models discussed in the section on the selection on biomarkers may be
extremely useful for defining the kinetics of biomarker expression related to tumor heterogeneity.
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Animal models have provided useful information for studying tumorigenesis, but few studies
have investigated the mechanisms or pre-clinical changes associated with carcinogenesis.

It will be most useful to dissect the mechanisms and onset of tumor heterogeneity and genetic
instability in the context of the organ’s intact ecosystem. As we previously discussed, there may
be considerable cellular heterogeneity in the mediators within normal signaling pathways, and the
controlling mechanisms may be different from one species to another. Sexual differences, even in
inbred animals, alter the endogenous environment, and are related to the development of cancer.
An example is the initiation and promotion of renal cell carcinoma with hydrocarbon exposure in
male but not female rats in the gasoline model of carcinogenesis [73]. However, the study of the
cells within an organ’s ecosystem with intact stromal epithelial interactions, may provide useful
information at the cellular in vivo level. From both a fiscal and scientific perspective, extrapolation
of data from isolated systems to the intact organ and species is paramount. Knowing when to
move from one model to the other to confirm initial observations, requires integrated multidisci-
plinary research groups. In many instances, there is a tendency to overuse a model because of
funding pressures even though no new information is being gleaned.

I have previously summarized several in vitro models for investigating biomarkers. However,
although extremely useful if one is interested in studying quantitative expression, a profound
impact of stromal epithelial interactions may be paramount. For example, in the study of a late
biomarker of effect, the DD-23 tumor-associated antigen expression was up regulated when cells
expressing the marker were grown on a matrix [329]. Biomarkers analyzed for quantitative and
qualitative alterations should be very useful in determining which models are most applicable for
species, and dose extrapolation. Relevant to biomarker expression is the sequential expression of
a biomarker related to tumor heterogeneity and genetic instability.

A study of chemically induced tumors in animals may be informative, but markers in animals
may not necessarily be relevant to humans. Similar problems exist with regard to dose selection
in animal studies compared to humans. Higher doses of specific carcinogens might result in pro-
liferation secondary to toxicity repair, and explain why non-mutagenic chemicals in the Ames test
may be carcinogenic. Another explanation could be the effect of epigenetic factors discussed
elsewhere in the text.

Consequently, there are multiple quantitative issues related to extrapolation in general, and
specifically, in relation to genetic instability. Dose response modeling is a critical component of
cancer risk assessment. The end point for assessment in the past has been disease, but identi-
fication of biomarkers expressed at various times (early versus late) in carcinogenesis can assist
in defining the relevance of an extrapolation model. The problem becomes even more complex if
there are multiple different exposures over a protracted interval. Monitoring sequential mutagenic
changes is much less complicated than sequential epigenetic effects.

It is useful to expand the concepts of biomarker risk as a model for genetic instability to a
conceptual framework outlined in the section on biomarkers. Since many of the mechanisms
leading to disease are dependent on multiple variables, it is likely that using biomarkers to
evaluate the variable stages of oncogenic process will more effectively result in useful extrapola-
tion. These concepts were discussed in detail in an article on biological markers in urinary toxico-
logy published by the National Research Council [73]. The simplified formula for extrapolation:
P(C)=g (DI) =f5 (F4(f3) £,(DLS,), S3, S4), S5) where P(C) is the probability of clinical disease
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and g(DI) equates to some function of the administered dose. To establish the relationship among
the markers (the functions f, to f5), the relationship between the dose and susceptibility factors
(S, to Ss) for each biomarker is expressed in the above formula. This formula represents a
complex series of interactions and the problem of extrapolating from animal data to the human
disease. Extrapolation may be made more meaningful by extrapolating from one marker to
another rather than between administered dose and disease outcome. At certain points in the
continuum, disease analysis between biomarkers of effect may be more informative because the
process can be studied in various segments. One could also incorporate into the model genetic
and epigenetic effects if markers were defined.

Clinical and epidemiological studies and the mechanism of carcinogenesis (a model
study)

Occupationally exposed cohorts at high risk for malignancy provide a unique opportunity to
evaluate biomarkers for individual risk assessment, for assessing biomarkers to detect disease, for
testing surrogate intermediate endpoints for cancer prevention, and finally, provide a living model
for understanding the mechanisms of carcinogenesis. Urine specimens collected longitudinally
may be used in nested case-control studies to elucidate the mechanisms of genetic instability and
to determine at what point chemopreventive therapy is effective. I have previously discussed how
in vitro tissue culture and animal studies are helpful for developing methods and testing general
concepts. However, there are significant limitations with these systems, as discussed in the section
on Extrapolation of Biomarkers. Evaluation of biomarkers on cells from patients with previous
clinical cancers and at risk for recurrence more closely approximate the carcinogenic process, but
may be limited by genetic instability and do not reflect perturbations of the complex network of
signaling pathways prior to overt malignancy. The study of occupationally exposed workers
monitored over years, allows for monitoring cellular and biochemical alterations not confounded
by previously having had the disease.

Historical perspectives in occupational bladder high risk cohorts: The Augusta cohort

In 1981, in conjunction with the National Institute of Occupational Safety and Health (NIOSH)
and the Worker’s Institute for Occupational Safety and Health (spearheaded by Knut Ringen), a
notification and biomarker screening program for workers exposed to aromatic amines was
initiated in Augusta, Georgia, USA [330]. This cross-sectional study was a landmark program for
the methodological development and notification of workers at risk [176, 330]. Because of the
high risk for bladder cancer in this cohort, a community public health based component was
incorporated into the study design with the goal of continued surveillance. It was devastating to
learn that aniline dye manufacturing, which was known to cause bladder cancer as early as 1895,
had been used in the United States, some eighty years later. Presently, these dyes are still con-
sumed in cottage industries in India, China and other countries as well. A major concept that
evolved from the Augusta study was that SC DNA ER correlated with xenobiotic exposure.
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5C DNA ER was expressed in the uroepithelial cells in 16 of 74 workers (21.6%) who had been
exposed, compared with 15 of 430 workers (3.5 %) who had not been exposed. The 5C DNA ER
increased in a dose-response manner with duration of exposure from 3.5% to 60 %, independent
of the age and smoking history. Biomarker expression preceded the occurrence of overt bladder
cancer and reflected alterations in genetic instability [145, 328]. Early expression of the bio-
marker brought into focus a heightened awareness as to when in the cascade of carcinogeneses a
specific phenotypic marker is expressed.

Results also suggest DNA measurements would improve the sensitivity of PAP cytology, but
not without sacrificing specificity. In the clinical evaluation, 5C DNA ER subclassified atypias
and dysplasias associated with the malignant processes [328]. This has subsequently been
confirmed in several other clinical studies [331]

The Drake cohort

Based on our experience with the Augusta cohort, a second study involving the Drake cohort was
initiated and has been in progress since 1989. The total study population consists of 374 notified
individuals of whom 275 have completed the initial screen and have been followed longitudinally
since 1986 [332]. Although based on previous epidemiological studies, the cohort is thought to
be at higher risk for bladder cancer; to date one case of bladder cancer (CIS) and one papilloma
have been confirmed, and 13 cases of dysplasia have been identified. One important outcome
from this study was the inconsistency of biomarker expression in voided uroepithelial samples.
However, the cohort has served as a model for longitudinal monitoring, and smoking cessation
programs. SC DNA ER was the primary marker and only two cases have developed bladder
cancer over more than eight years of follow-up, but the latency for bladder cancer is only now
being reached. Exfoliation of uroepithelial cells with greater than 5C DNA ER, a presumed
marker of genetic instability, does not necessarily define genetic instability or preclude effective
clinical prevention.

The China cohort: The epidemiological cohort study and preliminary biomarker studies

The original China benzidine cohort consisted of 2,612 workers exposed to benzidine for at least
one year in the cities of Tianjing, Shanghai, Jilin, Henan, and Chongging, between 1945 and
1977. The cohort had previously been identified together with a cohort of nonexposed controls in
each city and was studied in China as part of the National Cooperative Group of Occupational
Bladder Cancer. Upon completion of the case control study in 1982, 31 bladder cancer cases (30
males and one female) were identified in the exposed group as reported by Bi prior to our pilot
study and our longitudinal cohort study [75]. At the conclusion of the epidemiological study, the
bladder cancer incidence rates in the exposed and control males were 167.8 and 5.2 per 100,000
workers, respectively. The two incidence rates produced a statistically significant relative risk
value of 32.3 [75]. The workers, following the initial epidemiological study, continued to report
each year for an annual screening visit that included hematuria testing, physical examination, and
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Papanicolaou cytology on voided uroepithelial cells. In 1991, a pilot study was initiated by
NIOSH to determine the feasibility of performing a prospective biomarker study on the exposed
cohort. This study confirmed that the biomarker studies could be performed on voided exfoliated
uroepithelial cells from almost anywhere in the world. Based on clinical studies in patients with
bladder cancer, a profile of biomarkers was identified and incorporated into the study design to
define individuals at risk for bladder cancer and to improve bladder cancer detection [333].

Selection of biomarkers for the longitudinal cohort study

Biomarkers selected for the China study were based on phase II clinical trials and on the pre-
liminary China pilot study. The biomarker profile was selected as outlined in an earlier paper [15]
in which the three markers plus epidermal growth factor receptor (EGFR), p185 (neu oncopro-
tein), and visual cytology were compared in tumor, adjacent field and distant field. Statistical clus-
ter analysis showed that 5C DNA ER, M344 antigen, and G-actin were independent of each other
and each seemed to measure a different aspect of carcinogenesis. In this paper we also introduced
the concept of “biochemical field disease” in which cells that are on the path to transformation
express phenotypic alterations that are not manifested in altered cytology. Subsequently, we have
differentiated “field disease,” which is the presence of transformed or partially transformed cells
in wide areas of the bladder, and “field effect,” which is an alteration in the phenotype of genetically
normal cells due to the presence of transformed or transforming cells [329]. The combination of
M344 antigen and the 5C DNA ER was independently tested as a marker and found to have high
sensitivity for bladder cancer [147]. However, these markers also identified a subset of patients
with a previous history of cancer and at risk of recurrence due to the presence of field disease.

The cytoskeletal protein G-actin is a quantitative marker representing the shift in the cyto-
skeleton of transformed cells or cells responding to the altered cytokine milieu caused by the
presence of transformed or transforming cells [15, 242, 324, 334]. This latter “field effect” phe-
nomenon means that the abnormal cells themselves may not need to be detected, but may be
identified from the fingerprints they leave in the form of phenotypic alterations of normal cells.
This effect is so strong that when the set of markers was examined to determine which had the
highest sensitivity in predicting recurrence from analysis of a single urine specimen obtained
immediately after completion of therapy, G-actin showed an odds ratio of 6.0 (C.1.=1.26 to
28.56) for recurrence, while the 5C DNA ER nor M344 antigen showed significant odds ratios.
Of those patients with positive G-actin following therapy, 67 % recurred, while of those who were
negative, only 25 % recurred (p=0.032 by Fisher’s exact test) [243].

Interim results of the China study

Our initial results with this group have shown that 75 % of the workers who developed bladder
cancers were initially identified by biomarker analysis as being roughly the 10% at highest risk.
Over 92 % of the tumors were found within the top two risk strata that comprised 25%-30% of
the entire cohort. The goal of these studies was to develop a system of biomarkers to improve the
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management of bladder cancer in occupationally-exposed groups. The biomarkers would be used
in two ways. First would be to identify prevalent cancers in initial screens of high-risk groups
with higher sensitivity than is achieved with conventional cytology. The second purpose would be
to stratify exposed individuals according to risk so that workers expected to develop cancer in the
future could be identified prior to the emergence of a clinically detectable tumor. While specificity
is an issue, the main objective is to cast the net widely enough to ensnare future tumors because
then the group at low risk can be freed from detailed surveillance. The problem of managing ex-
posed cohorts to prevent bladder cancer death and morbidity is thereby reduced to the size of this
smaller cohort. Now, having identified this smaller group of at-risk workers, the next logical step
is to administer chemopreventive agents to determine if the biomarkers that identified them as
being at high risk are modulated by chemopreventive agents and if the incidence of disease is
diminished.

The China cohort using biomarker evaluation

In 1989, a pilot study on three subsets of patients from this initial cohort was undertaken to
determine the feasibility of evaluating exogenous risk factors, endogenous risk factors and biolo-
gical markers to stratify further the exposed workers according to objective biomarker criteria
[333]. The results showed that accurate questionnaire data and urine samples can be obtained at
remote sites. It also identified two patients in the group with previous exposure history but not
previously diagnosed with bladder cancer to have abnormal findings by QFIA cytology and p300
(M344) expression. These two patients were later found to have bladder cancer. Additional obser-
vations suggested that premalignant changes related to exposure to benzidine were detectable. The
study demonstrated the feasibility of performing molecular marker field studies to define risk in
exposed-worker cohorts.

After the feasibility study, urine samples from the entire cohort with matching controls were
screened for G-actin, M344 antigen, and for cells with greater than SC DNA, and stratified on the
basis of the findings as described in Table 6. A complex risk algorithm was devised in order to
classify subjects into four categories: Very High and High risk (which are treated operationally as
one), Moderate and Low risk. Subjects in the Very High and High risk categories were examined
by cystoscopy at 6 month intervals. The cohort was then followed with annual visits for three
years, and in the fourth year (1995) was entirely re-screened. The High and Very High risk group
were monitored annually by cystoscopy and urine specimens. The main finding was that only a
single tumor was discovered in the Moderate risk group, and all the others were identified in the
Very High and High risk groups. Details of the risk stratification rules were adjusted to optimize
the sensitivity and specificity for a single marker or combination of markers after the screen in the
first two cities. These data clearly demonstrated that what was an acceptable threshold in one
cohort may not be applicable to another for a variety of reasons. It is important to emphasize that
the thresholds and risk stratification were established on the basis of previously published clinical
studies and preliminary analysis of the distribution of markers in the Chinese population of
workers and not after the fact. The only adjustment of threshold that was made was to adjust
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Table 6. Rules for risk categorization of biomarker results in China cohort

Risk category Rules

High M344 Pos Cells 22/10,000 cells
OR G-actin 290 Units AND 5CER 20.8
OR G-actin is extreme (=140 units)
OR DNA SCER is extreme (22.0%)
OR Papanicolaou cytology is positive

Moderate NOT already flagged high-risk
AND G-actin 290 Units OR 5C ER 20.8

LOW All values within normal range

upward the 5C DNA ER to increase the specificity, and to add the criterion that a single marker
being in the extreme category was sufficient to kick the risk to high values [15, 147, 242].

A total of 12 prevalent cancers were identified and completely evaluated according to the
protocol for reviewing slides and quality control and for longitudinal follow-up. An additional 15
incident cancers were identified during the monitoring period together with 19 recurrent cancers.

The most important finding to date is that the biomarker profile is not only much more effec-
tive than Papanicolaou cytology for detection of cancers, but the profile is accurate enough to
stratify the cohort of exposed workers according to their individual risk. Of the 12 cancers
documented in the exposed group, only one was discovered in the initially low-risk group. This
individual was completely negative for hematuria, Papanicolaou cytology and the three quantita-
tive markers on 10/91. The worker later became symptomatic and was diagnosed with a grade 4
TCC in April, 1993. Of the other documented cancers in the exposed group, nine occurred in the
Very High and High risk groups and two occurred in the Moderate risk group. Interestingly, a
single cancer was found in the controls in an individual classified into the High risk group. The
improved performance of the QFIA tests over Papanicolaou cytology is evident. Even more
interesting was the lack of concordance between QFIA and Papanicolaou cytology. Of the 11
subjects who were positive by QFIA, only two were also positive by Papanicolaou cytology and
one was read as atypical. Moreover, by using the stratification scheme to target more aggressive
management to individuals at higher risk while offering those at much lower risk a far less ex-
pensive and onerous screening program, the total costs and difficulties associated with managing
the high-risk cohort may be decreased accordingly.

These results demonstrate that the risk stratification methods do cast the net widely enough to
ensnare the potential tumors, in many cases up to five years ahead of time, but often three years
prior to detection of the tumor. The risk stratification was confirmed in that the earlier markers for
predicting cancer were the moderate risk group >high risk >PAP >hematuria. This gives a high
confidence that the group with abnormal markers is the group that is at risk and should be tar-
geted for chemoprevention. The biomarkers represent different aspects of carcinogenesis and are
sensitive to different phenomena. It is therefore likely that further information of importance to
chemoprevention will be available from these markers. For example, it may well be that samples
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with a high 5C DNA ER or those with mutations in the p53 gene may have already developed
significant genetic instability and therefore may not be as responsive to chemoprevention as are
those tumors that do not display aneuplody (5C DNA ER).

Summary of the China cohort

These studies confirm that biomarkers can be used to identify a group of individuals exposed to
benzidine, at least three years in advance of clinically manifested disease. The critical issue is the
point at which genetic instability has occurred to a point beyond which conventional cancer thera-
py is not effective. 5C DNA ER was the single most effective marker for predicting bladder can-
cer development with a sensitivity of 83.3% and a specificity of 87.5 per cent. One might
hypothesize that all individuals with increased 5C DNA ER are at risk for bladder cancer, yet we
know based on specificity in asymptomatic controls that approximately 12.5% of these are false
positive. Another issue pertaining to the concepts relating to tumor heterogeneity is the interaction
of the signaling pathways.

Studying genetic instability in the cancer field may also provide clues as to whether it is an
early or late event. Understanding the differences between field disease and field cancerization
and the functional pathways is important in the development of strategies for cancer prevention
and control. If indeed, genetic instability is driven by primary mutagenic factors, a different
approach may be necessary than if epigenetic factors are of primary importance. Once the cascade
has been initiated, knowing which one is contributing and when, may alter therapeutic options
including the choice of chemopreventive agents. While there is also the tumor suppressor func-
tion on chromosome 9 that seems to be an early step in bladder cancer carcinogenesis in both types
there is considerable evidence for the possibility that more than a single tumor suppressor gene
lies on chromosome 9. Thus, one of the major objectives of future studies is to evaluate further
the genotypic and phenotypic alteration in archival cells from the bladder cancer field to under-
stand the genetic and epigenetic alterations involved in the proposed pathways of bladder cancer
tumorigenesis. These same approaches may be applied to other organs such as the breast and
colon as well.

Combining biomarkers of susceptibility with biomarkers of effect could potentially improve
individual risk assessment prior to the onset of genetic instability. Understanding the mechanisms
of carcinogenesis is a complex issue involving multiple genetic polymorphism interacting with
endogenous and exogenous exposures. Greenwald has summarized the results from twin studies
and other observations in animals where exogenous substances can influence gene expression
[335]. Macleod has provided several models in which epigenetic events can be perpetuated from
one cell generation to another [336]. As mentioned previously, one genetic marker of suscepti-
bility important in the activation or inactivation of bladder carcinogens may be the gene regulating
by the slow and fast acetylation pathway [337]. Even though these genetic polymorphisms exist,
the kinetics of the reaction may be a rate limiting parameter affecting the clinical and functional
importance of these genes, and studying the functional phenotypic susceptibility marker may be
primary to defining both biomarkers of susceptibility and effect [338].
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A second set of important susceptibility markers may be related to DNA repair. In a case-
control study of lung cancer patients and controls, the relative risk for lung cancer was 5.6 times
higher in individuals with slow DNA repair [270]. A list of potential biomarkers for measuring
genetic instability has been summarized in the previous section. The repository of bladder wash
and voided urine samples from the bladder cancer field of patients destined to develop bladder
cancer provides a unique opportunity to study the genetic alterations and the associated sequential
changes in cancer tumorigenesis, particularly those related to the changes in chromosome 17p
and 9p. Furthermore, the response of the bladder cancer field to selected chemopreventive agents
might provide insight into when, in the pathway of tumorigenesis, genetic instability occurs, and
assist in determining how early chemopreventive agents should be administered to be effective, or
when, in the cascade, the induction of apoptosis and cellular differentiation is effective.

Strategies for bladder cancer prevention

This occupationally exposed cohort with the identified surrogate intermediate endpoint bio-
markers provides a unique opportunity for evaluating chemopreventive agents. In contrast to
clinical cancers that are in remission, the effects of genetic instability may be minimal in this
study group. In support of this concept is the increased effectiveness of retinoids in animal model
systems with less impressive results in humans when administered 4-HPR [339]. The positive
response in animals may be related to the administration of the drug during bladder cancer deve-
lopment in contrast to humans where tumors may display increased genetic instability or a malig-
nant phenotype expressed later in tumorigenesis. Certainly, observations in our laboratory clearly
support this hypothesis because a number of malignant tumor lines were resistant to all-trans-
retinoic acid (tRA) or 4-HPR [340]. The retinoid 4-HPR has shown strong activity in chemo-
prevention of bladder cancer in mice and rats prior to the onset of tumor [339, 341], with lower
toxicity than tRA [339, 341].

Two important questions remained to be addressed. The first and fundamental question is if
the currently administered retinoids such as 4-HPR were administered early enough, would they
be effective in the absence of genetic instability? As previously mentioned, we have defined a
number of phenotypic markers which are expressed at various stages of bladder cancer tumorige-
nesis [64, 89, 105, 147, 329, 342, 343]. A number of treatment groups exist. If the currently
administered retinoids are effective in normalizing the abnormal phenotypic markers in the cancer
field, then this will support the hypothesis that chemopreventive agents must be administered
early in the cascade of bladder cancer tumorigenesis. A second alternative is that these differences
reflect differences in genetic susceptibility to various chemopreventive agents. A question to be
addressed is whether differential drug responsiveness to retinoids reflects a genetic polymor-
phism or is attributable to heterogeneity associated with carcinogenesis. If cancer prevention
drugs need to be administered early, then more emphasis should be placed on studying normal
signaling pathways.
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Conclusion

Significant advances have been made in understanding the molecular mechanisms of carcino-
genesis in the past two decades. In spite of these invaluable advances, the complex networks of
signaling pathways and the development of tumor variability and genetic instability continue to
thwart current therapeutic treatments. Although markers of genetic susceptibility are useful for
defining individuals with inherited genetic disorders, they do not consider endogenous and exo-
genous risk factors. Because both endogenous and exogenous exposure are difficult to recon-
struct and quantitate and because there is substantial evidence that biomarkers of effect (muta-
tions, mRNA or protein products) are altered years in advance of clinically manifested disease,
efforts should be devoted to defining biomarkers for individual risk assessment. Although
inherited genetic markers are useful for identifying five to 10% of cancers associated with fami-
lial cancers, phenotypic biomarkers of effect are a powerful tool for individual risk assessment.
For example, the BRC-1 gene is present in five to 10% of patients with non-familial breast cancer.
This compares to 75% to 90% of biomarkers of effect which are applicable to all patients who
will develop bladder cancer. Identification of these biomarker alterations in the premalignant field
is possible years in advance of clinically manifested disease. Defining biomarkers of effect incor-
porates epigenetic carcinogens and genetic imprinting into the model. These individuals may be
targeted for chemoprevention. To develop this model further requires defining the relevant bio-
marker prior to the onset of genetic instability. Less effort should be expended on studying
genetically unstable cancers and our resources should be directed to clarifying the molecular
events of normal signaling pathways, and how the premalignant field differs from normal. Bio-
markers of genetic instability may assist in directing this focus, and recent advances in molecular
medicine and biomarkers of susceptibility may increase the specificity of biomarkers of effect in
subsets of patients. These same biomarkers may be used to test and target specific chemo-
preventive agents.
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