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ANTICANCER DRUG discovery is often a perilously
serendipitous pursuit. Nevertheless, many success-
ful antitumour drugs have been designed with an
understanding of the biochemistry of replication
acting as a framework for the medicinal chemist
and molecular pharmacologist. One of the current
problems of antitumour drug discovery is the ques-
tion of whether the particular framework which
has served for the past 40 years was the most
appropriate. Cancer is primarily a disease of the
aberrant control of cellular differentiation and pro-
liferation: the ‘mechanics’ of the replication of
DNA are not at the heart of the malignant pheno-
type. Where then might the aspiring drug dis-
coverer turn his thoughts, and find a biochemical
framework that may be more appropriate? One
such target might be the cell membrane, where
elements of the control of cell differentiation and
proliferation are expressed [1, 2], and where the
products are found of a number of oncogenes,
which appear to subvert the control of differen-
tiation and proliferation [3].

At a recent meeting of the EORTC-PAM group,
some of the cell membrane physiology and bio-
chemistry associated with the control of the mito-
genic response was reviewed, accounts of the effects
of some current antitumour drugs on these pro-
cesses were considered and the symposium closed
with presentations on novel drugs which are con-
sidered to exert their antitumour effects via mem-
brane targets.
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Wouter Moolenaar (Hubrecht Laboratory,
Utrecht), in an opening review, outlined the carly
events which result from the mitogenic stimulation
of A431 carcinoma or NI1E-115 neuroblastoma
cells by epidermal growth factor (EGF) and by
mitogenic neurohormones, such as histamine and
bradykinin. These early events include changes
in the phosphorylation of the tyrosinc residues of
proteins, such as receptor autophosphorylation, the
phosphorylation of calpactin and the breakdown
of inositol phospholipids to inositol phosphates and
diacylglycerol, the former which releases intra-
cellular stores of calcium whilst the latter activates
protein kinase C. Activation of the Na*/H™ anti-
porter, possibly via a stimulation of protein kinase
C, rapidly changes intracellular pH [4]. These
changes take place within milliseconds to minutes,
although epidermal growth factor must be present
for at least 14 h in order to stimulate cell division.
The central question of which of the early events
are necessary for mitogenic stimulation was
addressed by Dr Moolenaar. In particular, he
addressed the relevance of those changes which
may impinge upon the rapid stimulation of the
transcription of genes, such as fos, which is con-
sidered to pay a major role in cellular activation
[5]. Elements of commonality were sought between
the responses to EGIF and histamine. For example,
although both mitogens stimulated the formation
of inositol phosphates, there were quantitative and
qualitative differences in their breakdown, with
EGF promoting a slower and diminished inositol
lipid breakdown by a route presumably different
from that of histamine. However, the stimulation
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of fos transcription was similar for both ligands.
This stimulation appeared to be Ca?*-dependent
in the case of the neurohormones, but Ca?*-inde-
pendent in the casc of EGF. That separate signal-
ling pathways exist, which converge to activate
gene transcription, suggests that pharmacological
opportunities may cxist for the selective inhibition
of some of these events, perhaps under conditions
when the activity of a growth factor receptor is
expressed as the product of an oncogene, as is the
case of the erb-B oncogene, which is homologous
to the internal domain of the EGF receptor.

Sonia Paris (CNRS, Nice) focussed on two of
the early events observed at the cell membrane
after the mitogenic stimulation of Chinese hamster
lung fibroblasts [6]: the alkalinization of intracellu-
lar pH, modulated by the Na*/H™ antiport when
the cells were in bicarbonate media, and the rapid
stimulation of the electroncutral Na*K*CI™
cotransporter, considered to play a role in the
volume control of some cells. Thrombin was con-
sidered to stimulate mitogenesis via the activation
of inositol lipid metabolism and, since the activity
of thrombin was inhibited by pertussis toxin, it
was presumed that lipid breakdown is activated
via a G-protein, coupling the receptor to phospho-
lipase C. Recent dogma has maintained that the
breakdown of inositol lipid to diacylglycerol (DAG)
activates the Na*/H™ antiport through activation
of protein kinase C, for which DAG is the natural
activating ligand. Pertussis toxin only partially
inhibited the alkalinization of the cell, however,
and furthermore thrombin was reported by Dr
Paris and her collecagues to stimulate a pH change
even after the down regulation of protein kinase G
by pretreatment of the cells with the phorbol ester
TPA. It was suggested that other pathways of
activation exist to modulatc these early events,
an ideca perhaps supported by the strong synergy
between different growth factors, acting via or
independently of inositol lipid breakdown in this
cell line [7]. Whatever the route of activation of
cellular alkalinization, Dr Paris suggested that the
change in pH was essential to cell activation, poss-
ibly by modifying the pH optima of key enzymes
required to set mitogenesis in motion. Less clear
was the role of the Na*K™Cl~ cotransporter, since
bumetanide, a specific inhibitor of its activity, does
not inhibit mitogenesis [8]. Onc possible expla-
nation for the lack of the effect of bumetanide on
mitosis is that the cell may regulate its volume
by alternative mechanisms, by-passing the
Na*K*Cl™ cotransporter.

The complexity of the signalling systems which
initiate mitogenesis, reviewed by Drs Moolenaar
and Paris, appears to be daunting; however,
because there is in-built complexity, for example
multiple modes of the activation of gene expression

(e.g. of fos), this may, paradoxically, be a positive
facet with regard to the potential for selective phar-
macological inhibition. More daunting would be
the prospect of attempting to selectively inhibit a
limiting number of signalling pathways which were
highly conserved in all cells, in addition to those
with proliferative potential. Recent studies suggest
that some of the key enzymes involved in the mito-
genic cascade, such as protein kinase C, exist in
isoenzymic forms [9], which implies a potential
for selective pharmacological intervention, whilst
selective inhibitors of tyrosine kinases and protein
kinase C have recently been reported [10].

Dr Anne Kinsella (Paterson Laboratories,
Manchester) reviewed the pletotropic effects of the
tumour promoting phorbol esters, which bind to
and activate the ubiquitous calcium and phospho-
lipid-sensitive enzyme protein kinase C. According
to the cell type, phorbol esters, such as TPA, are
mitogenic or growth inhibitory, and it has been
suggested by Varshavsky [11] that TPA may
behave as a non-specific ‘firone’, bringing about
the over-replication and thus amplification of cer-
tain genes, particularly dihydrofolate reductase. Dr
Kinsella provided evidence that the resistance of
TPA-treated murine 3T3 cells to methotrexate was
not due to gene amplification [12] but instead
was brought about by modulation of cell growth,
resulting in the accumulation of cells in the G,
phase of the cell cycle, presumably allowing them
to escape the S-phase specific effects of the antifol-
ate drug [13].

Tom Tritton (Burlington, Vermont) initiated the
pharmacological business of the meeting by pro-
vocatively proposing that the cytotoxic drug Adri-
amycin (Doxorubicin}) may, under certain con-
ditions, act as a stimulus to cell growth [14].
Evidence was presented of the 50% stimulation of
murine 313 cells by 1 nM of the drug, and of its
augmentation of the growth stimulus provided by
platelet derived growth factor and EGF. Previous
work from his laboratory had shown the up-regu-
lation of EGF receptors in Adriamycin-treated
HeLa cells [15]. Dr Tritton proposed that Adri-
amycin may share elements of the activity of the
growth factors which are expressed at the cell sur-
face but that at high concentrations these effects
may, in an undefined manner, interfere with the
normal control of proliferation. Adriamycin was
shown to rapidly change tyrosine phosphorylation
and to increasc the turnover of inositol lipids,
although, puzzlingly, the expected rise in intra-
cellular calcium which inevitably follows the
release of inositol trisphosphate, accompanied by
diacylglycerol, was absent. Paradoxically, others
have reported that Adriamycin inhibits inositol
lipid breakdown in the red cell, where it controls
cell shape; 1t is currently being suggested that
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discrete pools of the inositol lipids exist in the cell
membrane, some of which may not be involved in
cell signalling, and thus these contradictory results
on the effects of Adriamycin on inositol lipid
metabolism may be reconcilable [16]. Tom Tritton
considered that the effects of this amphipathic
aminoglycoside antibiotic were the result of physi-
cal changes in membrane structure, brought about
by the molecule mechanically disrupting the
architecture of the bilayer. The potential conse-
quences of these activities—and in particular the
activation of protein kinase C by the released
diacylglycerol—were the subsequent activation of
the DNA-nicking and reannealing enzyme topoiso-
merase II. If this were the case, then a scenario of
membrane and nuclear damage might be envis-
aged, in which the activation by diacylglycerol of
topoisomerase Il would be followed by the
accumulation of protein-associated double strand
breaks in DNA, as topoisomerase IT was stabilized
in the form‘attached to cleaved DNA, as has been
suggested by Ross and others [17].

Equally provocative were the accounts of Dr
Hans Grunicke (Innsbruck) of the cell surface
effects of the archetypal DNA-reactive drugs, the
alkylating agents. Dr Grunicke has previously sug-
gested that chlorambucil linked to large polymeric
beads is cytotoxic without damaging DNA [18].
Together with others, Grunicke’s group has shown
the alkylating agents inhibit ion flux, and in
particular the Na*K*Cl1~ cotransporter of murine
tumour cells [19]. Interference with events associ-
ated with the mitogenic cascade suggested that
coadministration of agents which have inhibitory
activities at proximal points in the cascade may
potentiate toxicity. Data was presented which sug-
gested that the inhibitor of cyclic AMP-indepen-
dent protein kinases, the flavone quercetin, had a
synergistic effect on the toxicity of the alkylating
agents and cis-platinum, without increasing DNA
damage, as measured by the number of DNA inter-
strand crosslinks. Similar synergisms were
observed with staurosporine and tamoxifen, both
agents which inhibit protein kinase C [10].

The inhibition of proliferation and the impo-
sition of cytotoxicity are the traditional end-points
of chemotherapy. Whether this is appropriate to a
disease in which proliferation control has been
subverted by a block in the path of cellular differen-
tiation is questionable. Recently, the potential for
a chemotherapy which is not cytotoxic has been
proposed: instead of killing tumour cells, it aims
to remove the block in cellular differentiation, pro-
moting the terminal differentiation or maturation
of tumours [21]. The dependency of the proliferat-
ive potential of a cell on its differentiated status
not surprisingly means that the controls for differ-
entiation and proliferation are linked. Changes in

the flux of ions and protein phosphorylation,
mediated at the level of the membrane, as leu-
kaemic cells were induced to undergo terminal
differentiation were the subject of the presentation
by Dr Jean-Pierre Abita (INSERM, Paris) [22].
Treatment of the human myelomonocytic leukemic
cell line HL-60 with all-tfrans-retinoic acid, or with
specific retinoic acid analogues, induced the
appearance of terminally differentiated myeloid
cells. Early events in this process were observed to
be an elevation of intracellular Na™, which stimu-
lates the sodium pump, and a rise in intracellular
pH, mediated by Na*/H" exchange. The long-
term alkalinization of the cell from pH 7 to 7.37,
as measured by intracellular pH-sensitive dyes,
was blocked by ethylamiloride. Retinoic acid
changed the maximal velocity of the Na*/H™* anti-
porter by a mechanism which remains unclear;
structure—activity studies amongst retinoic acid
analogues suggest that there are discrete receptors
for the retinoids at the level of the membrane [23],
although whether these are related to the recently
discovered nuclear retinoid receptor [24] is unclear
as attempts to isolate the membrane receptor have
failed. Furthermore, there was no evidence that
the Na*/H™* antiporter was activated by protein
kinase C activation via the release of diacylgly-
cerol; on the contrary, a decrease in diacylglycerol
production was reported. Although a clearer
understanding of the intricate mechanisms
involved in the promotion of differentiation by reti-
noids, and other membrane-active agents such as
the polar solvents, may lead to better drugs, Dr
Abita closed by describing the developing success
of the strategy of differentiation therapy in the
treatment of acute human promyelocytic leu-
kaemia with retinoic acid.

The achievement of selectivity of drug action is a
central concept of cancer chemotherapy. Dr Roger
Camble (ICI, Macclesfield) reviewed the strategies
open to the biotechnologist, capitalizing on the
specificity of biological proteins provided by mil-
lions of years of evolution. He concentrated on the
growth factors and their receptors, and outlined
progress in the discovery of small molecular weight
antagonists and of antibodies. The ‘small’ com-
pounds arose from the synthesis of modified pep-
tides, such as those based on bombesin in which
methylene groups may be introduced, and higher
molecular weight compounds which have arisen
from the synthesis of genes. Threc-dimensional
models of growth factors, such as the high resol-
ution NMR prediction of the stereochemistry of
EGF [25] facilitate the engineering of such antag-
onists. Antibody diversity means that, potentially,
10° agents may be isolated, some of which would
have high specificity of binding for growth factor
receptors: antibodies to the EGF receptor have an



1388 Special Article

affinity of 107' M., Their drawbacks are immu-
nogenicity and the problems of delivery. The
immunogenicity may be engineered out by generat-
ing minimal fragments, or the replacement of the
constant region by a human derived isotype. Mini-
malization of the Vy and Vi, regions and their
joining by synthetic peptides is an alternative strat-
egy. The other advantage to the minimalized frag-
ments which recognize growth factor receptors is
that they may be used in computer graphics model-
ling in the search for small, organic chemicals
which may, in the long-term, be pharmacokinet-
ically preferable to the products of biotechnology.

The ether lipids, 1-O-alkyl-lysophospholipids,
the activity of which Dr Wolfgang Berdel (Munich)
reviewed, undoubtedly were molecules with a
chemical affinity with membranes. The prototype,
Et-0-18Me (1-O-octadecyl-2-O-methyl racemic
glycero-3-phosphocholine) and a host of analogues
have in vivo activity against a variety of murine
tumour models, and against the metastatic Lewis
lung carcinoma [26]. The mode of action of this
class of compound is unclear: currently it is pro-
posed that tumour cell kill is mediated indirectly
via the activation of macrophage and/or elements
of direct cytotoxicity. Dr Berdel showed evidence
that treatment of human brain tumour cells with
Et-0-18Me brought about cell surface blebbing,
and that after 48 h in vitro, electron micrographs
showed membrane rupture and discrete pitting of
the cell surface. What is not yet defined is how this
damage arises: whether from physical disruption of
the membrane bilayer and cytoskeleton, or whether
potentially more selective biochemical mechanisms
are involved. Clearly, from the screening data,
elements of selectivity reside in the ether lipids
and Dr Berdel was optimistic with regard to the
generation of even more selective molecules and to
the use of extended structure—activity studies for
the determination of minimal structural require-
ments for activity [27]. Clinically, certain com-
pounds are already showing promise in the purging
of leukaemic bone marrows [28], although the pre-
liminary results suggested a surprising degree of
donor variation, with regard to sensitivity.

Finally, Dr Bang Luu (Strashourg), introduced
another class of membrane active agents which
are in their development stage: the 7-B-hydroxy
steroids [29]. Their rather selective cytotoxic
activity (toxic to HTC cells but not to 3T3 cells) is
antagonized in vitre by cholesterol and lipoproteins
and, similarly to the ether lipids, physical mem-
brane damage, including cell surface blebbing and
changes in membranc fluidity, were reported. Dr
Luu also outlined some functional changes in lym-
phocytes after administration of 25-hydroxychol-
esterol: it blocked Con-A activation of lympho-
cytes, an activity prevented by incubation with
high potassium concentrations. Additionally, the
production of IL-2 was inhibited. The evidence
suggested that these chemically modified steroids
interact with the plasma membrane to disrupt
cellular signalling mechanisms.

In a recent review of the activity of present-day
antitumour drugs on membrane activity, most drugs
were reported to modify the structure and/or func-
tion of the plasma membrane [30]. The emergence
of new chemical entities, such as the ether lipids,
and an increasing understanding of the physiology
and biochemistry of the control of cell differentiation
and proliferation suggest that the understandably
limited perception of potential targets for anti-
tumour drugs has diminished. Many of the prob-
lems of current chemotherapy—tumour heterogen-
eity, poor vascularization, the development of
resistance and low growth fraction tumours—will
remain irrespective of the medicinal chemists’ ingen-
uity. It is nevertheless important that the armamen-
tarium of drugs increase, and that investigations of
the biochemistry and pharmacology of cell death
and the promotion of cellular differentiation
encompass the whole of cell physiology. It was
agreed by the participants of this membrane targets
meeting that this process had begun.
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