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CELL DIFFERENTIATION
GENES AND CANCER



INTERNATIONAL AGENCY FOR
RESEARCH ON CANCER

The International Agency for Research on Cancer (IARC) was established in
1965 by the World Health Assembly, as an independently financed organiz-
ation within the framework of the World Health Organization. The head-
quarters of the Agency are at Lyon, France.

The Agency conducts a programme of research concentrating particularly on
the epidemiology of cancer and the study of potential carcinogens in the human
environment. Its field studies are suypplemented by biological and chemical
research carried out in the Agency's laboratoriés in Lyon and, through collab-
orative research agreements, in national vesearch institutions in many coun-
tries. The Agency also conducts 3 programme for the education and training of
personnel for cancer research.

The publications of the Agency are intended to contribute to the dissemination
of authoritative information on different aspects of cancer research. A com-
plete list is printed at the back of the book.

This volume comprises the proceedings of a symposium heid in Osaka on 24-26
February 1987, under the sponsorship of Osaka University and the Inter-
national Agency for Research on Cancer.

Caver

Photomicrograph prepared by microinjection of fluorescent dyes into cultured
cells. In the presence of the tumour-promoting agent 12-O-tetradecanoyl-
phorbol 13-acetate (TPA), the intercellular transfer of dye molecules is in-
hibited, so the pattern of cells injected remains clear; in the absence of TRA,
the dyes would rapidly spread across all the culture. The cells have been
microinjected in a pattern that provides a representation of a growth factor or
TPA binding to a cellular receptor and transfer of second messages to the
nucleus. (Prepared by F. Katoh, IARC, see article on p. 57).



Foreword

The relatively early hypothesis of the role of aberrant differentiation in the de-
velopment of tumours has, to a certain extent, been revisited and revised by recent
research in molecular biology. A variety of differentiation markers have been found
which are aberrantly expressed in human experimental tumours. Abnormal differen-
tiation pathways could be the basis for increased susceptibility to carcinogens or may
develop at an early stage in the process of carcinogenesis. A change in the genes
controlling the intrinsic differentiation process is probably an essential early event in
transformation. while other differentiation-related events may play a major role in
tumour promotion.

The IARC and Osaka University jointly organized an international symposium
to review and discuss recent progress in the field of cell differentiation and carcino-
genesis, a field in which basic research plays the necessary essential role. Among the
participants of the symposium were some of the world’s leading experts and the
present proceedings represent, therefore, a timely updating of this fast-moving area
of research. The IARC is particularly indebted to the logal organizers, and especially
to Professor Yamamura and Professor Kakunaga of QOsaka University for their
invaluable help and expert advice, and the marvellous facilities they provided. We
would also like to thank Professor T. Sugimura for his support, interest and active
participation in the Symposium.

L. Tomatiis, M,D.
Director, IARC



Takeo Kakunaga (1937-1988)

As this volume went to press, we were distressed to hear of the untimely death of Dr
Takeo Kakunaga on 21 September 1988, from lung cancer. He was one of the
organizers of the IARC-Osaka Symposium on Cell Differentiation and Cancer from
which the present proceedings resulted and had many friends at the IARC, with
which he extensively collaborated, He was also serving as a member of the Fellow-
ships Selection Committee of the IARC. We regret that he died before seeing the
publication of this book, the fruit of our most recent collaboration.

Dr Kakunaga's sudden death is a great loss to the cancer research community. The
originality of his approach to research and the warm sincerity of his personality will
be missed by all who knew him. We send our deep condolences to Mrs Mariko
Kakunaga and share the sorrow of Dr Kakunaga’s death with her.

Lorenzo Tomatis

Hiroshi Yamasaki
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Introduction

Recent rupid advances in techniques and concepts of molecular biology coupled with
improvements in knowledge of cell biology have transformed certain aspects of
cancer research. In particular, several genes which are considered critically involved
in carcinogenesis havé been identified; some of them are called oncogenes. From the
view that carcinogenesis is a process of disturbed cell differentiation, it was not so
much a surprise as a pleasing confirmation for canger researchers to kiiow that
normal functions of cellular oncogenes are to control cell differentiation and protifer-
ation. The international symposium co-organized by the International Agency for
Research on Cancer and Osaka University was eonvened to discuss the recent
advances in understanding the involvement of cell differentiation and critical genes
in carcinogenesis.

In this book, critical gene expressiort. including oncogene expression, is dis-
cussed s a determinant of cell behaviour and of the different stages of carcino-
genesis. ldentification and characterization of tumour suppressor genes has aiso
helped to clarify the relationship between cell differentiation and carcinogenesis.
Since cells réceive various signals from the énvironment through their membranes,
studies of cellular membranes at the molecular level are also an important area for
rescarch. The pathway of signals from the membrane to the nucleus. the signal
transduction pathway. is anather field of intense research interest.

It was obviously not possible to cover all details of these fast-moving topics. but
we have assemBled important papers which survey all of the major aspects of current
rescarch into the links between cell differentiation. genes and carcinogenesis.
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ABERRANT DIFFERENTIATION
IN CARCINOGENESIS






Aberrant differentiation in mouse skin careinogenesis
S. H. Yuspa, A. Kilkenny and D. R. Roop .

Laboratory of Cellular Carcinogenesis and Tumor Promotion.
Division of Cancer Etiology, National Cancer Institute.
Bethesda. Marviand 20892, USA

Introduction

Cancer is commonly considered a disease in which rapid. unregulated proliteration
causes the unbridled expansion of tumour cells to a clinically relevant endpoint.
Some oncogenes have been recogmzed as related to growth factors or growth-factor
receptors. However, the transformation-sensitive target cells for these transduced
‘proliferation’ génes have generally been simple cell types (fibroblasts) or cells which
are already abnormal by virtuc of a previous treatment or extended cultivation in
vitro. In vivo, the usual target sites for cancer development in humans or carcinogen-
exposed experimental animals are epithelial cells. Commonly, lining epithelia such
as those of the skin, bronchus, gastromtesunal tract, pancreat:c duct, mammary duct
or utogenital iract are involved. These epithelia are complex in structure, and many
have a qtrmgemly regnlated programme of differentiationi which can counteract
aberrant proliferative activity. For example. psoriasis is a hyperproliferative disease
in skin which is not neoplastic because the intact programme of epidermal differen-
tiation inevitably leads to the death of the hyperproliferative cells. Such consider-
ations ‘suggest that the camnogcnem process requires an alteration in the
programme of terminal differentiation in addition to aberrant growth control. The
development of a differentiation abnormality must constitute a rate-lirhiting step in
cancer development in lining epithelia.

A number of bioJogical observations support this idea. Hyperpmhferanon alone
could not account fos the long latency period in carcinogenesis. Epnhehal caneers
are commonly preueded by metaplastic and dysplastic lesions whose major pheno-
type is an alteration in differentiation (Decosse, 1983). Certain malignant tumours
have relatively low rates of proliferation (¢.g.. chronic lymphocytic leukaemia),
while benign tumouts may. have high rates of projifetation (¢.g., skin papilloma).
Almost all mﬂw tRMours express alterdtions in the expression of normal mark-
ers of differentiation. Multipotential malignant stem cells, such as those in ter-
atocarcinomas, luve the capacity (o revert to, the non-neoplastic state by the
induction of a programie of terminal differentiation (Pierce and Wallace. 1971).
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Aberrant differentiation of a fundamental type may occur early in carcinogene-
sis. Patients carrying the autosomal dominant gene for multiple polyposis have a
genetic predisposition to develop intestinal tract cancer and are considered to be
constitutively ‘initiated’ (Kopelovitch er al., 1979). Examination of non-neoplastic
colonic mucosa from these patients indicates that the normal pattern of epithelial
differentiation is altered and epithelial cells continue to proliferate in crypt regions
restricted to non-proliferative maturing cells in the normal colon (Deschner &
Lipkin, 1975). This is also the earliest documented lesion during the induction of
colon cancer in mice and rats by chemical carcinogens (Deschner, 1978).

Fundamental alterations in the regulation of differentiation arc early events in
other models for experimental carcinogenesis. Skin papiliomas differ from normal
skin by the presence of proliferating cells in the strata normally confined to differ-
entiating phenotypes (Yuspa, 1985a). The loss of proliferative potential normally
coupled to phenotypic changes in the differentiating cell strata is not obligatory in
benign neoplastic epidermal cells (Yuspa et al., 1981). Similarly. the earliest change
noted during chemical induction of rat mammary tumours is an inhibition of the
normal differentiation of terminal end buds into alveolar buds. The consequent
intraductal proliferation of cells blocked in maturation potential results in a micro-
tumour (Russo et al., 1983). Delay of carcinogen exposure until the completion of
terminal end bud differentiation in mature or multiparous rats markedly reduces the
tumour yield (Russo er al., 1983).

Cell-culture experiments have confirmed that the uncoupling of differentiation
and proliferation controls is central to cancer development and occurs at an early
stage. The malignant myeloid leukaemia cell phetiotype requires that ¢ells both
estadlish themselves as independent from exogenous growth reégulators and in-
sensitive to differentiation signals (Sachs, 1980). Mouse 313 preadipocytes are
converted to malignancy only after distinct regulatory sites for differentiation control
are altered (Scott & Maerckiein. 1985). Mouse keratinocytes are resistant to the
differentiation signal of elevated extracellular Ca?* if they have been exposed to
carcinogens in vitro (Kulesz-Martin et al., 1980) or isolated from mouse skin initiated
by chemical tarcinogens in vivo (Yuspa & Morgan, 1981) or from benign skin
tumours (Yuspa et al., 1986).

Support for a requisite role of aberrant differentiation in cancer development
has come from studies indicating that the maligniant phenotype can be réversed ot
suppressed by inducing differentiation. Injection of mouse embryonal carcinoma
cells into blastocysts will give rise to normal chimaeric mice (Brinster, 1974). Cefl
hybrids of highly matignant HeLa cells and normial human fibroblasts or keratino-
cytes are often non-tumorigenic when injected in vivo. Analysis of the injection site
reveals that hybrid cetls are induced to terminafly differentiate in the host animal and
assume the phenotype of their normal parent. either fibrobiasts or keratinocytes
(Stanbridge er al., 1982). This restoration of an intact differertiation programmie by
experimental methods can reverse the malignant phenotype. During the induction of
liver ciaincer by chemical carcinogens, preneoplastic hepatic nodules are known to
disappear spontaneously. This remodelling 6f preneoplastic hepatocytes occurs as a
result of redifferentiation of altered cells to mature hepatocytes (Tatematsu er al..
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1983). Regressing skin papillomas may undergo an analogous spontaneous change
(Burhs et al., 1976). It can be assumed that restoration of an intact diffetentiation
programme in the early stages of carcinogenesis may be an endogenous mechanism
to protect against cancer development. However, little is known of the factors which
regulate differentiation in lining epithelia or how they may be aitered in neoplastic
cells.

Experimental studies

The fnduction of tumours on mouse skin has been one of the major models from
which modern concepts of chemical carcinogenesis have been derived. This model
has revealed the multi-step nature of the tumour-induction process, the irrevers-
ibility of early carcinogen-induced changes, the sequential requirements for ex-
posure to initiating and promoting agents, the stepwise progression from
prencoplastic to neoplastic phenotypes, potential reversibility of preneoplastic le-
sions, and the ability of sequential carcinogen exposure to enhance malignant
progression (Yuspa, 1986). More recently the use of epidermal cell culture systems in
association with biochemical and molecular biological techniques has contributed to
a cellular and molecular understanding of some of the changes which underlie the
biology of tumout development (Yuspa, 1985b). Since exposure of normal mouse
skin or normal keratinocytes to chemical carcinogens causes a defect in the pro-
gramme of epidermal differentiation which allows cells to escape some signals for
terminal differentiation ( Yuspa & Morgan, 1981). this may be a particularly useful
model to examine thé underlying changes in differentiation associated with
carcinogenesis. ,

In 1980, it was first reported that extracellular Ca’* regulates the differertiation
of norimal keratinocytes in vitro (Henrings et al., 1980). Subsequently, a number of
other Studies from.a variety of laboratories have confirmed and extended the initial
observations to. sugggest that Ca* acts as a signal to trigger othef changes which are
permissive far differentiation to proceed (Yuspa, 1985b). Additional changes in-
clude modifications of the cell membrane and receptors (Strickland er al., 1984),
Table 1. Differeatistion programme of keratinocytes -

Keratinocytes Keratinocytes v-Ras! keratinocytes
in vivo fn vitro in viero

Bassl  Swprsbassl  Low Cat  HighCa™  Low Ca  HighCe®

Proliferation

K14
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K10

Filaggrin

CE
Transglutaminase
Pemphigus
Pemphigoid
Cornified cells
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intracellular ion distribution (Hennings ef al., 1983), and the expression of diffcren-
tiation-specific genes (Roop et al., 1988): Additional studies suggested that phorbol
ester tumour promoters could also induce epidermal differentiation in the absence of
a modification of extracellular Ca?* (Yuspa et al., 1982), suggesting that Ca?* and
12-O-tetradecanoylphorbol 13-acetate (TPA) may have some common action to
signal epidermal cells to differentiate.

When epidermal cells are grown under Ca?* conditions below 0.1 mM. they are
phenotypically similar to basal epidermal cells (Table 1). Elevation of extracellular
Ca?* above 0.1 mM leads to vertical stratification and a rapid change in morphology
and biochemistry which is irreversible after 48-72 hours. Within 3-7 days stratifying
cells form mature squames which ultimately slough from the culture dish (Table 1).
When epidermal basal cells are exposed to initiating carcinogens, cellular foci evolve
which are resistant to the Ca?* signal and although stratified, cells in these foci
continue to proliferate under high Ca?* concentrations (Kulesz-Martin et al., 1980).
Since similar cellular foci can be derived from mouse skin initiated in vivo and
subsequently selected in culture by an increased extracellular Ca* (Yuspa & Mor-
gan, 1981), itis presumed that these cells tepresent initiated cells. Furthermore, cells
isolated from chemically induced squathous papillomas (Yuspa eral.. 1986) exhibit a
similar cell-culture phenotype; the cells continue to proliferate in the higher Ca2+
medium. Such cells are fully capable of stratification and terminal differentiation.
since some cells in these cultures formn squames and slough: However, the substrate-
attached population continues to proliferate (Yuspa er.al., 1986). This is similar to
the differentiation pattern of papillomas in vivo (Yuspa, 1985a) and carcinogen-
induced foci in vitro. Malignant epidermal cells also show a pattern of Ca?* resist-
ance (Yuspa et al., 1980). Importantly, a pattern of Ca?* resistance has also been
reported for tumour-derived celis of human skin and bronchus (Brysk er al., 1984;
Lechner et al., 1983), .

A numbes of studies in vivo and in vitro have suggested that activation of the ras*!
gene by point mutation is sufficient to initiate carcinogenesis in mouse epidermis
(Bizub et al., 1986; Brown et al., 1986; Quintanilla et al., 1986; Roop er al., 1986).
When an activated ras oncogene is introduced into normal keratinocytes. recipient
cells are resistant to Ca?*-induced differentiation. Under high Ca?* culture con-
ditions, cells with an activated ras oncogene remain in a late basal cell stage of
differentiation (Table 1) (Yuspa er al., 1985). The cultured cells express basal cell
markers. but have a reduced capacity to proliferate. This finding strongly links a
defect in the response to Ca?* as a differentiation signal with the initiation of
carcinogenesis. Recent-evidence has demonstrated that a Ca?* gradient exists across
the epidermis in vivo, with basal cell Ca?* levels being low and granular cell Ca2*
levels high (Malmquist er al., 1984; Menon et al., 1985). Thus, Ca* may be a
regulator of epidermal differentiation in vivo. If s0, then a defect in response to Ca?-
might be very relevant to the selection of initiated cells and formation of tumours in
vivo,

The strength of the evidence Surrounding an association of aberrant differen-
tiation and tumour formation in skin carcinogenesis has generated a substantial
research effort. both to characterize the imechanism by which Ca?* and TPA act to
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induce differentiation and. to develop markers which are useful to characterize
various differentiation states in the epidermis (Roop er al., 1985).

One obvious link between the two effectors comes from studies indicating that
an increase in intracellular Ca?* catalyses phosphatidylinositol (Pl) turnover yield-
ing an increase in inositol phosphates and diacylglycerol. It would be anticipated that
a rise in diacylglycerol would stimulate the translocation and activation of protein
kinase C. Such a pathway could explain the parallels between Ca?*-induced differen-
tiation and the induction of differentiation by phorbol esters (Yuspa et al., 1983).
Recently, it has been shown that the pattern of changes in epidermal protein
synthesis and protein phosphorylation which occur within one or two hours after
exposure to either increased extracellular Ca®* or the tumour promoter TPA are
similar, although a wider spectrum of changes is caused by the tumour promoter
(Wirtheral., 1987). Furthermore, it has been shown that exogenous phospholipase C
and exogenous diacylglycerol can mimic the action of the phorbol ester tumour
promoters on epidermal differentiation (Jeng er al., 1985). All of these resuits
suggest a pathway regulating differentiation which involves exposure to increasing
concentrations of extracellular Ca?*, increasing intracellular Ca?~ as a consequence,
the activation of an endogenous phospholipase C and the stimulation of phosphati-
dylinositol metabolism leading to the activation of protein kinase C.

1t could be postulated that initiation of carcinogenesis in mouse epidermis is
associated with a change in Ca?* transport or in the Ca?* requirements of enzymes
involved in PI metabolism. Quy studies suggest that PI metabolism is stimulated in
both normal and initiated keratinocytes (Jaken & Yuspa, 1988). Since Ca?* iono-
phores, such as A23187 or ipnomycin, can stimulate Pl metabolism to the same
extent as an increase in extracellular Ca?*, a rise in intracellular Ca* is likely to be
eascatial to activate this pathway. Additignal studies indicate that ionomycin induces
differentiation in the absence of an increased extracellular Ca?* concentration and
this is enhanced by combined treatment with TPA. Together these results indicate
that a rise of intracetiular concentrations of Ca?* and a stimulus which activates
protein kinase C could account for many aspects of the triggering for epidermat
differentiation. In corollary, a defect involving one or both of these signalling
processes could account for aberrant differentiation in neoplastic cells.

Extracellular Ca?* concentration and the control of specific markers
of differentiation

Recent findings emphasize the importance and specificity of Ca* control over
keratinocyte differentiation. Measurements of epidermal Ca?* in vivo (Malmquist e
al., 1984; Menon et al., 1983) suggest that a gradual increase in extracellular Ca?*
would reflect the Ca’* gradient in vivo. When individual markers of epidermal
differentiation were studigd in vitro, it became clear that expression was dependent
on specific Ca?* concentrations in the culture medium. As markers of epidermal
diffetentiation, specific antibodies were generated against unique peptide sequences
af specific keratin proteins (Roop er al., 1984). Additional antibodies were made to
the major protein component of the cornified envelope (here called anti-CE) and to



