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ABSTRACT

This thesis will describe studies of cellular proliferation and differentiation 
in two contrasting epithelial systems.

Epidermal kératinocytes have been investigated as a model of a 
continually renewing tissue. It is shown that functionally distinct sub-populations 
can be defined using a colony morphology assay. These sub-populations have 
differing proliferative capacities and probabilities of terminal differentiation. The 
relative proportions of the colony subtypes can be altered by treatment with 
phorbol esters or by suspension culture. These procedures induce differentiation 
and allow the enrichment of those cells that have the highest proliferative 
capacity and lowest probability of differentiation. The sub-populations have 
differing adhesive properties and the most adhesive cells have the highest 
proliferative capacity. It is demonstrated that the most adhesive cells include the 
population resistant to differentiation induction by phorbol ester or suspension 
culture. Cultured kératinocytes have been employed in an experimental test of 
Cairns immortal strand hypothesis. Kératinocytes have been labelled with tritiated 
thymidine and autoradiography used in an attempt to identify asymmetric 
segregation of labelled DNA. While such asymmetric daughter pairs have been 
identified these may represent artefacts thus no support for the immortal strand 
hypothesis has been obtained. The clonal architecture of kératinocytes has been 
investigated using mixtures of male and female cells grown in nude mice in which 
Y chromosome specific sequences were demonstrated by in-situ hybridisation. 
Retroviral lineage markers have also been employed as independent markers of 
clonal architecture. Both these methods have proven difficult to interpret but do 
not conflict with Potten's notion of the epidermal proliferative unit.

The exocrine pancreas has been used as a model of a conditionally 
renewing epithelial population. Cell proliferation in the pancreas has been 
assessed by pulse labelling and by immunohistochemical methods. Clonal 
architecture has been investigated using XX/XY chimaeras probed by in situ- 
hybridisation and pancreatic islets have been shown to be polyclonal. 
Immunophenotypic markers of cellular differentiation have been characterised 
and employed in developing and adult pancreas, and in pathological tissues. A 
novel pattern of differentiation has been identified in areas of ductal epithelial 
damage using immunohistochemistry and in-situ hybridisation for mRNA. The 
immunophenotypic markers have been employed in two in vitro models. First, a 
human pancreas culture system has been developed. Pancreatic acinar cells 
transdifferentiate rapidly to a duct phenotype indicating considerable phenotypic 
plasticity. Second, a series of human pancreatic carcinoma cell lines have been 
studied and their phenotypes defined. It is shown that some cell lines can 
respond to culture in extracellular matrix by forming duct like structures. This 
property correlates with the state of differentiation of the cell lines, including their 
integrin profile. The phenomenon is inhibited in part by exogenous RGD peptide 
indicative of a role for integrins in this process. Finally, it is shown that the cell line 
PSN-1 can respond to growth as a nude mouse xenograft by showing 
immunophenotypic evidence of endocrine differentiation: direct experimental 
support for the Unitarian origin of pancreatic epithelial populations.
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CHAPTER ONE 

THE SPATIAL AND KINETIC ORGANISATION 
OF TISSUES

1.1 INTRODUCTION
There are significant advantages in an organism being multicellular, in 

particular as a consequence of increased specialisation of component parts. 
The cost of this lies in the considerable investment in the molecular and cellular 
machinery required to regulate the organisation of the cells that make up 
metazoa. For example, in normal tissues of metazoan organisms the number of 
cells with any particular phenotype is very carefully controlled (Hall & Watt 
1989a; Hall 1989). In the development of an organism from a fertilised egg 
there are three key requirements. First, there is a carefully regulated increase in 
cell numbers coupled with, second, the differentiation of the appropriate cell 
types which are, thirdly, arranged in the appropriate spatial organisation. In the 
adult organism there remains a continuing need to define cell numbers and 
phenotypes carefully, and form these cells into highly ordered tissues with 
characteristic spatial and kinetic organisation (see for example Wright & Alison 
1984). This is in part determined by the proliferative activity of progenitor cell 
populations within these tissues, but also by the number of growth arrested 
cells, loss of cells into terminally differentiated populations and by programmed 
cell death or apoptosis.

The ordered aggregates of cells that form tissues are homeostatically 
regulated and are capable of responding to diverse insults with the 
maintenance of tissue integrity. The balance between proliferative and non
proliferative behaviour is very carefully regulated with there being genes 
involved in growth arrest as well as the better characterised genes involved in 
mitogenesis. Many aspects of pathology derive from alterations in the 
regulation of these processes. Consequently an understanding of regulation of 
cell numbers and the control of differentiation in these cells is central to our 
understanding of normal development, adult tissues and the pathological 
processes that affect them. It is evident that there is considerable functional, 
spatial and kinetic complexity in even the simplest tissue. In this thesis, 
evidence for cellular heterogeneity in two contrasting tissues will be presented 
and studies of the regulation of cellular sub-populations described.



1.2 THE GENERAL ORGANISATION OF TISSUES
A central feature of all tissues, and in particular epithelia, is the highly 

structured spatial organisation of their component cells. How does this arise 
and how is it maintained? The fertilised egg is totipotent but during 
development there is progressive limitation of possible differentiative fates 
(Gilbert 1991). That is, the potential expression of the genome becomes 
progressively restricted and as development progresses the numbers and types 
of cell that can generate different cell lineages become limited. The 
mechanisms underpinning this remain only poorly understood but includes 
regulation of transcription, in particular by sequence specific DNA binding 
proteins or transcription factors, the alteration of the physical state of chromatin, 
and the méthylation of DNA. In addition, a wide range of post-transcriptional 
mechanisms regulating mRNA and its translation into protein (Alberts et al 
1989; Gilbert 1991 ; Hall 1991). By post-natal life the potential fates of all 
somatic cells are very tightly constrained. For example, under normal 
circumstances cells within one lineage only ever express a very restricted 
subset of the genome: hepatocytes do not spontaneously express a neural 
phenotype. It should be noted that phenotypic variation in clonally derived 
populations is a common feature of complex tissues (Hall 1991). Detailed 
analysis of cell lineages is now becoming possible in mammalian tissue using 
transgenic mice, chimaeric animals, heterozygotes for X-linked genes (Ponder 
et al 1985, Kirkland 1988, Griffiths et al 1988, Thompson et al 1990) and the 
application of retroviral lineage markers (Price 1987, Sanes 1989). As a 
consequence there have been advances in the understanding of cell lineages 
and clonal architecture and the regulatory mechanisms that control them (Blau 
& Baltimore 1991).

Progression from simple to complex involves the spatially and temporally 
highly regulated process of selective gene expression in the cells that comprise 
an organism. Differentiation can thus be defined as the process of regulated 
gene expression that gives rise to different phenotypes from a common 
genotype. Differentiation can also refer to a state of regulated differential gene 
expression, or phenotype. Nuclear transplantation experiments have 
demonstrated that somatic cells differentiate by alterations in patterns of gene 
expression while retaining a complete genome (Gurdon 1962) with the 
exception of cells that re-arrange antigen receptor genes. Differentiation occurs 
by regulation of gene expression by a composite of positive and negative 
factors (Grobstein 1964). We remain ignorant of many details of the



mechanisms underlying differentiation, but there is considerable evidence 
pointing to a major role for transcriptional control having a central part in this 
process. A relatively small number of positively and negatively acting 
transcriptional regulators (or regulators of the regulators, or regulators of the
regulators, o r  ) appear to act in a combinatorial manner to determine the
levels of gene expression (Gierer 1973; Maniatis et al 1987; Alberts 1989; Blau 
& Baltimore 1991 ; Hall 1991 ; Latch man 1991). These, in concert with other 
molecular mechanisms, appear to act as molecular switches turning on (or off) 
certain phenotypes - often in a stable and heritable manner. Such molecular 
switches are much as predicted by Waddington (cited in Gilbert 1991 and see 
also Alberts et al 1989) who likened the progressive restrictions seen in 
development and differentiation, to points in a railway siding: a series of binary 
decisions (see figure 1.1) that define the eventual destination. Our 
understanding of these molecular events regulating development and 
differentiation is progressing rapidly.

Despite these advances, however, the observations of Leblond (1964) 
remain central to the division of the lineages in adult tissues into three broad 
groups on the basis of their proliferative characteristics. Tissues may be static 
and show no proliferative activity (e.g.. nerve). Alternatively tissues may show 
some evidence of proliferation which may either be continuous (as is seen in 
tissues such as skin, gut, bone marrow and testis), or may be conditional on the 
need to replace cells in response to some stimulus (as in, for example, liver, 
pancreas, prostate and salivary gland). If one considers the cell lineages that 
make up these tissues as branches of a tree then the progenitor populations 
exist in the trunk or stem, and this analogy led Wilson (1895) to suggest the term 
stem cell for cells from which lineages derive. As we shall see this idea is most 
easily understood in continually renewing tissues. In the rest of this introductory 
chapter, the properties of stem cells will be traced through phylogeny and then 
considered in more detail in mammalian tissues. We shall consider continually 
renewing tissues including bone marrow, gut epithelium and epidermis and 
then focus on the means by which cell lineages and stem cell systems are 
regulated. From this we will turn to key questions concerning the possible 
existence of stem cells in conditional renewal (or expanding) cell populations. 
Having defined the central questions that need to be addressed in order to 
understand the organisation and control of epithelia (or any other tissue) we 
shall pose a series of questions relating to the nature of cellular heterogeneity 
in tissues that form the kernel of this thesis.



Figure 1.1 Progressive restriction of ceii fate with 
differentiation (after Waddington)

A hypothetical cell lineage with 
progressive restriction of 
potential gene expression at binary 
decision points (or nodes)

1.3 STEM CELLS
1.3.1 Stem cells in invertebrates
1.3.1.1 Yeast

Yeast has great capacity for self renewal and exhibit asymmetry of 
cellular fate, since their progeny differ in mating type: thus they can be 
considered as a stem cell system (Hicks & Herskowitz 1976, Strathem & 
Herskowitz 1979). The molecular basis of this is at least partially understood 
(Nasmyth 1983, Sternberg et al 1987, Klar 1987a, Nasmyth & Shore 1987). In 
Saccharomyces cerevisiae the mating type, termed a or a is determined by the 
expression of alternate sets of cell type specific genes at the A/MT locus. The 
alleles that specify mating type lie away from the MAT locus at sites where they 
are under the influence of silencer elements. They are moved to the AMT locus 
by the action of a site specific endonuclease encoded by the HO gene. HO 
gene expression is in turn controlled by a series of positive and negative acting 
cis and trans mechanisms (Sternberg et al 1987, Nasmyth et al 1987, Klar et al



1987a). One key regulatory gene contains a homeodomain (Shepherd et a! 
1984). The ability to express HO is unequally distributed at the time of division, 
possibly by the asymmetric division of nuclear or cytoplasmic components.

In Saccharomyces pombe it appears that analogous mechanisms may 
act in determining asymmetry of cell fate (Klar et al 1987a) but that cytoplasmic 
inheritance is unlikely to be the underlying mechanism (Egel 1984, Klar 1987b). 
The available evidence points to inheritance of non-equivalent DNA strands, 
although the nature of the DNA imprinting is unknown (Klar 1987a, 1987b). 
Possible mechanisms include the asymmetric méthylation of specific loci, the 
asymmetric binding of transcription factors (Miller et al 1985), or a preformed 
transcription complex, with stimulatory or inhibitory activity.

Thus in yeast at least, stem cell behaviour appears to be intrinsically 
specified by the expression of genes that determine the fate of the daughter 
cells. In S. pombe there appears to be non-equivalence of DNA strands with 
asymmetric segregation of the gene that determines the fate of daughters, while 
in S. cerevisiae unequal partitioning of cellular contents appears to be a key 
event. Are such mechanisms of relevance to higher organisms? In addition to 
the model of asymmetric segregation of DNA strands in S. pombe, 
circumstantial evidence in support of genomic imprinting mechanisms comes 
from studies of Aspergillus (Rosenburger & Kessel 1968), the study of putative 
stem cells in the meristems of plants such as Zea mays (Barlow 1978) and in 
murine tongue papilla (see immortal strand hypothesis below; Cairns 1975; 
Rotten et al 1978). However, in the embryonic development of Caenorabditis 
elegans, parental DNA strands segregate randomly (Ito & McGhee 1987) 
suggesting that other mechanisms exist.

1 .3 .1 .2  Caenorhabditis elegans
Cell lineage is of fundamental importance in determining the correct 

spatial and temporal development of the nematode Caenorhabditis elegans 
(Sulston 1988). A series of genetic loci that are involved in cell lineage 
determination in C. elegans have been defined by the examination of 
morphological and behavioural mutant animals (Horvitz 1988). Such 
approaches allow the detailed definition of the genetic factors involved in the 
development of cell lineages, for example neurones (Desai et al 1988). Of 
particular interest in the context of stem cells are the unc-66 mutants that 
convert simple proliferative lineages into stem cell lineages which reiterate 
(Chalfie et al 1981, Horvitz 1988). Another mutant, //n-77, converts diversifying



mutants into simpler forms (Horvitz 1988). The gene encoding unc-86 has been 
cloned and contains a region with homeobox homology (Finney et a! 1988). In 
addition, unc-66 contains a sequence, known as POU, which has close 
homology with a series of genes that encode DNA binding proteins which act as 
regulators of transcription of other genes and can alter the differentiated fate of 
cells (Herr et al 1988, Levine & Hoey 1988). As we shall see this may be of 
particular relevance to the consideration of cell lineage control in higher 
metazoa.

Lineage analysis in C. elegans has also allowed the identification of a 
series of mutations, known as heterochronic mutations, in which the temporal 
relationship of cell fates is altered. For example, the lin-14 locus is involved in 
specifying the normal timing and sequence of developmental events in the 
lateral hypodermal cell lineages. The level of lin-14 expression influences cell 
fate in this lineage. The wild type gene is associated with a programmed 
temporal sequence of cell fates, with the set of fates designated SI preceding 
those termed 82 and so on to give the sequence 81-82-83-84. Some 
mutations result in a precocious lineage, 81-81-82-82; another is associated 
with omission of early fates, 82-82-83-84; while others omit parts of the 
lineage, 81-83-84 (Ambros & Horvitz 1984, 1987). Of what relevance is this to 
stem cells? Although heterochronic mutations are not documented in 
vertebrates (possibly because they are embryonic lethal) it seems possible that 
genes exist that regulate the temporal expression of fates and thus may be 
involved in the control of stem cells and the cellular heirarchies that arise from 
them (see below). Furthermore, it is probable that sequential and combinatorial 
expression of cascades of genes determine cell lineage in C. elegans (Desai et 
al 1988) and possibly in higher organisms. Inductive interactions are also seen 
to have important effects in the development of C. elegans, for example in the 
formation of the vulva (8ternberg & Horvitz 1986) and in the organisation and 
control of gametogenesis (Kimble & White 1981, reviewed in Wood 1988).

1 .3 .1 .3 Leech
Although less well defined from a genetic point of view than C. elegans, 

leech development also occurs via an essentially invariant sequence of cell 
divisions and examples of proliferative, diversifying and stem cell lineages 
(8tent 1985, Weisblat 1987, 8hankland 1987). Ablation and transplantation 
studies in leech show that factors intrinsic to a cell are key determinants of the 
differentiation of that cell, i.e. cell fate is often uniquely associated with lineal 
identity. However in some situations initially equivalent cells can have different



fates as a consequence of cell-cell and possibly other environmental 
interactions. Shankland (1987) has argued that the main role of such 
environmental interactions is to modify an ongoing sequence of programmed 
cell divisions. Thus one can conclude that at least two metazoa, with quite 
different body plans, utilise similar approaches to the formation of the adult 
organism.

1 .3 .1 .4  Hydra
In this organism, a wide variety of differentiated somatic cell types, 

including nerve cells, nematocytes and gland cells are derived from a 
population of interstitial cells. These cells also give rise to male and female 
gametes (David et al 1987) and can self renew. Single cell experiments 
indicate that most interstitial stem cells are multi potent (Bosch & David 1987). 
These cells therefore have the characteristics expected of a stem cell 
population. The distribution of interstitial stem cells is heterogeneous 
throughout the organism with most in the body, and few in the arms or in the 
basal zone. The spatial variation in differentiated cell types is a consequence of 
local commitment after the migration of uncommitted stem cells. In the case of 
neuronal differentiation an 11 amino acid morphogen, termed head inactivator, 
appears to be involved (Schaller & Bodenmuller 1981, David et al 1987). It is 
possible that gap junctions play a role in the regulation of the stem cell 
population (see 1.6.2; Fraser et al 1987).

A constant ratio of stem cells to epithelial cells is seen in hydra. This can 
be demonstrated experimentally, since if the number of interstitial stem cells is 
reduced, either by reconstituting organisms with fewer stem cells or by the 
inactivation of a portion of the stem cell population, there is a fairly rapid 
increase in stem cell numbers until the normal stem cell density is reached. This 
is not mediated by a reduction in cell cycle time but by an increase in the 
probability of self renewal of the stem cells (David et al 1987). These 
observations indicate that there is some set of mechanisms for regulating stem 
cell number and the proportion of progeny that become committed to an 
epithelial phenotype. One prediction from such data is that there would be 
negative feedback loops, and clearly such mechanisms pertain to other stem 
cell systems.

1 .4  STEM CELLS IN PLANTS
Plant stem cells have been identified in specialised regions, known as 

meristems, which are active during growth. Apical meristems are found at the tip



of growing shoots and roots and generate new cells for growth by extension, 
while lateral meristems have a circumferential arrangement and are 
responsible for increases in plant girth. In the root meristem of the water fern 
Azolla the apical cell acts as a stem cell. At each division cycle it reproduces 
itself and generates another cell called a merophyte whose progeny will go 
through a limited number of divisions prior to differentiation. A mature root 
consists of about 9000 cells and the lineage of each cell can be precisely 
mapped (Gunning et al 1978). Transposable elements have been used 
extensively as lineage markers in plants as exemplified by studies on maize 
(McClintock 1984). Since the progeny of successive cell divisions lie 
continguous to one another, phenotypic changes induced by a transposition 
event in one cell can be detected in its progeny. The earlier in development the 
event takes place, the larger will be the number of cells bearing the trait. This 
provides means of following cell lineage in plants. How the stem cells of both 
apical and lateral meristems are regulated is unclear, but one widely held view 
is that mechanical factors (for example axis of cell division) play a role (Gunning 
et al 1978).

1 .5  EVIDENCE FOR THE EXISTENCE OF STEM CELLS IN THE
CONTINUALLY RENEWING POPULATIONS OF VERTEBRATES
In continually renewing tissues, several lines of evidence point to the 

existence of functionally and kinetically distinct sub-populations of cells which 
may be termed stem cells (Lajtha 1979; reviewed in Hall & Watt 1989a). In this 
section we will review some of evidence supporting this concept in continually 
renewing tissues.

1.5.1 Bone marrow
A wide range of morphologically defined cell types exists in the bone 

marrow and, as in epithelia, the cellular elements are organised with different 
haemopoietic lineages having characteristic orientations and zones, although 
these are complex and are less easily discemed than in other continually 
renewing tissues (Westem & Bainton 1979). Considerable evidence indicates 
that all differentiated haemopoietic cell types are derived from a common 
precursor with a high capacity for self renewal. For example, the use of 
chromosomal markers, immunoglobulin subtypes, haemoglobin isoforms and 
the application of retroviral lineage marking techniques point to all 
haemopoietic lineages having a common precursor or stem cell (Abramson et 
ai 1977, Fleischman et al 1982, Mintz 1984, Dick et al 1985, Lemischka et al



1986), although the exact details of lineage relationships remain poorly defined 
(despite impressive looking diagrams in many haematology texts; see Brown et 
al 1988).

In bone marrow, transplantation of sub-populations of haemopoietic cells 
into irradiated mice is followed by reconstitution of marrow (Till & McCulloch 
1961). The fraction of bone marrow cells that gives rise to all differentiated 
elements is small and has proved difficult to define. This stem cell population 
has been partially defined as being composed of small lymphocyte like cells 
with a low labelling index (do not confuse a low labelling index with a low 
probability of proliferation!) which can repopulate a lethally irradiated mouse 
and have the capacity to bind wheat germ agglutinin (Visser et al 1984, Lord & 
Spooncer 1986). An alternative approach has been the application of 
monoclonal antibodies that recognise cell surface antigens to characterise 
bone marrow sub-populations. Weissman and colleagues (Muller-Sieburg et al 
1988, Spangrude et al 1988) have demonstrated that the bone marrow 
reconstituting cells of the mouse do not express a wide range of specific lineage 
markers and express only low levels of Thy-1. An antigen recognised by an 
antibody designated SCA-1 (stem cell antigen - 1) further subdivides this 
population and as few as 30 cells with the phenotype SCA-1+, lineage", Thy- 
1'ow can reconstitute the haemopoietic system of a lethally irradiated mouse.

Similar strategies have allowed the definition of a putative haemopoietic 
stem cell phenotype in man. Antibodies that recognise CD34, an 115kD 
glycoprotein, define a population of immature haemopoietic elements in human 
bone marrow and primitive leukaemias (Tindle et al 1985, Andrewes et al 1986, 
Watt et al 1987). Cells that express CD34 can reconstitute the bone marrow of 
lethally irradiated baboons, whilst reconstitution with marrow depleted of CD34 
positive cells is unsuccessful (Berenson et al 1988). The CD34 positive 
population is itself heterogeneous and can be subdivided into functionally 
distinct progenitor populations on the basis of CD33 expression.

Given that a stem cell population exists in the bone marrow, what factors 
might regulate cellular proliferation and the fate of daughter cells? It is highly 
likely that a wide range of growth factors and cytokines plays a central role 
(Dexter & Spooncer 1987, Metcalf 1989) although the details of spatial and 
temporal distribution of these and their receptors remains poorly defined. 
Obviously however, the whole environment in which the stem cell(s) reside, and 
not just soluble growth factors, is of central importance here. Simple
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morphological studies point to the important role of interactions between cell 
types in the marrow (Western & Bainton 1979, Bentley 1981, Allen & Dexter 
1982). Experiments employing long term bone marrow culture (Dexter et al 
1977; Dexter & Moore 1977) have permitted dissection of many of the micro
environmental factors both cellular and extracellular, involved in 
haematopoiesis (reviewed in Gordon 1988a, Torok-Storb 1988).

Evidence supporting a central role for the cellular micro-environment in 
the physiology of haemopoietic stem cells comes from the analysis of mutant 
mice with congenital anaemias. Transplantation of marrow from WAV''mice into 
normal litter mates that have been lethally irradiated rarely leads to marrow 
reconstitution, while reconstitution of irradiated WAV'' mice with normal marrow 
leads to normal haemopoiesis (McCullough et al 1964, 1965, Harrison 1973). 
Conversely marrow from a SI/SI^ mouse will restore the integrity of a lethally 
irradiated mouse’s marrow but eng raft ment of an SI/SI^ mouse with normal 
marrow does not repair the anaemia (McCullough 1965). Finally, SI/SI^ bone 
marrow repairs the defect in WAV'' mice but the reverse is not true. Such data 
are interpreted as indicating that in SI/SI^ mice the defect lies in the marrow 
stroma while in the WAV'' mice the defect is intrinsic to the cellular components. 
The phenotypic defects can be mimicked in vitro by suitable combinations of 
stromal cells and marrow (Dexter & Moore 1977).

Recent studies have provided a molecular explanation for these 
observations. The c-kit proto-oncogene encodes a receptor tyrosine kinase and 
is found to map to the W locus on murine chromosome 5 and W mutants have 
abnormalities of this gene (Chabot et al 1988, Geissler et al 1988). Mice with 
the genotype W/W'' and SI/SI^ represent phenocopies, both being severely 
anaemic, hypopigmented and sterile. However, the S/locus is quite distinct 
from that of Wand is located on murine chromosome 10. Consequently it was 
proposed that the SI locus encoded a ligand for c~kit this prediction has been 
confirmed (Witte 1990) and it appears that this receptor ligand pair are critical in 
haemopoiesis (as well as testicular and melanocyte function).

Evidence also exists for the role of extracellular matrix molecules 
interacting with haemopoietic cell surface molecules of the integrin family, 
possibly via RGD motifs (Hynes 1987, Hemler 1988, Gordon 1988b). It is of 
interest that growth factors can bind to extra-cellular matrix molecules and retain 
their mitogenic activity (Smith et al 1982). In addition, growth factors can 
regulate the production of extra-cellular matrix components (Ignotz &
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Massague 1986, 1987). Both erythropoietin and IL-3 have been reported to 
bind heparan sulphate, a major component of haemopoietic stroma (Roberts et 
a! 1987, Gordon et a! 1988a, 1988b), and interleukin-3 (IL-3) dependent 
multipotent stem cell lines can proliferate and differentiate in the absence of IL-3 
if suitable cultured stromal cells are provided (Spooncer et al 1986). These 
need not be metabolically active as gluteraldehyde fixed 313 cells will support 
in vitro haemopoietic culture (Roberts et al 1987). This suggests the need for 
some stable surface component and this is consistent with the need for stromal 
and haemopoietic precursor cells to be in intimate contact.

The mechanisms by which haemopoietic progenitor cells interact with 
stromal elements are still only poorly understood but it is clear that there is 
heterogeneity within progenitor cells regarding these properties. For example, 
it has been demonstrated that plastic adherent murine colony-forming stem 
cells have a greater ability to rescue lethally irradiated mice than non-adherent 
cells (Kerk et al 1985). It has also been demonstrated that the murine cells 
which are responsible for haemopoiesis in long term culture adhere early 
(Mauch et al 1980). In general the majority of committed progenitor cells (i.e. 
granulocyte-macrophage, erythroid, mega-karyocytic and mixed colony forming 
cells) appear to be non-adherent in current assays (reviewed by Gordon et al 
1988b). It is possible that the defect(s) in some forms of leukaemia involve 
abnormal interactions between bone marrow stroma and haemopoietic stem 
cells (Gordon et al 1987).

The current ideas of the adhesive properties of haemopoietic stem cells 
and the fundamental role of the marrow microenvironment are of particular 
interest in the light of the "stem cell niche" hypothesis (Schofield 1978). This 
model implies that the true haemopoietic stem cell is a fixed tissue cell within 
the marrow, residing in an optimal microenvironment, or "niche". When such a 
cell divides, only one daughter could remain in the "niche", the other cell would 
then undergo commitment and differentiation unless another "niche" became 
available to it. This model dictates that it is the environment that determines 
stem cell behaviour in a suitably equipped cell. The stem cell within the "niche" 
would have a high probability of self renewal, and a very low probability of 
mobilisation. It would have a low probability of entry into the cell cycle and thus 
divide only rarely. It is possible that other microenvironmental sites have 
slightly differing degrees of "n/c/?e-ness" and thus give rise to a nested set of 
stem cells with differing probabilities of self renewal. This model remains 
attractive but it has not been subject to formal testing. Furthermore, it is not clear
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whether the marrow stromal environment is inductive or permissive in the 
context of stem cell behaviour.

The "niche" hypothesis suggests that there may exist within the stem cell 
compartment a hierarchy of cells with decreasing capacity for self renewal, and 
increasing probability of commitment to differentiation. Evidence of such 
heterogeneity with respect to the ability of haemopoietic precursors to self 
renew and to repopulate has been described (Gordon et al 1977, Heilman et al 
1978, Harrison et al 1987a). Another aspect of stem cell heterogeneity relates 
to their possible ageing. Using a variety of transplantation procedures in mice 
that have had their bone marrow ablated by radiation or by chemotherapy, no 
difference could be found between the repopulating capacity of foetal, young or 
old adult marrow (Harrison et al 1978, 1982, 1984). However these and other 
studies have shown that there is a decrease in the self renewal capacity with 
serial transfer of murine haemopoietic stem cells (Siminovitch et al 1964, 
Cudkowicz et al 1964, Ogden & Micklem 1976). These data may suggest that 
the replicative capacity of stem cells may not be infinite, although within the 
context of an animal's lifetime, little or no haemopoietic stem cell ageing occurs 
(see page 17).

Are all haemopoietic stem cells active simultaneously? Kay (1965) 
suggested that there might be sequential, and possibly random, activation of 
stem cells. This is supported by the observations of Lemischka et al (1986) 
where periodic sampling of blood showed different retroviral integration sites 
implying the presence of different clones, and Mintz et al (1984) who showed 
fluctuation in the predominant genotype of blood cells. However a detailed 
analysis by Harrison et al (1987b, 1988), also employing the fluctuation of blood 
group genotype in heterozygous animals, does not support this clonal 
succession model. In other systems, including epithelia, very little data are 
available regarding the temporal or spatial activation of different stem cells.

1 .5 .2  Gastrointestinal epithelium
Unlike the stem cells of the epidermis (but like those of the bone marrow) 

the stem cells of the gastrointestinal epithelium are able to give rise to multiple 
cell types (Cheng & Leblond 1974). This is supported by the demonstration that 
xenografts of cloned HRA-19 cells in nude mice can be shown to contain 
columnar, mucous and endocrine cells (Kirkland 1988). Similar observations 
have been made in vitro with the cell line HT29-18 which can be induced to
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differentiate into columnar or mucous cells by modification of the sugar content 
of the growth medium (Huet et al 1987).

While the existence of a pluripotential stem cell in the gut has been 
confirmed, the way in which this is controlled, and the kinetic and spatial 
organisation of small intestinal crypts and associated villi, and crypts of the 
large intestine, remain ill understood. As with the epidermis, numerous 
radiolabelling and kinetic studies have been performed and have provided 
useful information about cellular hierarchies in the gut. Cellular proliferation 
occurs at or near the bases of crypts and cells migrate upwards. In the colon 
cells are sloughed off at the surface and no crypt contributes cells to adjacent 
crypts. In the small bowel the picture is more complex, with several crypts 
providing cells to cover contiguous villi from which epithelial cells are sloughed 
(Wright & Alison 1984). Using kinetic analyses, Potten has argued that there 
are between 4 and 16 stem cells per crypt (Potten & Loeffler 1987a, Potten et al 
1987; reviewed in Potten & Loeffler 1991).

In the gut, there is a continuing flux from the stem cell zone along the 
crypt to the surface where cells are lost into the lumen. Simple observations of 
the distribution of proliferating cells in gut epithelium indicate that the 
proliferative compartment is spatially constrained, at least under normal 
circumstances (Wright & Alison 1984). Studies of mice heterozygous for the X- 
linked gene glucose-6-phosphate dehydrogenase and from chimaeric rats 
indicate that crypts are derived from a single precursor cell (Ponder et al 1985, 
Winton et al 1988, Griffiths et al 1988). It is now clear that all epithelial 
phenotypes within the gut can be derived from a common precursor, or stem, 
cell and that a single stem cell can maintain a crypt (Winton et al 1988, Kirkland 
1988, Thompson et al 1990). The available data point to the presence of a small 
number of stem cell(s) at or near the bases of crypts whose daughters are 
rapidly dividing transit amplifying cells that can go through up to 4 rounds of 
division before finally giving rise to non-dividing, terminally differentiated 
enterocytes (Potten & Loeffler 1987a, 1990).

1 .5 .3  Epidermis
The skin and other squamous epithelia are specialised for protecting the 

underlying tissues. Epidermal cells perform this function by elaborating cross- 
linked keratins and a complex comifed envelope around the cells. These cells, 
or squames, are shed from the surface at a high rate and are constantly 
replaced by new cells that enter the terminal differentiation pathway from below.
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A balance between proliferation and terminal differentiation ensures that the 
epidermis remains of a constant thickness.

Cellular proliferation is largely confined to the basal layer of the 
epidermis under normal circumstances (reviewed in Wright and Allison 1984). 
Studies of the radio-sensitivity of murine skin and its ability to recover (Withers 
1967a, 1967b, Potten and Hendry 1973) indicate that only a fraction (5-10%) of 
the cells in the basal layer have clonogenic potential. A large number of cell 
kinetic studies have indicated that the basal layer of murine skin is 
heterogeneous (Hamilton and Potten 1972, Potten 1974, 1981, Clausen & 
Potten 1990). Numerous kinetic studies, with increasingly sophisticated 
mathematical analysis, have been argued to provide support for the notion of a 
hierarchical arrangement with a stem cell compartment, composed of slowly 
cycling cells with prolonged Go phase, giving rise to a population of rapidly 
cycling transit amplifying cells, that mature into a post-mitotic, terminally 
differentiating compartment (Potten 1981, Potten et al 1982, Wright and Allison 
1984, Clausen et al 1984, Potten and Loeffler 1987b, Loeffler et al 1987).
There does not appear to be a fixed number of cell divisions prior to terminal 
differentiation (Potten & Loeffler 1987b, Loeffler et al 1987), a feature seen in 
other stem cell models (Angelo & Prothero 1985).

Several studies have provided evidence for kinetic heterogeneity in 
cultured kératinocytes (Potten 1986). Subpopulations of kératinocytes that 
differ in cell cycle time and rate of DNA synthesis have been identified (Dover & 
Potten 1982, 1988; Jensen et al 1985, Albers et al 1986, 1987) and withdrawal 
from the cell cycle has been shown to occur in a specific subset of dividing cells 
(Albers & Taichman 1986). Such studies may be interpreted as supporting the 
notion of a population of stem cells with prolonged cell cycle time but short S 
phase compared with the transit amplifying populations.

Despite the convincing kinetic evidence for the existence of a 
heterogeneous proliferative compartment within the basal layer of the 
epidermis, no convincing molecular marker of any basal sub-population has 
been defined to date. Where are the stem cells of the skin? Certainly they exist 
in hair follicles, as is evidenced by the regeneration of skin from residual 
follicles after severe burns and the growth of normal epidermis from outer root 
sheath cells of individual hairs (Lenoir et al 1988). Recent studies point to their 
presence in the bulge portion of the hair follicle, at least in rodents (Cotsarellis 
et al 1990). However, skin regeneration occurs just as well in non-hair bearing
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skin, as long as some skin remains viable. Thus it is likely that epidermal stem 
cells are scattered throughout the epidermis and hair follicles. Lavker and Sun 
(1982) have reported the existence of morphologically distinguishable subsets 
of basal cells in monkey palm skin but similar observations have not been 
reported in man.

Extending the work of MacKenzie (1969, 1970) and Christophers (1971) 
on the thin, flat epidermis of the back and ear of the mouse, Potten proposed 
that mammalian epidermis is organised into "epidermal proliferative units"
(EPU; Potten 1974, 1981) which consist of a centrally placed stem cell that has 
different kinetic properties from the surrounding ten or so other basal cells. 
Although this model may be applicable to thin murine skin, morphological 
evidence to support this notion in other sites has not been reported. Moreover a 
recent in situ study of murine skin using the immunohistochemical 
demonstration of MHO haplotypes in chimaeric mice has failed to reveal any 
epidermal proliferative units (Schmidt et al 1987). One might imagine that the 
situation is more complex in many epidermal sites since the basal layer of the 
skin is thrown into folds, while the surface is essentially flat. Thus there must be 
local variation in the flow of cells from the stem cell compartment through the 
amplifying compartment, or alternatively lateral movement of cells with a 
uniform stem cell flux must occur. At present we have little data to resolve these 
models.

In some other squamous epithelia, however, there is good evidence for 
the specific localisation of stem cells. In the cornea of the eye there is 
centripetal movement of cells from the limbal region to the centre (Buck 1985), 
and mitotic activity is confined to the limbus (Friedenwald & Buschke 1944). 
Together with recent immunohistochemical and biochemical evidence based 
upon patterns of keratin expression (Schermer et al 1986), this suggests 
location of the corneal stem cells at the edge of the limbus, and this is consistent 
with the observation that corneal carcinomas arise in this area and not 
elsewhere (Waring et al 1984). In another tissue with very rigid structures, the 
filiform papillae of the tongue, there is evidence for a specific localisation of 
stem cells (Potten et al 1978, Hume 1983). In both these tissues the putative 
stem cell resides at a point which is static.

Given that stem cells exist within the basal layer of the epidermis, how do 
they respond to the varying demands placed upon them? The balance 
between proliferation and differentiation is highly ordered and well regulated.
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and is influenced by environmental factors. Studies of cultured kératinocytes 
have demonstrated that a wide range of regulatory molecules, such as EGF, 
transferrin, insulin, tri-iodothyronine and hydrocortisone, can modify the growth 
and differentiation of kératinocytes (reviewed in Watt 1988). The role of these 
molecules in vivo, however, remains uncertain. In vivo, mechanisms exist to 
ensure that there is a constant balance between cell turnover and loss which 
also suprabasal cells are lost from in vitro cultures of kératinocytes, the 
remaining basal cells are able to regenerate them, indicating that homeostatic 
mechanisms are operating in vitro (Jensen & Bolund 1988, Read & Watt 1988). 
The notion of negative regulation of proliferation and differentiation by inhibitory 
molecules (Bullough 1962) might explain such homeostatic mechanisms. A 
pentapeptide isolated from murine epidermis has been reported to inhibit 
proliferation of murine and human kératinocytes (Elgjo et al 1986, Watt et al
1989). There is spatially regulated production of TGFp (Akhurst et al 1988) by 
kératinocytes which can produce and respond to TGFa, and exogenous TGFa 
stimulates endogenous TGFa synthesis (Coffey et al 1987). Such observations 
suggest that kératinocytes exhibit autocrine and paracrine responses to a 
variety of regulatory molecules. Whether different subpopulations of 
kératinocytes differ in their response to single regulatory molecules or to 
combinations of them remains unclear.

Another possible mechanism for regulating the behaviour of epidermal 
stem cells might involve the communication between epidermal kératinocytes 
via gap junctions. During terminal differentiation kératinocytes lose the ability to 
transfer Lucifer Yellow via gap junctions, both in vivo and in vitro (Kam et al 
1986, 1987). One plausible hypothesis would involve the transmission of some 
low molecular weight regulatory molecule through gap junctions which might 
determine the fraction of basal cells in the proliferative compartment (Mehta et 
al 1986). Loss of cells from the communicating compartment as a consequence 
of terminal differentiation would then regulate proliferation of the remaining 
basal cells.

In view of the evidence supporting the importance of cell-stroma 
interactions and stem cell adhesion in the haemopoietic system it is 
conceivable that a determinant of the behaviour of epidermal, and possibly 
other epithelial stem cells, is differential adhesion to the basement membrane 
or other extracellular matrix components. Considerable evidence exists for a 
key role for the underlying mesenchyme in directing epithelial development and 
differentiation (Sengel 1976, Bissel et al 1982, Pignatelli & Bodmer 1988). It is
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possible that subtle quantitative variations in basement membrane components 
(including absorbed peptide growth factors), or alterations in number, or affinity 
of growth factor receptors, or changes in intracellular signalling pathways in 
basal kératinocytes, determine stem cell behaviour.

It has been known for some time that primary cultures of tissues from 
older individuals will proceed through fewer population doublings than those 
from young individuals. Barrandon and Green (1987) have shown that there 
are fewer keratinocyte clones with stem cell properties in their functional assay 
in older patients than from neonates. Possibly, the notion of stem cells having 
unlimited replicative capacity is untrue, but they may have a very high capacity 
which declines with age. It is of interest that cutaneous wounds in elderly 
patients heal less well than equivalent wounds in the young, although other 
factors, such as the declining efficiency of blood supply, make interpretation 
difficult.

Mechanisms probably exist for protecting stem cells against severe 
stress in vivo. Cairns (1975) has argued that stem cells are the most likely target 
for oncogenic insult in epithelia and suggests that higher organisms will have 
developed ways of restricting the accumulation of mutant cells. For example, 
the number of stem cells is relatively limited, and various aspects of stem cell 
behaviour allow for the repair of any defect, such as the prolonged periods of 
mitotic inactivity. Go or resting phase. Cairns (1975) also proposed that stem 
cells would have some form of mechanism for protecting their DNA, possibly by 
the asymmetric segregation of DNA strands. In the immortal strand hypothesis, 
the stem cell always retains its original DNA on division and the daughter cell 
destined to differentiate contains the newly synthesized strands. Such a model 
predicts that if new DNA could be labelled when the cellular population is in a 
steady state condition, then the label would be lost from the stem cells very 
rapidly. Conversely, if labelling occurs under non-steady state conditions, i.e. 
when new stem cells are being formed, then the stem cell DNA would retain the 
label. Furthermore, the existence of label retaining cells (literally cells that 
retain radioactive thymidine analogues for very prolonged periods) in epidermis 
(Bickenbach 1981, Bickenbach & Holbrook 1987, Morris et al 1985, 1986) is 
consistent with this model. That such a mechanism appears to be of relevance 
in yeast is described above. Similar cells have been shown to retain labelled 
carcinogens (Morris et al 1986) and may be more clonogenic in vitro (Potten & 
Morris 1989). Potten et al (1978) have reported experiments where label- 
retaining cells were observed at the base of the tongue papilla in murine
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tongue, and recent studies (Morris et al 1988) provide evidence of their 
existence in epidermis, it should be noted however that other explanations for 
label retaining cells exist, including the existence of thymidine pools and 
alterations of thymidine use.

In the skin, production of kératinocytes from the stem cell zone in the 
basal layer is followed by migration upwards and attendant terminal 
differentiation and finally desquamation (Potten 1981). Radiation injury 
experiments point to the existence of a sub-population of cells from which 
epidermis can be regenerated (Withers 1967a 1967b). A number of kinetic 
studies indicate that this subpopulation appears to be very slowly cycling 
(Clausen et al 1984) and may have a characteristic spatial architecture termed 
the epidermal proliferative un/Y (Potten 1981). Finally, kératinocytes can be 
cultured in vitro and then successfully employed in grafting experiments to 
repopulate epidermis in a manner analogous to bone marrow transplant 
experiments (Gallico et al 1984). Recent data suggest that stem cells do not 
exist in interfollicular skin but in specific parts of hair follicles (Lenoir et al 1988; 
Cotsarelis et al 1990). Similar arguments have been used to infer that corneal 
stem cells exist in the limbus (Cotsarelis et al 1989).

1 .5 .4  Stem cells in continually renewing tissues: a summary
In all three tissues (bone marrow, gut and skin) there is considerable 

evidence for the existence of stem cells - all of which is indirect and inferential.
While the data point to the existence of stem cell populations these cells remain 
elusive and difficult to study (Hall 1989a, 1989b). We do not have any markers 
of stem cells, with the possible exception of CNS stem cells (Lendahl et al 
1990), and they cannot be reliably defined using morphological criteria (Hall &
Watt 1989a; Hall 1991). Consequently stem cells must be operationally defined 
as possessing the following properties (Figure 1.2; reviewed in Hall & Watt 
1989a and Potten & Loeffler 1990). First, they have an unlimited capacity for self 
renewal (at least in the context of the organism's life span). Second, when a 
stem cell divides, the daughters have a choice, either to remain a stem cell or to 
differentiate. Third, there is argued to be unidirectionality of flow from relatively 
undifferentiated stem cells to differentiated non-stem cells.

Stem cell populations have been inferred as having a number of other 
characteristics (Wright & Alison 1984). They are typically slowly cycling 
compared with their daughter cells. It is important to realise that transit 
amplifying cells are the population that usually have the highest proliferative
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capacity and are most rapidly cycling. Stem cells are, by definition, clonogenic 
but it should not be simply assumed that cells that are clonogenic in some 
model system are necessarily stem cells. Stem cells may be pluripotent and 
able to give rise to a number of different phenotypes within a lineage, or be 
unipotent. Finally it has been repeatedly shown that stem cells are relatively 
more radiosensitive than other cells (Wright & Alison 1984). While this list 
describes the properties that stem cells may have, there may be differences in 
the degree to which any putative stem cell has them (Potten & Loeffler 1990).

1 .6  REGULATION OF STEM CELLS AND
LINEAGES DERIVED FROM THEM
Of central importance is the idea that stem cells and the lineages that 

derive from them are exquisitely regulated with cell production exactly 
balancing cell loss under normal circumstances. A number of possible 
mechanisms have been proposed for the regulation of stem cells and their 
lineages (see Figure 1.3) including the possibility of purely stochastic (or 
probabilistic mechanisms; Johnson & Metcalf 1977, Suda et al 1984; reviewed 
in Hall & Watt 1989a). It should be recognised that simply stating that a process 
is stochastic does not preclude it being regulated as opposed to being a purely 
random process. The crutch of probability only begs the question of what is 
regulating the probabilities?

In essence, there are two extreme views concerning the regulation of 
stem cells. First, regulation may be intrinsic and predetermined as in yeast (S. 
pombe and S. cervisae) or in the regulation of many cell lineages in the 
nematode Caenorhabditis elegans. Cairns has suggested that non-equivalence 
of DNA strands may be one mechanism for regulating stem cells (Cairns 1975) 
but there is only fragmentary experimental support for this notion in higher 
eukaryotes (Potten et al 1978). The weight of available evidence is In favour of 
the alternative view that environmental regulation is key to the control of stem 
cells. Indeed even in C. elegans environmental factors clearly are important in 
determining differentiation in cell lineages (Gilbert 1991). A range of different 
mechanisms might be at play, including cell-cell and cell-matrix interactions, 
and soluble growth factors. In C. elegans all have been implicated in regulating 
lineages.
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Figure 1.3 Regulation of stem ceil lineages

In a stem cell hierarchy, there are a number of ways of regulating production of 
differentiated cells. For example, the frequency of stem cell division (1), the 
probability of stem cell death (2), the probability that daughter cells will be stem 
cells or committed to differentiation (3), the cell cycle time of transit amplifying 
cells (4), the probability of death of transit amplifying cells (5), the number of 
rounds of division in the transit compartment (6), and finally the lifetime of the 
differentiated cells (7), including the duration of maturation (8).
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1.6.1 Reguiation by position
In plants the stem cells of apical and lateral meristems appear to be 

regulated, at least in part, by positional factors including orientation of mitotic 
spindles and consequent polarity of division. Curry and Trentin (1967) 
proposed that the differentiation pathways taken by the daughters of 
haemopoietic stem cells were determined by the micro-environment within the 
bone marrow. As we have seen, based upon this notion Schofield (1978) 
proposed the "niche" hypothesis in which the environment is central to 
determining stem cell properties. It is certainly the case that the proliferative 
compartments of many tissues are normally very well defined. Recent data 
relating to cell adhesion, growth factors and extracellular matrix is in full accord 
with these views. In particular the idea of regulatory micro-environments, or 
niches, in which stem cells can exist is supported by observations relating to the 
adhesive properties of cellular sub-populations in model systems.

There is considerable evidence pointing to the role of adhesive 
mechanisms regulating stem cell behaviour in bone marrow. Using spleen 
colony forming assay or the ability of cells to repopulate bone marrow in 
irradiated mice it has been shown that adhesive properties distinguish sub
populations of haemopoietic progenitor cells, with the most adherent cells 
having the most stem-like properties being resistant to 5-fluorouracil, having a 
high proliferative capacity, being able to reconstitute bone marrow and able to 
differentiate to give all formed elements (Kerk et al 1985, Gordon et al 1987a, 
1987b, Gordon 1988a, Bearpark & Gordon 1989). Furthermore by examining 
human and murine marrow progenitor cells it has been shown that the marrow 
stromal elements responsible for localising stem cells are highly conserved 
(Bearpark & Gordon 1989). The nature of the stromal factors concemed remain 
poorly defined although it is clear that both cellular and extracellular factors are 
involved (Gordon 1988b). While the nature of the stromal cells is important 
(Metcalf 1989) they need not be metabolically active (Roberts et al 1987) and 
there appears to be a central role for sulphated glycosaminoglycans such as 
heparin sulphate, presumably in presenting growth factors to the haemopoietic 
precursors (Spom & Roberts 1988). Binding of growth factors to matrix 
components, in particular to proteoglycans, appears to be a key regulatory 
mechanism in tissue organisation (Ruoslahti & Yamaguchi 1991).

While such evidence exists for bone marrow can the ideas be more 
generally applicable? Evidence for the role of adhesive mechanisms in 
regulating differentiation processes has rapidly accumulated in the last few
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years, building upon cell biological studies, notably those of Bissell et al 
(1982). In normal epithelia, such as gut and skin, cell proliferation is spatially 
restricted to specific zones which is consistent with a role for adhesive 
interactions between clonogenic cells and microenvironments. One important 
consequence of the hypothesis that environmental factors, and in particular 
position, are central to the regulation of stem cells is an explanation for the 
difficulty in distinguishing stem cells from non-stem cells. Such a hypothesis 
would lead to the definition of stem cells by the possession of certain intrinsic 
attributes and the position in which they exist. Indeed, Steel (1977) and Wright 
and Alison (1984) have argued that it is important to distinguish between stem 
and clonogenic cells, since a clonogenic cell is one that can "repopulate a test 
environment" while a stem cell may only be defined in the context of its "natural 
environment".

1 .6 .2  Regulation by Intercellular communication
The behaviour of communities of cells may be regulated by the direct 

exchange of low molecular weight molecules between the cytoplasm of 
neighbouring cells via intercellular junctions. That such mechanisms are 
important has been demonstrated in a number of systems, particularly in 
developmental biology. For example, in Drosop/7//a gap junction channels may 
be regulated and control a number of processes including pattern formation and 
behavioural rhythms. In this species the product of the per locus gene has been 
shown to provide a means for regulating rapid communication, amplification 
and synchronisation of signals involved in a range of physiological processes 
(Bargiello et al 1987). Similar mechanisms have been implicated in other lower 
eukaryotes such as Neurospora (McClung et al 1989) and Hydra (Fraser et al
1987). Furthermore antibodies that recognise a 27kD rat liver junction protein 
also recognise a gap junction antigen in Hydra and can inhibit cell-cell 
communication and consequently patte mi ng processes (Fraser et al 1987).
Such data provide support for the notion that gap junctions are central to tissue 
organisation by permitting passage of diffusible substances. In mammalian 
systems there are elegant experimental data to support these ideas, 
lonotphoretic injection of Lucifer yellow into cultured kératinocytes allows the 
identification of cells coupled by gap junctions, through which the fluorescent 
dye can pass. Kam et al (1987) demonstrated that terminal differentiation was 
associated with dramatic decline in communication, but that the proliferative 
compartments were coupled in groups that mimic epidermal proliferative units 
(Potten 1981 ). In the intestinal crypt similar coupling of cells in the proliferative
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compartment which is lost with differentiation has also been reported (Bjerknes 
et al 1985).

The nature of the molecular signals transmitted remains uncertain but the 
idea of intercellular communication and diffusible signals is concordant with 
ideas of positional information and spatial patterning in development and in 
adult tissues (Wolpert 1969). Furthermore, there is now a large body of 
evidence supporting the role of local intercellular signals in regulating 
development and differentiation in Drosophila, C elegans and similar 
invertebrate systems (Kenyon & Kamb 1989; Greenwald & Rubin 1992).

1 .6 .3  Negative regulators of cell proliferation
For thirty years a debate has continued regarding the existence of 

chalones, or tissue specific negative regulators of proliferation (see Wright &
Alison 1984). Although many disputed the existence of such species, which 
proved difficult to characterise, from a cybemetic point of view it is obvious that 
there must be inhibitory as well as stimulatory mechanisms regulating tissues, 
since supply and demand are so finely balanced. In recent years evidence has 
accrued for the existence of negative regulators, although they appear to lack 
the tissue specificity claimed by earlier proponents of chalones. TGF-p may act 
as a negative regulator of proliferation in a number of systems (Roberts & Sporn 
1988a, 1988b; Moses et al 1990) including bone marrow (Dexter & White 
1990). Indeed it has been suggested that TGFp might be considered a chalone 
(Parkinson & Balmain 1990). Of particular note is the ability of different cell 
types to respond in different ways to TGFp: proliferation stimulated in some and 
inhibited in others. Moreover the same cell type may respond in different ways 
depending on the presence or absence of other growth factors (Roberts &
Sporn 1988a, 1988b). The mechanism of action of TGFp appears in part to 
relate to altering the phosphorylation of the retinoblastoma gene product pi 10 
and consequently altering cell cycle control (see Chapters 1 and 2, Lai ho et al 
1990; Moses et al 1990). In addition it is clear that TGFp can regulate 
expression of extracellular matrix protein and enzymes that may modify matrix 
including metalloproteinases (Roberts & Sporn 1988a, 1988b; Moses et al
1990). Given these properties it is of interest that the spatial distribution of TGFp 
expression is very carefully regulated both in development and in adult tissues 
(Roberts & Sporn 1988a, 1988b).

Other examples of molecules involved in negative regulation exist. Using 
an in vitro colony assay it has been possible to purify to homogeneity a
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macrophage derived inhibitor of stem cell proliferation termed SCI/MIP-1a 
(Graham et al 1990). Elgjo et al (1986) have described a pentapeptide derived 
from epidermis with the property of inhibiting proliferation and enhancing 
terminal differentiation in cultured human and murine kératinocytes. 
Consequently it seems likely that while the original concept of chalones has not 
been fully substantiated, there is increasing experimental evidence for the 
existence of negative regulators of proliferation which may also act as 
stimulators of terminal differentiation (or vice versa).

Some recent observations on the molecular basis of the balance 
between proliferation and differentiation in embryonic stem cells are pertinent. 
Embryonic stem cells (ES cells) are pluripotential stem cell lines derived from 
the inner cell mass of early embryos (Martin 1981). These cells can be cultured 
in vitro and after re-introduction into a murine blastocyst will develop normally, 
contributing to all tissues. ES cells can be cultured in vitro on an appropriate 
"feeder layer" (Evans & Martin 1975). If cultured in the absence of the feeder 
layer ES cells will lose the ability to divide and differentiate [Note: there are 
clear analogies here with a range of other in vitro systems which require feeder 
layers including marrow culture (Dexter et al 1977) and keratinocyte culture 
(Rheinwald & Green 1977)]. Using the ES system it has been recently shown 
that the specific factor produced by the feeder layer which maintains 
proliferation at the expense of differentiation is a heavily glycosylated 43kD 
glycoprotein (protein core 20kD) termed leukaemia inhibitory factor (LIE) or 
differentiation inhibiting activity (DIA). Of particular note is the observation that 
this protein exists in a matrix associated (M) form and in a diffusable (D) form as 
a consequence of alternate promoter usage (Rathjun et al 1990a, 1990b). In 
addition to providing support for the notion of negative regulation of stem cells, 
the latter observation has a clear bearing on the "niche" concept.

1 .6 .4  Control of cell number and heterochrony
From the earlier discussion it is clear that counting mechanisms are of 

major importance in biology and are central to the regulation of tissues. Both 
during development and in the adult organism tissues have exquisite control of 
both the type and number of their component cells yet we know little about how 
this is carried out. One simple notion is that with progressive cell divisions there 
may be a progressive halving of some intracellular factor or possibly a cell 
surface receptor. At some point the level may fall below a critical threshold 
which triggers the end of cell division. In lower eukaryotes mutations that after 
the temporal patterns of division have been identified. These heterochronic
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(different time) mutations lead to cells having fates that should have occurred 
earlier or later in a particular lineage. In the nematode Caenorhabditis elegans 
several such heterochronic genes have been identified {lin-4, lin-14, lin-28ar)6 
Hn-29\ see Ambros & Horwitz 1984, 1987). For example the product of the Hn-14 
gene is a nuclear protein that regulates the timing of specific post-embryonic 
events (Ruvkun & Giusto 1989) such that if the Hn-14 level is high an early event 
occurs, but if low a late event occurs (Ambros & Horwitz 1987).

Of what relevance is this to the regulation of tissues in higher 
eukaryotes? It seems probable that mechanisms exist for determining numbers 
of divisions and the temporal control of differentiative events in cell hierarchies 
(Hall & Watt 1989a). In the gut for example, the number of divisions that a stem 
cell and its daughters within any crypt undergoes must be tightly constrained 
(Potten & Loeffler 1990). One extra round of division could double the number 
of cells in the crypt! It is known that the number of cells in a crypt determines the 
probability of it undergoing fission and dividing into two crypts (Cheng et al 
1986). It is worthy of note that in familial adenomatous polyposis (FAR) the 
proliferative compartment is expanded and the number of bifid (branching) 
crypts is dramatically increased above the normal: could it be that the gene 
defect on chromosome 5 in FAR relates to the control of cell number (i.e. the 
gene has a heterochronic function)? The recent identification of a candidate 
gene at the FAR locus (Kinzler et al 1991), encoding a protein with homology to 
previously described muscarinic receptors possessing G protein activity, is not 
necessarily inconsistent with this hypothesis. Similarly could abnormalities of 
counting mechanisms underpin diseases such as psoriasis, polycythaemia 
rubra vera (increased numbers of divisions) or familial small intestinal villous 
atrophy (reduced numbers of divisions)?

In general we know little of the factors that regulate cell number, however 
in one experimental system considerable progress has been made. In the 
development of the rat optic nerve, neurones are ensheathed in three cell types, 
two morphologically distinct types of astrocyte (type 1 and type 2) and 
oligodendrocytes. Raff and colleagues have shown that the type 2 astrocyte and 
the oligodendrocyte are both derived from a common bipotential precursor, the 
0-2A progenitor. This cell undergoes a finite number of divisions giving rise to 
type 2 astrocytes before producing oligodendrocytes (Raff et al 1985; Temple & 
Raff 1986). The temporal organisation of this cell lineage is tightly controlled 
both in vitro and in vivo by two growth factors (Raff et al 1988; Hughes et al
1988) elaborated by type I astrocytes, RDGF (platelet derived growth factor) and
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CNTF (ciliary neurotrophic factor). The molecular basis of the counting or clock 
mechanism remains uncertain and does not appear to relate simply to growth 
factor receptor levels or the target 0-2A progenitor (Hart et al 1989). Never
theless these observations point to the importance of counting in biology. A 
recent observation of possible relevance is the progressive loss of telomeric 
DMA with increasing number of cell divisions, possibly constituting some form of 
clock (Hastie et al 1990).

1 .6 .5  Regulation by growth arrest
It is evident that it is essential for organisms to regulate cell proliferation 

negatively. It has become clear that there is a range of genes expressed in 
growth arrested cells, and that this expression is down-regulated upon 
induction of growth by serum (Schneider et al 1988; Manfioletti et al 1990;
Ciccarelli et al 1990). Several genes were defined by use of a subtraction 
cDNA library enriched for mRNA sequences preferentially expressed by growth- 
arrested cells (Schnieder et al 1988). The nature of these genes is at present 
uncertain and no data is available about their spatial and temporal distribution 
in normal development, in adult tissues or in pathological processes. Using a 
similar approach Nuell et al (1991 ) have reported an evolutionarily highly 
conserved 30kD intracellular protein (prohibitin) expressed in non-cycling cells 
which appears to have regulatory properties. Micro-injection of mRNA encoding 
this protein into cycling cells rapidly induces quiescence while treatment of 
quiescent cells with a 15-mer antisense oligonucleotide to the 5’ sequence of 
prohibitin reduces protein expression and leads to proliferation (Nuell et al 
1991 ). Again the details of the tissue distribution of prohibitin expression remain 
uncertain.

Wang (1985) has reported a 57kD protein statin expressed by growth 
arrested cells and the gene encoding this nuclear protein has recently been 
cloned. Demonstration of statin using immunohistological methods reveals non
proliferating populations of cells (Wang & Kreuger 1985) and the appearance of 
statin immunoreactivity associated with terminal differentiation in a range of 
tissues (Bissonnette et al 1990). Recent observations however indicate that 
some non-proliferating cells, for example some pancreatic acinar cells, do not 
express detectable statin immunoreactivity (Ansari et al 1992) and that in 
established epithelial cell lines, statin may be expressed in cycling cells. The 
significance of these observations is unclear at present. Nevertheless it seems 
likely that the use of antibodies to statin and to the other growth arrest
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associated genes may allow the characterisation of sub-populations of cells 
within normal and pathological tissues.

A number of other genes have recently been defined whose expression 
is associated with growth arrest (gadd 153, gadd 45, Ti-1, gas 1-5). All have 
been defined in essentially similar ways using differential or subtractive 
hybridisation strategies from a range of growth arrest and stimulated cell 
populations. The function of the products of these genes remains unclear but 
these molecules are likely to be the focus of considerable interest in the future.

1 .6 .6  Regulation by cell death
Cell death can be functionally divided into necrosis, a process of death 

as a consequence of extraneous factors (e.g. ischaemia), and apoptosis or 
programmed cell death. In the context of stem cell lineages, there is evidence 
that apoptosis may be relevant in homeostatic control in several cell lineages 
including the gut (Ijiri & Potten 1987), and is part of the process of terminal 
differentiation in kératinocytes (von Wangenheim 1987). Apoptosis is 
characterised morphologically by compaction and margination of nuclear 
chromatin to form sharply circumscribed masses, condensation of cytoplasm 
and convolution of nuclear and cellular outlines (Wyllie et al 1984). Rapid 
progression of the latter culminates in nuclear fragmentation and formation of 
membrane bound apoptotic bodies. These are subsequently phagocytosed and 
digested by nearby cells. Apoptosis is a metabolically active process (Wyllie et 
al 1984; Wyllie 1980), in contrast to necrosis, and is often associated with the 
active synthesis of new proteins since it can be inhibited by cycloheximide. At a 
molecular level it is characterised by fragmentation of DNA into 200 base pair 
fragments (or multiples thereof) corresponding to cleavage at endonuclease 
sensitive sites (Wyllie & Morris 1982; Arends et al 1990). Although there is 
evidence of a Ca++ or Mg++ dependent endo-nuclease activity, the detailed 
nature of it and the other factors involved in apoptosis and its control are 
unknown. The role of signal transduction mechanisms are uncertain although 
Ca^ fluxes appear important (McConkey et al 1990). In addition, alterations in 
cell surface protein expression probably occur, allowing phagocytes to 
recognise apoptotic bodies (Savill et al 1989; Savill et al 1990). In lymphoid 
cells the recently defined APO-1 antigen appears to be a possible trigger for 
programmed cell death (Trauth et al 1989) and also the RP-2 gene product 
(Owens et al 1991 ; Coates & Hall unpublished).
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Apoptosis or programmed cell death occurs in a wide range of biological 
processes (Glucksmann 1950). The existence of specific genes associated with 
programmed cell death is supported by genetic analysis of Caenorabditis 
elegans (Ellis & Horwitz 1986; Avery & Horwitz 1987; Yuan & Horwitz 1990). 
cDNAs associated with programmed cell death have also been defined in 
insect (Schwartz et al 1990) and mammalian tissues (Owens et al 1991).
Indeed the role of regulated or programmed cell death is central to a range of 
processes in development (Glucksmann 1950; Saunders 1966). Assessing cell 
death is difficult in conventional histological material, but is of relevance to the 
understanding of normal and abnormal development, the maintenance of 
tissues and a range of disease states, and also reflects the efficacy of 
therapeutic modalities including radio- and chemo-therapy. It is of interest that 
some chemotherapeutic agents may act by the induction of programmed cell 
death (Eastman 1990) and that the bcl-2 proto-oncogene is a protein found on 
the inner aspect of mitochondrial membranes that specifically blocks 
programmed cell death in B lymphocytes (Hockenberry et al 1990).

The role of other molecules in programmed cell death is becoming 
clearer. Owen et al (1991) have recently defined two novel cDNAs (denoted 
RP-2 & RP-8) by a differential hybridisation approach using libraries from 
uninduced and steroid treated thymocytes. The functions of the products of 
these genes are unknown, but a portion of RP-2 has some homology with a zinc 
finger motif, while RP-8 has a hydrophobic region characteristic of a 
transmembrane protein and thus may be a cell surface molecule. Two genes 
previously associated with neoplasia now appear to have possible roles in cell 
death. Oren's group (Yonish-Roauch et al 1991) demonstrated that wild type 
p53 could induce apoptotic cell death in an erythroid cell line and we (Ansari, 
Lane & Hall 1992 unpublished) have shown that p53 is expressed prior to 
thymocytes undergoing apoptosis. Evan et al (1992) have recently shown that 
cells over-expressing c-myc may undergo apoptosis if growth factors are 
removed. How these various molecules interact in cell death is unclear, but 
increased understanding of the mechanisms underlying this fundamental 
process may give an insight into their possible role in controlling cell 
populations, including stem cells and their progeny.

1 .6 .7  Master genes regulating cell lineages
In the light of the seminal concepts of Waddington (see above and Figure 

1.1) together with recent molecular data on transcriptional control of sets of 
genes (Gierer 1973; Maniatis et al 1987; Alberts et al 1989; Blau & Baltimore
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1991 ; Hall 1991), it is not surprising that much current attention should be paid 
to the idea of master genes that might control regulatory cascades that define 
cellular phenotype. Indeed there is now evidence from a number of systems to 
support this concept (see yeast and C elegans above). In C elegans, the unc-86 
gene is required for generation of certain neural cell lineages. In unc-86 
mutants, the neuroblasts undergo simple stem cell divisions (A gives A and B) 
rather than the wild type lineage A gives B and B (Chalfie et al 1981). unc-86 
encodes a transcription factor which appears to control expression of a set of 
genes that determine cell fate (Finney et al 1988). This C elegans gene has 
considerable homology with a range of other genes in man and other animals 
(including Drosophila) containing the so called POD domain, and all have roles 
as transcription factors that appear to regulate cell fate (Herr et al 1988).

Another situation in which genes regulate differentiation within a lineage 
is muscle. Treatment of the mouse embryonic cell line C3H10T1/2 with 5- 
azacytidine leads to the formation of clones of myoblasts (also of chondroblasts 
and adipocytes) suggesting that the 10T1/2 cells can be considered as a form of 
progenitor population and that differentiation requires gene déméthylation 
(Taylor & Jones 1979). Transfection of the 10T1/2 cells with a human gene myd 
results in commitment to myogenesis (Finney et al 1988) and subsequent 
expression of MyoDI results in expression of muscle specific genes (Davis et al 
1987; Tapscott et al 1988). MyoDI is a nuclear phosphoprotein with homology 
with myc and DNA binding properties. A large body of evidence now points to 
MyoDI and related genes {myf) as being central regulators of myogenic 
differentiation acting at a nodal point in the specification of the muscle cell 
phenotype (Weintraub et al 1991). Perhaps an understanding of suitable model 
systems will allow appropriate molecular dissection of the sets of genes that 
regulate cell lineage in epithelia.

1 .7  DO STEM CELLS EXIST IN CONDITIONAL
RENEWAL TISSUES
If we consider some hypothetical renewing tissue, then there are two 

extreme possibilities with regard to regulation of cell number and differentiation. 
Either there is heterogeneity of proliferative and differentiative potential with the 
existence of sub-populations, as is seen in continually renewing tissues such as 
skin, gut and bone marrow and which implies the existence of stem cells. 
Alternatively, all the cells within this tissue are functionally equivalent, with 
regard to proliferation and differentiation, and contain no sub-populations. 
Tissues such as liver, pancreas, breast and salivary gland are intermediate
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between continually renewing and static tissues, being composed of slowly 
renewing (or conditionally renewing) populations where there is usually little 
cell division but where proliferation can occur in response to certain stimuli 
(Leblond 1964). Such tissues are also sometimes known as expanding tissues. 
It remains uncertain whether such tissues are heterogeneous, although it is 
unlikely that static populations have an operative stem cell compartment, at 
least in adult life (the situation in development is far from clear).

It may be that in conditional renewal populations such as liver, under 
certain circumstances all cells may manifest the ability for self renewal.
However since all liver parenchymal cells apparently have similar capacity for 
differentiation, i.e. all divisions are symmetric, then it is unlikely that a stem cell 
compartment can be defined (Wright and Allison 1984). In the rodent 
coagulating gland and prostate, there is evidence from kinetic observations for 
interchange in both directions between proliferating and quiescent populations, 
arguing against the existence of a defined stem cell population (Wright & Alison 
1984).

In contrast to this kinetic data, several authorities argue that in these 
tissues, particularly the liver, there are indeed functional subpopulations and 
that stem cells do exist (Reid 1990, Sell 1990). Such views are based upon a 
range of arguments. For example, in the fetal rat liver in vitro studies have 
demonstrated the existence of bi-potential progenitors that can give rise to both 
hepatocytes and to biliary radicles (Germain et al 1988). In experiments where 
massive liver regeneration is induced either by the use of partial hepatectomy 
or by toxins and carcinogens, a precursor-product relationship is said to exist 
between the so called "oval" cells of the rat liver and hepatocytes and biliary 
epithelium (Evarts et al 1987, Germain et al 1988; Marceau et al 1989). The 
kinetic studies of Zajicek (1987) also lend some support to the idea of a stem 
cell compartment. The site of these progenitor cells appears to be at the 
junction of the liver cell plate and the biliary radicles (Reid 1990, Sell 1990). It 
should be noted that in man such cells have not been identified. Moreover while 
there is plausible evidence for the existence of bipotential progenitors, this is 
not the same as stating that stem cells exist since it does not exclude the 
possibility of transdifferentiation or metaplasia from one differentiated cell type 
to another, nor fulfil other components of the definition presented above.

There is a requirement for some form of cell renewal system in the breast 
since there is a great, albeit relatively brief, increase in cell numbers, both
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myoepithelial and secretory, in association with lactation. It is possible that both 
the myoepithelial and the secretory cells of the breast are derived from a 
common progenitor cell. The epithelial tissues of the breast have been reported 
to contain cells with stem cell properties on the basis of morphological and in 
vitro culture studies (Rudland 1987, Smith & Medina 1988). Further 
experimental evidence for the existence of stem cells in breast epithelium has 
come from studies of the human breast tumour cell line MCF-7 which can be 
divided into several subpopulations by Percoll density gradient centrifugation 
(Resnicoff et al 1987). One such subpopulation has very great capacity for self 
renewal and this can give rise to all the other subpopulations when placed in 
culture (Podhajcer et al 1988). These data suggest that MCF-7 can be 
interpreted as representing a stem cell system. Evidence that some 
mesenchymal cells exist in stem cell hierarchies has come from in vitro studies 
of bone marrow stromal cells (Grigoriadis et al 1988) and fibroblasts 
(Bayreuther et al 1988).

A complicating factor in considering the existence of stem cells in 
conditional renewal populations is the possibility that the kinetic organisation of 
any given tissue changes during the life span of an organism. This notion is 
supported by the decreasing number of bipotential progenitors that can be 
identified in cultures of rat liver with increasing post-natal age (Marceau et al
1989). It is noteworthy that a comparable decrease in the ability to culture 
kératinocytes is seen with advancing age in man. A corollary of this view would 
be that all tissues have an essentially similar kinetic organisation but that the 
details of this will depend upon (1) the required rate of cell production (fast in 
skin and gut, slow in liver and pancreas), (2) the need for multi- or pluri- 
potentiality versus a single lineage, and (3) the chronological age of the tissue 
(organism). A further possibility is that under certain circumstances 
differentiated (or at least non-stem cells) can take on the function of stem cells 
(this is implicit in the niche hypothesis). Certainly there is increasing evidence 
for the ability of differentiated cells to de-differentiate and undergo further 
proliferation and possibly give rise to cells that pass down different lineages 
(see Hall 1991 ; Barrandon et al 1989, Goodlad et al 1992).

It is perhaps remarkable that this central question concerning the kinetic 
and functional composition of conditional renewal tissues remains unresolved, 
but this perhaps reflects the difficulties posed by our still poor understanding of 
stem cell biology.
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1.7.1 Cellular heterogeneity In the pancreas
The spatial and kinetic organisation of the pancreas highlights further the 

problem of stem cells and cellular heterogeneity in conditional renewal 
populations.

The pancreas is composed of three defined epithelial populations: ducts, 
acini and islets believed to arise during development from the primitive 
endoderm as dorsal and ventral outpouchings which, after numerous 
branchings, give rise to a complex duct system. The terminal radicles 
subsequently differentiate to give acini composed of cells specialised for the 
secretion of enzymes. Mesenchyme appears essential for epithelial 
differentiation. It is of note that endoderm is committed toward pancreas 
development at stages prior to the formation of pancreatic mesoderm and the 
initiation of pancreatic morphogenesis perse (Wessells & Cohen 1967). The 
notion that mesenchymal factors are involved in differentiation is not new. Such 
interactions have long been recognised as being important in development 
(Gilbert 1991). Based upon extensive experiments on developing epithelial 
aniagen, Grobstein (1967) proposed that the genesis and maintenance of 
tissues (including the pancreas) was intimately associated with "micro- 
environmental factors" an6 in particular "macro-molecular materials synthesised 
by cells and normally remaining closely associated with their surfaces".

The origin of the endocrine cells has been a matter of considerable 
controversy. Pearse (1984 and references therein) suggested that the 
endocrine cells of the pancreas were derived from the neural crest or from 
neural crest epiblast. A number of studies, in particular the use of quail-chick 
chimaeras, suggest that the endocrine cells are not derived from neural crest 
but are derived locally. Ultrastructural studies have shown that morphological 
features of both exocrine and endocrine cells are evident from the earliest 
phase of pancreatic organogenesis both in rodents and man (Wessells &
Evans 1968; Pictet et al 1972). In addition, Liu and Potter (1962) reported, 
based upon careful morphological analysis, that .. the islets ofLangerhans 
and the acini both originate from ductal cells. . . "  The lineage basis of this is 
ill understood. If the origin of endocrine cells is indeed from the ductal 
epithelium, do all duct cells have equal capacity to undergo this pattern of 
differentiation or is it restricted to some subpopulation? The existence of 
hepatocyte differentiation in the pancreas (Rao et al 1990) has similar problems 
associated with it.
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The pancreas (as with all other conditional renewal populations) is not a 
completely static tissue. Cell proliferation does occur (see Leblond 1964) but, 
under normal circumstances, it is minimal (Muller et al 1990). However, the low 
level of proliferation that does occur is seen in all three component epithelia 
and the spatial arrangement of proliferation is very poorly defined. It is 
reasonable to propose that if stem cells exist in the pancreas then there should 
be some definable proliferative compartment spatially related to them. 
Unfortunately studies to date have not allowed the characterisation of any 
specific proliferative compartment within the pancreas. It has been suggested 
that all tissues undergo a process of "streaming” from some proliferative zone 
which contains the stem cell population, along an axis (that Zajicek terms a 
"radius") to some final terminally differentiated position (Wright & Alison 1984, 
Zajicek et al 1985; Zajicek et al 1987). In tissues such as gut and skin, the flux is 
continuous and rapid. In slowly renewing tissues such as pancreas the flux 
would be slow. In tissues such as gut and skin, it is reasonably easy to define 
the axis (radius) of migration, but in complex tissues such as pancreas or 
salivary gland this is much more problematic.

1 .8  CO NCLUSIO N
There is a great need for studies to define further the spatial and 

temporal basis of cellular heterogeneity in normal and pathological tissues. Of 
particular importance is the recognition that stem cells exist in many proliferative 
compartments and their regulation is central to homeostasis. Efforts to define 
them and how they, and the cell lineages to which they give rise, are regulated 
will be essential in order to more clearly define proliferative and differentiative 
compartments in tissues, both normal and pathological.

How then should we proceed? In order to characterise the proliferative 
and differentiative parameters of a given tissue fully, it is necessary to answer a 
series of specific questions. For example:

1 How many cell types are there?
2 When do the cells differentiate?
3 What are the choices in commitment?
4 What factors determine these choices?
5 What are the lineage relationships between the different 

cell types?
6 What controls the timing of events?
7 What determines cell number?
8 What is the molecular basis of these events?
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It is in only a very few situations that any of these questions can really be 
answered, and in no tissue can all questions be even partially addressed.

In this thesis I have considered some of these questions in two 
contrasting tissues, viz. epidermis and pancreas as examples of continually 
renewing and conditional renewal populations repectively. With the epidermal 
keratinocyte culture system, functional heterogeneity was investigated. 
Experiments were performed to test Cairns immortal strand hypothesis and the 
validity of Potten’s epidermal proliferative unit (EPU) model.

Phenotypic heterogeneity was investigated in the pancreas using a 
series of defined antibody probes. A new phenotype was defined in wounded 
pancreas (indicating that even the simple question ’*how many cell types?" had 
not been satisfactorily answered!). Since no data were available on the kinetic 
organisation of the human pancreas, immunohistological studies of cell 
proliferation were undertaken. These were prefaced by characterisation of a 
novel antibody (PC10) that recognises PCNA and was shown to be an 
operational marker of cell proliferation. In the course of these studies it was 
shown that the expression of PCNA can be deregulated in neoplasia and that 
this appears to be a consequence of growth factor expression. The ability to 
culture exocrine pancreas in vitro would facilitate many kinds of experiment on 
proliferation and differentiation in the pancreas. Consequently studies of culture 
systems for human exocrine pancreas were performed. These studies provided 
yet further evidence for phenotypic plasticity in this tissue. Finally, a range of 
pancreatic carcinoma cell lines were characterised as possible model systems 
of pancreatic duct cell differentiation. Of particular note was the demonstration 
that matrix molecules are important determinants of duct cell differentiation and 
that this is, at least in part, a consequence of integrin mediated events. In 
addition, it was shown that one cloned cell line (PSN-1) could be demonstrated 
to undergo endocrine cell differentiation when grown as a xenograft. This 
provides direct evidence for local origin of endocrine cells in the pancreas and 
thus falsifies Pearse's primary hypothesis of neural crest origin.
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CHAPTER TWO 

MATERIALS AND METHODS

A wide range of techniques have been employed in the studies 
described in this thesis. While it is traditional to present a complete chapter 
devoted to materials and methods, given the diversity of methods employed, 
it appeared to the author that the needs of the reader are better served by 
presenting the various methods in the context of the specific chapters in 
which those methods are employed.
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CHAPTER THREE 

PROLIFERATIVE AND DIFFERENTIATIVE 
HETEROGENEITY OF CULTURED HUMAN 
KERATINOCYTES

3.1 INTRODUCTION
In permanently renewing populations, such as in the kératinocytes of the 

human epidermis, a large number of terminally differentiated cells are produced 
from a small number of stem cells via an intermediate transit amplifying or 
progenitor population. As discussed in Chapter 1, stem cells are characterised 
by (1 ) an unlimited capacity for self renewal, (2) asymmetry of fate of progeny, 
and (3) unidirectional flux from stem cell to non-stem cell properties. In addition 
to being a key mechanism in the generation and maintenance of cellular 
diversity in continually renewing populations, stem cells are important as they 
probably represent the major target for oncogenic insult. As discussed in 
Chapter 1, there is considerable evidence supporting the presence of kinetic 
heterogeneity in epidermal kératinocytes. At least in the thin skin of the mouse 
there is evidence for the existence of spatially organised epidermal proliferative 
units XhaX are argued to be centred on stem cells (Potten 1974, 1980. 1981). 
Finally, there is extensive data in support of the notion that within the 
proliferative compartment there are indeed stem cells that give rise to transit 
amplifying cells, which subsequently give rise to terminally differentiated cells 
with no proliferative capacity.

Kératinocytes can be cultured in vitro with relative ease (Rheinwald & 
Green 1977, Rheinwald 1980) and these cultures recapitulate to a considerable 
degree the spatial and kinetic organisation of normal skin (Gallico 1984; 
Compton et al 1989). In brief, keratinocyte culture requires the careful isolation 
of kératinocytes from neonatal human foreskin samples by dissection, 
mechanical dissaggregation and enzymatic digestion. The resultant single cell 
suspension must be cultured in the presence of a feeder layer of mitotically 
inactive (either by irradiation or treatment with mitomycin C) murine 3T3 cells in 
a very rich medium. Keratinocyte cell strains will undergo up to 12 passages
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before senescence *. The use of antibodies to keratin filaments or to markers of 
terminal differentiation such as involucrin are useful in following the process of 
terminal differentiation, as is careful phase contrast microscopy.

The studies described in this Chapter demonstrate the ability to define 
functional sub-populations in human epidermal kératinocytes using simple cell 
biological manipulations:

First, an assay is described based upon the observations of Barrandon 
and Green (1987) who demonstrated that there was a relationship between the 
nature of the cell that founds a colony and the morphology of the colony and the 
properties of the cells that compose it.

Second, the ability to induce differentiation in cultured human epidermal 
kératinocytes by means of suspension culture (Green 1977, Rheinwald 1980) 
and the use of phorbol esters such as TPA (Parkinson et al 1983) has been 
used to demonstrate the presence of functional heterogeneity in keratinocyte 
cultures. The results indicate that a sub-population of kératinocytes exists that is 
highly resistant to the differentiation inductive effects of suspension or TPA. 
These cells give rise to colonies of characteristic morphology, that have a very 
high proliferative capacity and will eventually repopulate a test environment 
with cells that are either resistant or sensitive to both TPA and suspension 
induced differentiation.

Ttiird, using simple "plate and wash" experiments, the existence is 
shown of functional differences in adhesive properties between sub
populations of clonogenic cells from cultured human epidermis.

Finally, the inter-relationship of these properties is demonstrated.

The reason for this Is unclear but may reflect the exceeding of the Hayflick limit. This may be explained by 
loss of stem cells. Stem cell lineages represent a branching process and the possibility that in such a 
system dramatic decreases in the numbers within a population was first suggested by Benoiston de 
Chateauneuf in the eighteenth century (Jagers 1975). Malthus (cited in Jagers 1975) described the 
extinction of a number of families in the city of Berne despite growth of the city. Since stem cells can be lost 
by terminal differentiation of both their progeny or lines descended from them, then It can be envisaged that 
a stem cell need not be immortal and clonal extinction or attenuation can occur (Jagers 1975; Prothero 
1980; Angello & Prothero 1985).
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3.2 MATERIALS AND METHODS

3.2.1 Cell culture
Normal human kératinocytes were isolated from newbom foreskin 

epidermis as described by Rheinwald and Green (1977). Cells from passage 2 
to 11 from strains a, c and u, were plated onto 3T3 cells that had been 
pretreated for 2 hours with 4pg/ml mitomycin 0  (Sigma Chemicals Co., Poole,
UK.) in FAD medium (Allen-Hoffman & Rheinwald, 1984) which is composed of 
1 part Ham's FI 2 and 3 parts DME supplemented with 10% FCS (Sera-Labs, 
Crawley Down, Sussex, UK.), 1.8 x 10"^ M adenine, 5pg/ml insulin (Sigma 
Chemical Co.), 0.5pg/ml hydrocortisone (Calbiochem, Cambridge Bioscience, 
Cambridge, UK ), 10"*’° M cholera toxin (ICN Biochemicals, High Wycombe,
Bucks, UK ), and lOng/ml human EGF (a generous gift from Dr George- 
Nascimento, Chiron Corporation, Emeryville, CA.). Kératinocytes were cultured 
at a range of initial seeding densities, and after induction of differentiation or 
prior sorting by adhesion. Feeding with fresh medium was performed every third 
day unless otherwise stated.

3.2 .2  Induction o f differentiation

3.2.2.1 Suspension culture
Terminal differentiation was induced by harvesting just confluent 

kératinocytes and culturing them in suspension in FAD medium supplemented 
with 1.45% methylcellulose (4000 centipoise; Aldrich Chemical Co., Milwaukee,
Wl; Green 1977, Rheinwald 1980). Cells were harvested by dilution in PBS after 
varying periods of suspension and washed three times in PBS before replating 
or immunostaining.

3 .2 .2 .2 Phorbol ester
Adherent kératinocytes were treated for 24 hours with 12-o- 

tetradecanonyl-phorbol-13-acetate (TPA; Sigma Chemical Co., Parkinson et al
1983). Cultures were then washed three times in PBS and harvested before 
replating or immunostaining.

3 .2 .2 .3  Immunostaining
For immunostaining, cells (either adherent cultures or suspensions dried 

onto glass slides) were fixed in cold acetone methanol (1:1 v/v) for five minutes 
and then air-dried. Rabbit polyclonal anti-involucrin was used as primary 
antibody (Dover & Watt 1987) at a dilution of 1 in 1000. After incubation for one
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hour, cells were washed three times in PBS. Cells were then incubated for one 
hour with peroxidase labelled anti rabbit (Dako) used at a dilution of 1 in 50. 
After further washing in PBS, peroxidase was detected using a diamino- 
benzidine substrate (Hall 1988). A light haematoxylin counterstain was used 
and a coverslip laid over the cells using an aqueous mountant.

3 .2 .2 .4  Microscopy and scoring of colony morphology
Colonies were stained with Rhodanile blue (Rheinwald 1980) and then 

assessed using a dissecting microscope (Leitz), with all colonies within a 25cm2 
flask being assessed.

3 .2 .2 .5  Functional adhesion assay
10^ human epidermal kératinocytes derived from just confluent cultures 

grown using the Rheinwald-Green method were added to a 25cm^ culture flask 
in 2.5ml of FAD medium. After varying periods of time, the medium was 
removed and the flasks washed gently three times in warm PBS containing 
Ca++ and Mg-*"*-. The washed off cells were pooled, spun and replated in a 
second flask. Thus for every time point there were two flasks, one containing the 
cells that had adhered up till that time, the other containing the non-adherent 
cells at that time. In all experiments each time point was studied at least in 
triplicate. Mitomycin treated 3T3 feeder cells were then added and the cells 
cultured with FAD medium for 6 days. In other experiments the initial number of 
kératinocytes was manipulated to give a constant range of colony numbers at 
particular time points.

3 .3  RESULTS
3.3.1 The colony morphology assay

Human epidermal kératinocytes are grown using the Rheinwald-Green 
method. At clonal dilutions, keratinocyte colonies of differing morphologies can 
be identified (figure 3.1). At one extreme are colonies composed of small cells 
with little cytoplasm and not expressing involucrin (small cell colonies). At the 
other extreme are colonies containing only large cells with plentiful cytoplasm, 
expressing involucrin and with zero proliferative capacity. Intermediate colonies 
with an admixture of small cells and differentiated (usually but not invariably 
centrally placed) large cells are also present. With time differentiated (large) 
cells become apparent within colonies initially composed of only small cells 
(figure 3.2).
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Figure 3.1 Morphology of colony subtypes, small cell colony (top), mixed form 
(middle) and large cell colony (bottom)
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Figure 3.2 Effect of time on colony morphology assay

The colony morphology assay involves the enumeration of the proportions of 
colonies composed of more than 95% small cells (small cell colonies) as 
opposed to colonies that contain more than 5% large cells (large cell colonies) 
at a given time after seeding kératinocytes under standard conditions, typically 
6 days under a variety of experimental conditions.

3.3.2 Effect of seeding density
A priori, one might predict that the proportion of small cell colonies would 

be a constant fraction of the number of cells seeded. However, under normal 
culture conditions the fraction of small cell colonies decreases as the seeding 
density increases, as shown in figure 3.3. That this effect is mediated by some 
humoral factor(s) is demonstrated by the abolition of the effect with daily feeding 
with fresh FAD medium (figure 3.3 middle panel), but its retention with daily 
feeding with keratinocyte conditioned medium (figure 3.3 bottom panel).
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Figure 3.3 Effect of seeding density on colony morphology. In (top) the 
cultures are fed every third day whereas in (middle) they are fed daily with fresh 
medium and in (bottom) daily with keratinocyte conditioned medium.
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The nature of the factor(s) in the conditioned medium remains uncertain. 
However, the effect can be mimicked in part by TGFa since supplementation of 
the medium with 30ng/ml TGFa did alter the proportion of small cell colonies 

(Fig 3.4), consistent with the observations of Barrandon and Green (1987).
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Figure 3.4 Effect on colony morphology of seeding density and feeding daily, 
every third day (normal), or with exogenous TGFa at 30ng/ml

In addition, Eisinger et al (1988) have reported a factor (EOF - epidermal 
derived factor[s]) that can stimulate keratinocyte growth and has the capacity to 
enhance proliferation and suppress terminal differentiation in vitro.

3.3.3 Induction of differentiation
Observations reported by Parkinson et al (1983,1985) and Rheinwald 

(1979,1980) indicate that there is differential sensitivity of human epidermal 
kératinocytes to the induction of differentiation by TPA ajnâ suspension culture 
with the existence of resistant populations. The effect of experimental induction 
of differentiation on the colony subtype was therefore studied.

3.3.3.1 TPA induced differentiation

Just confluent keratinocyte cultures were exposed to varying 
concentrations of TPA for 24 hours, washed thoroughly, harvested and replated. 
Colony forming efficiency and colony subtype were assessed. Results of a
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typical experiment are shown in figure 3.5a. A subpopulation of cells exists that 
is resistant to TPA treatment (i.e. can form colonies: differentiated cells have 
zero proliferative capacity and are thus not clonogenic), and these cells give 
rise to predominantly small cell colonies. These colonies contain cells with a 
colony forming efficiency ten fold greater than controls, but with time give rise to 
cultures with normal appearances and containing the full range of cells seen in 
control cultures with both TPA sensitive and TPA resistant cells.

Figure 3.5 Effect of TPA (a) or suspension culture (b) on colony forming 
efficiency and colony morphology.
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3.3.3.2 Suspension culture induced differentiation
Just confluent cultures of kératinocytes were harvested and placed in 

methyl-cellulose suspension culture at 10  ̂ per ml. Cells were harvested at 
intervals by dilution, washed and replated. Again colony forming efficiency and 
colony subtype were assayed. Results of a typical experiment are shown in 
figure 3.5b and show that the fall in colony forming efficiency with time is similar 
to that reported previously (Morrissey & Green 1978; Rheinwald 1979). A novel 
observation, however, is that (as with TPA induced differentiation) a sub
population of cells is resistant to the induction of differentiation by suspension 
culture, and these give rise predominantly to small cell colonies. As with the 
TPA experiments, the colonies formed by resistant cells had colony forming 
efficiency more than 10 fold greater than controls but would in time reconstitute 
a normal culture.

The proliferative activity of cells in suspension was assayed by 
incorporating tritiated thymidine into methylcellulose (IpCu/ml) for one hour. 
Cells were then harvested, and thymidine incorporation into high molecular 
weight compounds determined by scintillation counting of tri-chloroacetic acid 
precipitable material. Incorporation of thymidine by kératinocytes was 
suppressed by suspension culture (figure 3.6) compared with NIH 3T3 cells 
which proliferate in suspension.
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Figure 3.6 Change in tritiated thymidine incorporation into TCA precipitable 
material after suspension culture
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The proliferating cells are predominantly small cells as shown by enrichment 
procedures where starting cultures are passed through 15pm filters. Using 
equal numbers of small (filtered) cells or unfiltered cells it is seen that filtered 
cells have more incorporation of tritiated thymidine (figure 3.7). This is 
consistent with the observation of Barrandon and Green (1985) and has 
been confirmed in rodent kératinocytes by Root et al (1990). It was shown 
that colony forming efficiency declined dramatically with time of suspension 
and that there was a significant effect of passage number (figure 3.8).
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Figure 3.7 Differences in tritiated thymidine incorporation into TCA 
precipitable material between filtered and unfiltered populations of 
kératinocytes
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Figure 3.8 The effect of passage number on the colony forming efficiency of 
keratincytes cultured in suspension
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3.3.3.3 Differentiation induced by TPA and suspension

Experiments involving the sequential exposure of kératinocytes to TPA 
and suspension (in either order) indicate that the population resistant to one 
was resistant to the other. However no cells were found to be resistant to the 
combined effect of 10nM TPA added to methylcellulose (see figure 3.9).
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Figure 3.9 The influence of suspension culture and exposure to TPA on 
colony forming efficiency.

3.3.3 4 Effect of cell density on cells resistant to differentiation induction 

if the seeding density of cells resistant to the induction of differentiation 
either by TPA or by suspension culture was altered, no alteration in the 
proportion of colony subtypes could be identified over the range examined, up 
to 10 fold increase in seeding density. This implies that sub-populations of 
clonogenic cells exhibit differential sensitivity to the putative humoral factor(s) 
that mediate this density effect.

3.3.4 Adhesion assays
The experimental design is shown in figure 3.10 and the results of a 

typical experiment are shown in figure 3.11.
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Figure 3.10 Experimental design of "plate & wash" experiments

Cells that adhere at early time points give rise to predominantly small cell 
colonies with a corresponding depletion of such colonies in the flasks seeded 
with cells that did not adhere up to that time, i.e. washed off cells. The small cell 
colonies formed at these early time points contain cells with a colony forming 
efficiency 10 fold greater than cells derived from control cultures. In addition the 
colonies formed by cells that adhere early do not exhibit the density effect seen 
in colonies founded by cells from control cultures (figure 3.12).
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Previous studies have shown that the clonogenic population of cultured 
human epidermal kératinocytes is heterogeneous with respect to sensitivity to 
differentiation induction by suspension culture or TPA treatment. To investigate 
the relationship between the operational differences in adhesive properties and 
sensitivity to diferentiation, kératinocytes that did not adhere at several time 
points were placed into methylcellulose suspension cultures at 10® cells/ml for 
24 hours. They were then harvested by dilution, washed three times and 
replated together with feeder cells. Controls consisted of kératinocytes treated 
by suspension culture that had not been exposed to the initial adhesion 
process. In these controls some colonies were formed after 6 days of culture 
indicating the existence of a suspension induced differentiation resistant 
population. However even 45 minutes pre-adhesion depleted the suspension 
resistant population (table 3.1). Conversely, after 24 hours of methyl cellulose 
suspension culture, the kératinocytes that were resistant to the effects of 
suspension culture were capable of adhering early, since cells that gave rise to 
colonies after 24 hours of suspension culture adhered within 60 minutes.

Table 3.1 Effect of prior adhesion on resistance to suspension culture

Time of prior adhesion 
(mins)

Number of colonies 
(% control at 24 hours)

0 100
30 72
60 55
90 40

120 25
150 15
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3.4 DISCUSSION
The properties of clonogenic kératinocytes have been examined using a 

colony morphology assay based upon the observations of Barrandon and 
Green (1987). It is possible to define a sub-population of human epidermal 
kératinocytes that contains cells with stem like properties (namely high 
proliferative capacity and ability to give differentiated cells) on the basis of 
resistance to differentiation induction by TPA or suspension culture. It has also 
been shown that removal of the most adherent cells from cultures of 
kératinocytes depletes the population that is resistant to the differentiation 
inducing effects of suspension culture and that the cells that adhere early in this 
assay do not exhibit the density effect seen by normal cultured kératinocytes. In 
addition, those cells that are resistant to differentiation induction by suspension 
are very adherent. These data suggest that there is heterogeneity of the 
clonogenic population of cultured human epidermal kératinocytes with respect 
to adhesive properties, and that the most adherent cells are equivalent to the 
putative stem cell containing sub-population.

The interpretation placed on the data presented here is supported by the 
observations of Root et al (1990) who reported variations in rat keratinocyte cell 
size and RNA content which correlated with differentiation and (inversely) with 
proliferative capacity. They also showed that the morphology of colonies 
derived from kératinocytes separated on the basis of physical properties was 
essentially identical to those described here (see Figure 4 in Root et al 1990). 
Furthermore the curious density effect described in this Chapter and reported in 
1989 (Hall & Watt 1989) has been recently described independently by 
Malcovati and Tenchini (1991). Moreover they not only observed differences in 
colony morphology dependent upon seeding density (as described above) but 
confirmed that this effect was mediated by soluble factor(s) (Malcovati and 
Tenchini 1991).

We thus have a model of kératinocytes In which there is a continuum of 
properties (figure 3.13) with diminishing probability of self-renewal and 
increasing probability of differentiation as one progresses away from the stem 
cell. Such a model is consistent with the view of stem cells proposed by Rotten 
& Loeffler (1990).
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In summary, an assay has been developed which is based upon the 
proportion of colony subtypes present in vitro. A population of kératinocytes 
exists that is resistant to differentiation induction by suspension culture or 
exposure to phorbol esters, and these populations overlap and may be 
congruent. The cells resistant to differentiation give rise to colonies composed 
of small cells which have a high colony forming efficiency and will repopulate 
the test environment with a heterogeneous mix of cells both sensitive and 
resistant to induction of differentiation. The proportion of colony subtypes can be 
influenced by the humoral products of kératinocytes and this effect can be 
mimicked by TGFa. The density effect is not seen in colonies founded by cells 
resistant to differentiation induction (at least initially). In addition, it is shown that 
there is heterogeneity in the adhesive properties of kératinocytes and this 
correlates with other properties. In particular, the most adherent cells in an in 
vitro adhesion assay give rise to small cell colonies and are resistant to the 
density effect. Furthermore pre-adhesion of the most sticky cells depletes cells 
resistant to differentiation induction and the cells that resist suspension induced 
differentiation adhere early in adhesion assays. These in vitro studies support 
the hypothesis that adhesive interactions may regulate stem cell behaviour in 
epithelia. It will be interesting to extend these sorts of experiments to other 
epithelial systems. While the molecular basis of the interactions in bone marrow 
appears to relate to ligand receptor interactions involving growth factors, the 
mechanisms in kératinocytes are uncertain but may relate to expression and 
functional activity of integrins or other cell-matrix and cell-cell Interactions.

Is the distinction between stem cells and transit amplifying cells real? In 
most models the distinction is very difficult and to identify these populations in 
tissues is impossible. An alternative interpretation might be that although 
heterogeneous, the proliferative compartment is in fact a continuum. At one end 
are cells with a high probability of self renewal and low (but probably not zero) 
probability of differentiation. At the other are cells with very low probability of 
self renewal and high probability of differentiation. In support of this notion are 
the kinetic data of Loeffler et al (1987) which suggest that transit amplifying cells 
can terminally differentiate at any time. It is thus conceivable that asymmetric 
diversions occur within the transit amplifying population i.e. progeny of transit 
amplifying cells can differ such that one differentiates immediately while the 
other goes through one or more further divisions. This may not invalidate the 
concept of stem cells since they differ from transit amplifying cells in their 
functional capacities and in respect to the ultimate fate of their progeny.
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Moreover continuum models may be more relevant to population discussions 
than to single cell experiments.

Steel (1977) and Wright and Alison (1984) have argued that it is 
important to distinguish between stem and clonogenic cells, since a clonogenic 
cell is one that "can re populate a test environment" while a stem cell may only 
be defined in the context of its "natural environment". The observation that 
cultured cells can repopulate a variety of tissues such as skin (Gallico et al
1984) and bone marrow, indicates that stem cells can exist in vitro. The 
relatively short life span of cultured kératinocytes may be explained by the loss 
of stem cells with time in vitro (see footnote on page 38; Jagers 1975, Prothero 
1980, Angello & Prothero 1985). It must be acknowledged that most in vitro 
systems are not ideal models of stem cell behaviour and it may be that the 
normal regulatory microenvironment is so defective that stem cell self renewal 
probability is dramatically reduced and that clonal extinction occurs by terminal 
differentiation? This may be of significance in explaining senescence of 
cultured cells. Since stem cells can be lost by the terminal differentiation of both 
their progeny, or lines descended from them, then it can be envisaged that a 
stem cell need not be immortal and clonal extinction or attenuation can occur 
(Rheinwald 1979).
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CHAPTER FOUR 

EXPERIMENTAL TEST OF THE IMMORTAL 
STRAND HYPOTHESIS

4.1 INTRODUCTION
As discussed in Chapter 1, there are two extreme views concerning 

the regulation of stem cells. On one hand, regulation may be entirely intrinsic; 
alternatively, regulation may be determined by external factors such as 
growth factors, matrix molecules or contiguous cells. Of course such 
mechanisms are not mutually exclusive. In the context of "primitive" 
organisms such as yeast there is considerable evidence for the existence of 
intrinsic mechanisms that regulate, at least some aspects, of the symmetry or 
asymmetry of differentiative fate (see Chapter 1 ; St rat hern & Herskowitz 
1979; Klar 1987a, 1987b; reviewed in Horwitz & Herskowitz 1992).

In 1975, John Cairns proposed that rapidly renewing tissues of long- 
lived animals should have a number of attributes that would protect them 
against the spontaneous appearance of "fitter" cells, or tumours (Cairns 
1975). It was argued that (1) cell lineages or hierarchies would exist (there is 
considerable evidence for this); (2) that there would be compartmentalisation 
of proliferative and differentiative compartments (again, there is considerable 
evidence for this); and (3) that stem cells would be capable of segregating 
old and newly synthesised DMA strands. This latter proposition has come to 
be known as the "immortal strand hypothesis". There are a number of 
important conditions for such a mechanism to apply. The different strands 
must be marked in some way and the old (or new) strands must act in a co
ordinate manner. In addition, there should be minimal exchange of DNA 
between sister chromatids. Cairns’ view is outlined in Figure 4. The 
hypothesis proposes that a stem cell should keep the same parental DNA 
strand through successive cycles. Under steady state conditions (Figure 
4.1a) a short pulse of label incorporated into nascent DNA (e.g. tritiated 
thymidine or an analogue such as bromodeoxyuridine) will label cells in S 
phase. Those cells that possess "immortal strands" would lose this new label 
after two rounds of division. In contrast, under expanding situations where 
new stem cells are being formed (Figure 4.1b), label will be introduced into 
new "immortal strands". Such cells will not lose this label and exist as label 
retaining cells.
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Figure 4.1a The immortal strand hypothesis - steady state conditions
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Figure 4.1b The immortal strand hypothesis - expanding conditions
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In his paper of 1975 Cairns presented no data in support of his 
hypothesis. However, since then there have been a number of reports with 
some bearing on the hypothesis. Potten et a! (1978) employed radiolabelling 
methods in two in vivo systems: murine tongue papilla kératinocytes and in 
murine small intestinal crypts. The prediction of the model would be that 
although some stem cells will be labelled, they should become unlabelled 
after two rounds of division, when they segregate their labelled strand to non
stem cells. Alternatively under non-steady state conditions (i.e. where the 
population of stem cells is increasing), stem cells should take up label and 
become permanently labelled. Potten et al (1978) reported that the majority 
of dividing cells segregated their DNA randomly at mitosis. However a small 
number of cells under steady state conditions did retain label for prolonged 
periods, and a number of cells did appear to rid themselves of label after 
approximately two cell cycles. Using similar strategies [but with the important 
modification of bromodeoxyuridine labelling of DNA and immunological 
detection of label], Wynford-Thomas and Williams failed to identify 
asymmetrically segregating metaphase spreads in small intestinal crypts 
(Wynford-Thomas personal communication). More recently the observation 
of label-retaining cells in murine epidermis provides some support for the 
immortal strand hypothesis, as do data on the long retention of carcinogens 
(Bickenbach 1981; Bickenbach & Holbrook 1987; Morris et al 1986; Potten & 
Morris 1989). These latter data however may simply reflect very long cell- 
cycle times (known to exist in putative stem cell populations; see Wright & 
Alison 1984), or the inability of some radiation damaged cells to divide, or to 
metabolise label.

Consequently while the idea has crept into standard molecular biology 
texts (Watson et al 1988), the issue of the immortal strand hypothesis 
remains unresolved. Although some authors have argued that such a 
mechanism seems implausible (Wolpert 1989), it should be noted that there 
exist a number of molecular mechanisms for distinguishing between strands 
of DNA whether they be due to chemical modification of bases such as 
méthylation of cytosine residues (Silva & White 1988), by associations with 
DNA binding proteins (Miller et al 1985) or by other mechanisms. Moreover 
there is ample evidence of the existence of imprinting mechanisms that allow 
the clear distinction between maternally and paternally inherited genes. 
Finally, there are many examples of intrinsically determined asymmetry of 
cell fate in lower organisms (Horwitz & Herskowitz 1992).
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In Chapter 3 strategies for enriching human epidermal kératinocytes 
for potential stem cells were described. Using these methods and labelling 
with tritiated thymidine, the immortal strand hypothesis was tested in vitro. It 
was proposed that if the hypothesis was correct then asymmetrically labelled 
mitotic pairs should be identifiable, and that the number should be increased 
by use of the enrichment procedures described in Chapter 3.

4 .2  MATERIALS AND METHODS
In outline the experiments performed were simple. Human epidermal 

kératinocytes were cultured as previously described (Chapter 3) and sub
confluent cells were continuously labelled with tritiated thymidine (0.05pCi/ml) 
for up to three days. After harvesting, cells were replated on glass cover-slips 
and after a short period (typically 30 minutes) non-adherent cells were washed 
off. Cell densities were always very low (less than 5 per mm^). In some 
experiments phorbol ester pre-treatment was performed since the cells 
resistant to differentiation induction by this method are enriched for stem cell 
properties (as described in Chapter 3). Further experiments were performed 
using prior treatment with cytochalasin D (Spg/ml; to prevent cytokinesis) or 
hydroxyurea (0.3 mM; to prevent DNA synthesis). The coverslips were fixed at 
intervals (24, 48, 96 & 168 hours), mounted onto slides, dipped into 
autoradiographic emulsion, and exposed for 14 days. In all 27 sets of 
experiments were performed and more than 9000 cell pairs assessed over a 
two year period. Using these methods the immortal strand hypothesis was 
tested in vitro. If the hypothesis is correct then asymmetrically labelled post
mitotic pairs should be identifiable, and their number should be increased by 
use of the enrichment procedures.

4 .3  RESULTS
While occasional apparent asymmetric pairs were identified their 

number was not altered by manipulations known to enrich cultures for stem 
cells (e.g. phorbol ester pre-treatment). Furthermore they could also be 
identified after hydroxyurea treatment, presumably as a consequence of cell 
movement (see Table 4.1). While binucleate cells were seen after inhibition of 
cytokinesis, none were asymmetrically labelled.
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Table 4.1 Asymmetric pairs of kératinocytes after long term labelling

Number of asymmetric pairs of kératinocytes

Time (hrs) Adherent
cells

After phorbol 
ester

After
hydroxyurea

After
cytochalasin

24 23/1251 32/1299 19/1010 0/36
(0.018%) (0.024%) (0.019%) (0.0%)

48 28/1303 21/1203 10/532 0/24
(0.021%) (0.017%) (0.019%) (0.0%)

96 12/789 9/777 7/589 0/22
(0.015%) (0.011%) (0.011%) (0.0%)

168 12/534
(0.022%)

ND ND ND

4.4  DISCUSSION
The inability to alter the number of post-mitotic pairs by treatment with 

TPA (which should enrich the stem cell-containing population) and the fact that 
apparent post-mitotic pairs were present after hydroxyurea treatment is 
strong evidence that the post-mitotic pairs were in fact a consequence of prior 
cell aggregation or cell motility. Furthermore, the absence of asymmetric pairs 
when cytokinesis was inhibited suggests that, in the context of the 
experimental system employed, no evidence in support of the immortal strand 
hypothesis was obtained.

Of major significance is the question of whether the experiments as 
performed are appropriate tests of Cairns’ hypothesis. In answer to this it must 
be stated that there is good evidence that stem cells do exist in cultured human 
kératinocytes (see Chapter 3; Gallico et al 1984). What proportion of the 
cultures are stem cells? This is a very difficult question to answer with any 
degree of confidence but the evidence presented in Chapter 3 would suggest 
that after TPA treatment stem cells would represent at least 10% of the cultures. 
A further relevant point is that keratinocyte stem cells are probably depleted 
with increasing passage: indeed this may explain the inability to cultivate these 
cells long term (see footnote on page 38). However early passage cells were 
employed in all experiments. Making the assumption that the labelling process 
was efficient (which is reasonable given the number of labelled cells in control
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experiments, not shown), then another issue relates to the quantity of label 
employed. Given these points, it is probable that we should be able to detect 
asymmetric mitotic pairs if {and this is a very big if) the label itself does not 
interfere with the process.

For the immortal strand hypothesis to work there is a need for there to be 
no sister chromatid exchange. Tritiated thymidine probably causes low grade 
DNA damage and recent observations (Ansari, Coates & Hall 1992 
unpublished) using an in-situ end labelling (nick translation) assay suggest 
that DNA damage occurs even with low dose thymidine exposure or UV 
exposure. Consequently, despite considerable effort it may be that the 
experiments described are not an adequate test of the immortal strand 
hypothesis. However re-design of the experiments using a completely neutral 
label is difficult to imagine: even bromo-deoxyuridine may have potent effects 
on genomic DNA by binding in the major groove and altering patterns of gene 
expression, let alone by any mutagenizing effect.

In conclusion, it must be stated that while no evidence has been 
provided to support the immortal strand hypothesis, this notion has not been 
falsified in a true Popperian sense!
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CHAPTER FIVE 

CLONAL ARCHITECTURE OF 
KERATINOCYTES IN VITRO AND IN VIVO:
STUDIES USING RETROVIRAL LINEAGE MARKERS 
AND CELL MIXING EXPERIMENTS

5.1 INTRODUCTION
Given the evidence that the proliferative compartment of the epidermis is 

heterogeneous (see Chapter 3; Clausen & Potten 1990), the issue of particular 
importance is how are the various proliferative cells spatially organised? 
Considerable data points to there being, in flat murine skin, a distinct column of 
cells organised around each putative stem cells (see Chapter 1 and Potten 
1973, 1974, 1981; MacKenzie 1969; Sengel 1976). These epidermal 
proliferative units (EPUs) are then the basic organisational unit of epidermis. 
However the data indicating that they represent clonal units are indirect and 
inferential being based upon morphological examination and kinetic analyses. 
Moreover they say little about the organisation of keratinocyte lineages in more 
complex epidermal structures, and in particular where the basal layer undulates 
or is infolded (as is the usual case in man). Important questions concerning 
lateral movement of kératinocytes must also be posed since even in the simple 
EPU model this must occur. In complex folded epidermis this must be of 
considerable importance and/or there must be differential vertical migration 
rates in order to maintain a flat surface (which except for finger prints, hair 
follicles and sweat duct orifices is the usual case). All these are complex and 
difficult to address experimentally. In an attempt to begin such analysis the 
clonal architecture of human kératinocytes has been examined using, firs t, the 
in vitro infection of cultured kératinocytes with an amphotropic retrovirus 
encoding the p-galactosidase gene, and, second, mixing experiments where 
male (XX) and female (XY) kératinocytes are mixed and Y chromosome 
containing cells are identified by DNA in-situ hybridisation.

A number of criteria can be laid down for the "ideal" lineage marker 
which would be cell autonomous; localised to a cell without any possibility of 
transfer; developmentally neutral; stable for long periods; and easily 
demonstrable (McLaren 1975). None of the methods described to date is 
without problems however the application of retroviral vectors or the use of cell 
mixing experiments are possible approaches. In the case of retroviral lineage 
marking the principle involved is that a suitably engineered retrovirus which has
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had the normal sequences that encode its replicative machinery replaced by a 
gene encoding some histochemically detectable product, such as p- 
galactosidase, can be used as a lineage marker. The infection of a cell by such 
a virus will lead to integration of the proviral genome and the expression of the 
encoded p-galactosidase gene which can then be easily detected. The 
absence of the normal viral replicative machinery means that the virus cannot 
spread horizontally to other cells, but all progeny of that cell will contain a 
faithful copy of the viral genome and should thus be detectable by expression of 
p-galactosidase. Such an approach has been successfully employed to 
investigate cell lineage in the retina and in the developing rat cortex (Price 
1987, Sanes 1989). With the second approach, a mixture of male (XX) and 
female (XY) cells are present and contribute to the development of keratinocyte 
cysts. The demonstration of Y specific sequences by in-situ hybridisation is then 
performed, theoretically identifying all cells containing such sequences, as has 
recently been used to show that all cells of the gastric glands are derived from a 
common precursor stem cell (Thompson et al 1990).

5.2 MATERIALS AND METHODS

5.2.1 Retroviral lineage marking
The viral construct is derived from the Moloney murine leukaemia virus 

where all the structural genes have been deleted and replaced by (1) the p- 
galactosidase gene, driven by the viral LTR, and sited where the gag gene was 
previously situated [hence the name BAG for this virus, p-galactosidase at gag] 
and (2) the G418 resistance gene [neo) driven by the SV40 promoter (Fig 5.1 ; 
Price et al 1987).
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Figure 5.1 The BAG virus
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The retroviral particles may be simply divided into ecotropic and 
amphotropic varieties depending upon the host range that the virus will infect. 
The producer cell line PA317 (clone JPE87b; the generous gift of Dr J Price, 
NIMR, London) produces amphotropic virus (Eglitis et al 1988). Cells are grown 
in HAT containing FXV medium (with 10% PCS) in a 75cm2 flask until 
subconfluent. The medium is then replaced with 10 ml of fresh medium. After 48 
hours this medium (containing new viral particles) is collected and passed 
through a 0.45mm filter to remove large particulate debris. The filtered viral 
supernatant is now spun overnight for 20 hours at 15000 rpm in Beckman poly
carbonate tubes. The supernatant is now drained off gently and the (invisible) 
pellet resuspended in 1 ml of calf serum. An increase in titre of xIO should then 
be obtained. After aliquoting and removing 100ml for titration the virus stock can 
now be frozen and stored at -20^0 at this point.

NIH 3T3 cells are an ideal line for titering virus although in theory any 
line will do. Confluent cultures are split 1:10 a day prior to the day required, so 
that they are at quite a low density on the day that they receive virus. Medium is 
removed from the cells and virus to be titred is added at several dilutions, 
together with polybrene (1,5 dimethyl-1,5-diazan-deca-methylene poly 
methobromide; Sigma) at a concentration of 10 pg/ml. This polycationic 
compound is said to increase the affinity of virus for membrane receptor by 
neutralising cell surface charge. After overnight incubation at 37°C, normal 
medium is then substituted. At this point one has the choice of titering by either 
X-gal staining which detects p-galactosidase activity or by G418 (neo) 
resistance. For X-gal staining confluent cells (ie after another 2-3 days), are 
fixed and stained with X-gal (see below) and blue foci are counted. For G418 
resistance the cells are split (1:10) when confluent into medium containing 
G418 (1 mg/ml). The precise dose of G418 will vary with cell type and should 
be determined beforehand. Change medium every 2-3 days. Clones will be 
visible after about one week and may then be counted. Since the efficiency of 
epithelial cell infection is very low (perhaps less than 1%) and because the 
colony forming efficiency of kératinocytes is low (<5% and often <1%), this neo 
selection method was not found to be reliable (data not shown).

In the context of lineage marking (and other uses of retroviral vectors) it is 
essential that horizontal transfer does not occur and thus the producer cell lines 
must be shown to be helper virus free. To screen for helper virus, 3T3 cells 
were split 1:10 and infected as for titering virus using a large amount of virus, ie 
10^ colony forming units. These cells are allowed to grow to confluence as for a
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titration experiment and then the medium is changed with the cells being 
washed several times in fresh medium. After adding more medium this is left 
and collected 24 hours later. This medium (which should not contain virus) is 
then titred in the usual way. The presence of helper virus is then indicated by 
the presence of infective virus (i.e X-gal staining of G418 resistance) in this 
titration.

For X-gal staining several solutions are required. X-gal (5-bromo-4- 
chloro-3-indolyl p-D galactosyIpyranoside; Sigma) stock was made in glass 
using glass pipettes to give a final concentration of 40 ^g/ml in 
dimethylformamide. This is added to the following buffer to give a final 
concentration of 1 |ig/ml.

PBS (pH 7.4) 500ml
5mM potassium ferricyanide 0.82 g
5mM potassium ferrocyanide 1.05 g
2mM magnesium chloride 1 mlof 1M stock
0.01% sodium deoxycholate 0.5 ml of 10% stock
0.02% NP40 1.0 ml of 10% stock

in addition, a detergent wash solution is required:

PBS (pH 7.4) 500ml
2mM magnesium chloride 1.0 ml of 1M stock
0.01% sodium deoxycholate 0.5 ml of 10% stock
0.02% NP40 1.0 ml of 10% stock

To perform X-gal staining cells (or cryostat sections) are fixed in 0.5% 
glutaraldehyde for 15 minutes. This is then washed with detergent solution for 
15 minutes and then stained with pre-mixed X-gal solution, and incubated at 
37°C for several hours. Reaction product is indicated by a bluish coloration in 
the cytoplasm of cells. If required a counterstain of 1% orange G in 2% tungsto- 
phosphoric acid may be used. [Note: other methods of demonstrating p- 
galactosidase are available, such as the use of monoclonal antibodies and the 
application of other substrates such as fluorescein digalactoside. This is 
enzymatically converted from the colourless, non-fluorescent digalactoside to 
intensely absorbing and fluorescent fluorescein).

To infect kératinocytes virus containing suspension is added to early 
cultures of kératinocytes, together with polybrene (lOpg/ml) in fresh FAD 
medium. The possible toxic effects of polybrene on kératinocytes was
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previously examined and polybrene at concentrations up to SOpg/ml was not 
found to alter viability kératinocytes.

5 .2 .2  Identification o f Y chromosome containing ceils In 
XX/XY ce ll aggregates

These experiments were done in collaboration with Dr R Dover who 
provided female kératinocytes and performed the grafting procedures. Cultures 
of human kératinocytes from either male (neonatal foreskin) or female (margins 
of excision biopsies) human epidermal kératinocytes were grown as previously 
described and when near confluent cells were harvested. Mixtures of male (XY) 
and female (XX) cells were then made at a range of ratios (10:1, 2:1,1:1,1:2,
1:10). These mixtures were then injected into the flanks of nude mice (10® cell 
per site in 0.2 ml medium). After a minimum of 10 days, in those mice where 
palpable cysts had formed, the animals were sacrificed and the cysts excised, 
fixed in formalin for 24 hours and processed to paraffin.

Sections (4pm) were cut and dewaxed and then dehydrated through 
graded alcohols. After air-drying the sections were soaked in PBS for 5 minutes 
followed by 0.02M HOI for 10 minutes. After a further wash in PBS they were 
soaked in PBS containing 0.1% triton X-100 for 2 minutes, and then again 
washed in PBS. A proteinase K digestion (0.01 mg/ml in TE [tris-EDTA] buffer) 
was then performed for 7 minutes. After a brief rinse in PBS the sections were 
then soaked in PBS containing 2mg/ml glycine for two ten minute periods. The 
sections were then post-fixed in 4% paraformaldehyde, rinsed in distilled water 
and then dehydrated through graded alcohols and finally air-dried for at least 
one hour. To the sections 5ml of hybridisation cocktail was then added. This is 
composed of:

2X SSC
50% de-ionized formamide 
5% dextran sulphate 
lOOng/ml herring sperm DNA 
0.1% SDS
0.1% Denhardts solution 
Ing biotin labelled probe

(pHY1.2 see Coates et al 1987)

Probe is labelled by nick translation using biotin-dUTP (Coates et al 1987). The 
probe and hybridisation cocktail is overlaid with a coverslip and the edges 
sealed with rubber solution. The probe and target DNA are simultaneously
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denatured by heating to 95°C for 10 minutes in a hot plate and then chilled on 
ice for 5 minutes before hybridising overnight at 42°C.

After removing the coverslip the sections are taken through a series of 
stringency washes.

2X SSC x2 10 minutes each at room temperature
2X SSC x1 30 minutes at 62°C
0.1 X SSC x2 10 minutes each at room temperature
0.1 X SSC x1 30 minutes at 42°C
PBS x2 5 minutes each at room temperature

After this the labelled probe is detected by immunohistological means. In brief,
after blocking with 1% bovine serum albumen in normal rabbit serum for 15
minutes the sections were incubated with mouse anti-biotin (1:200, SeraLab)
for one hour, washed in three changes of PBS for a total of 30 minutes and then
incubated in biotinylated rabbit anti mouse for one hour at room temperature.
After washing as before this was detected using the ABC method (Dakopatts)
with diaminobenzidine as substrate. A light haematoxylin counterstain was
used and sections were then dehydrated, and coverslips mounted using DPX.

5.3  RESULTS

5.3.1 Retroviral lineage marking
From the initial stock of PA317 cells several batches of virus containing 

supematant were produced which had titres of between 0.3 and 0.8 x lO^cfu 
per ml. Concentration by centrifugation gave titres of 1.2 to 1.8 x lO^cfu per ml.
It has been previously found that the expected increase in titre is often not 
obtained (Dr J Price personal communication). Nevertheless the titres of virus 
are acceptable for the requirements of the experiments to be performed. Of 
particular note was that examination of G418 resistant clones of infected NIH 
3T3 cells at different time points after infection revealed considerable 
heterogeneity of expression of p-galactosidase (Table 5.1).

Experiment % X-gal positive % G418 resistant

1 76 100
2 86 100
3 83 100
4 91 100

Table 5.1 p-galactosidase expression as detected by X-gal staining in 
NIH 3T3 cells
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Given that the G418 resistance is conferred by the presence of the BAG 
virus there should be concordance of both properties. That some cells are G418 
resistant (and thus contain virus) yet do not show any evidence of p- 

galactosidase by X-gal staining does raise a question over the value of this 
part/CL/Za/'construct as a lineage marker.

Despite these observations some preliminary studies of lineage marking 
were performed in vitro. Kératinocytes were infected 24 hours after plating for a 
period of 24 hours. The medium was then changed and the cultures grown until 
just confluent. Cells were then fixed and stained as described. Figure 5.2 shows 
the appearances of colonies and groups of p-^actosidase stained 

kératinocytes.

Figure 5.2 p-galactosidase stained kératinocytes shown with a 
deep blue colour due to X-gal staining
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Analysis of several in vitro experiments indicated that the efficiency of 
infection was considerably lower than in NIH 3T3 cells (by at least 10 fold) and 
that there appeared to be very few differentiated cells with X-gal staining thus 
extending the possibility that there is loss of p-galactosidase expression. This 
was confirmed by showing that G418 resistant clones of kératinocytes 
sometimes contained cells without demonstrable p-galactosidase activity (Table 
5.2). Consequently no further experiments were performed using this retroviral 
vector since the stability of p-galactosidase could not be confidently assumed in 
these systems.

Experiment % X-gal positive % G418 resistant

1 83 100

2 91 100

Table 5.2 p-galactosidase expression as detected by
X-gal staining in human epidermal kératinocytes

5.3 .2  Detection o f Y chromosome in celi mixes
Identifcation of Y chromosome specific sequences can be readily 

achieved in tissue sections (Coates et al 1987). However a major limitation is 
the artefact induced by plane of section that leads to a proportion of male cells 
showing no detectable Y chromosome signal. This problem seriously 
confounded the attempts to use this approach to examine the clonal 
architecture of keratinocyte recombinants although studies described in 
Chapter 7 were more successful. In the cysts examined occasional groups of 
cells showed an apparently similar genotype . In contrast to control cysts 
composed of entirely male cells (genotype XY) where 50 to 70% of cells 
showed Y chromosome signal and female (genotype XX) cysts where no signal 
was detected, the proportion of cells with signal in mixed cysts (genotype 
XX/XY in varying proportions) showed highly variable numbers of cells with 
specific signal (5 to 70%) and with no obvious spatial arrangement. This was 
the case even after serial sections had been examined. Consideration of the 
size of the signal (approximately the size of a Y chromosome) relative to the 
size of the nucleus indicates the nature of the problem.
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5.4  D ISC U S S IO N
The studies described here were not able to provide any new insights 

into the spatial organisation of the epidermis. However they did provide a 
perspective on the problems encountered in such studies.

The problems of fidelity of expression of retroviruses in heterologous 
systems is not new. Variable expression of promoter systems in particular cell 
types is well known, and the possibility that there is differentiation (or other 
process) related alterations of expression of retroviral (or other) promoters is an 
important caveat on the use of such systems. In contrast to the requirements 
proposed by McLaren as being ideal for a lineage marker, retroviruses have 
clear problems. Not least amongst these is the need to titrate virus in a relevant 
biological system rather than in the traditional NIH 3T3 cells usually employed. 
Subsequent consideration of these experiments indicates that it is clearly 
important to titrate virus in a cell type similar to the envisaged target cell.

With regard to the use of cell mixes two points emerge. First, is the 
possibility that sorting events might determine any apparent mixtures of cells. 
While no evidence for this exists with kératinocytes employed here it cannot be 
excluded as a possible limitation on the method. The more important limitation 
on the method has already been considered in the results section. That is the 
limitation imposed by the relative size of the Y chromosome signal and the 
nuclear diameter such that a significant proprtion (at least 30%) of positive cells 
will appear negative.

Finally, it must be pointed out that while clonal architecture (and the 
related issue of kinetic architecture) are still unresolved they remain central 
issues in the understanding of epithelial cell biology.
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CHAPTER SIX 

DIFFERENTIATION MARKERS IN NORMAL 
AND PATHOLOGICAL PANCREAS

6.1 INTRODUCTION
In order to investigate patterns of differentiation and their control in a 

tissue it is essential to have validated markers of the various possible 
phenotypes. Furthermore, as pointed out in Chapter 1, a central requirement in 
defining the way in which a tissue is organised is to know the number of 
phenotypes that can occur, and the situations in which they occur. In the 
pancreas there are three morphologically defined tissue compartments: ducts, 
acini and islets. There are considerable data pointing to the value as 
phenotypic markers of neurosecretory granules (at an ultra-structural level) or a 
range of antigens including elements of secretory granules (synaptophysin, 
chromogranin) or hormonal products (insulin, glucagon, pancreatic polypeptide 
or somatostatin) at both ultrastructual and light microscopic level (see Kloppel & 
Heitz 1984 and Go et al 1986 for review). Similarly it is possible to employ 
antibodies that recognise secretory products of the differentiated acinar cell, 
such as amylase, chymotyrypsin and lipase, as operational markers of this 
phenotype (Bendayan & Ito 1979; Fukayma et al 1986). In contrast, there are 
few well defined markers of the duct phenotype in human pancreas, although 
Githens (1988) has extensively reviewed the properties of pancreatic ductal 
epithelium including expression of a range of markers including carbonic 
anhydrase and antigens such as pancreatic mucin, blood group substances 
and carcinoembryonic antigen (CEA).

The aim of the studies described in this chapter is to define the antigenic 
properties of normal and pathological exocrine pancreas, focusing primarily on 
the duct system since secretory enzymes are well defined (as are endocrine 
markers). With this information available, a range of operational markers of 
phenotype could then be used in subsequent experimental studies (Chapters 7, 8 
and 9). In the course of these studies it became apparent that in fact there exists 
in the human pancreas a fourth phenotype, analogous to that described by Wright 
et al (1990a) in the stomach and small intestine, which appears to represent a 
response to epithelial damage.
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6.2 MATERIALS AND METHODS
6.2.1 Tissues

For the primary screen of antibodies a series of 10 examples of normal 
adult pancreas, 6 of fetal pancreas of gestational age ranging from 12 to 28 
weeks, and examples of chronic pancreatitis (n =14) were examined together 
with a small series of ductal pancreatic adenocarcinomas (n =16). All material 
was formalin fixed and wax embedded. Sections were cut (3^m), dewaxed in 
xylene and taken to water via graded alcohols. Cryostat sections of normal 
human pancreas (n=6) were also employed.

6 .2 .2  A ntibod ies
A range of monoclonal antibodies and polyclonal antisera were 

employed in these studies (Table 6.1). Two strategies could be employed. New 
antibodies could be generated, either to known antigens from the pancreas or 
to extracts of pancreas including cell lines. This approach would be time 
consuming and might not generate reagents of value. An alternative approach 
would be the screening of previously generated antibodies from a range of 
sources in an attempt to define reagents of discriminant value as phenotypic 
markers. The latter approach was employed.

Table 6.1 Antibodies employed

Antibody Specific ity Source R e fe ren ce

PGP 9.5 Seralab
Amylase Sigma -

CEA carcinoembryonic antigen Dako -

EMA Mucin Dako Heyderman et al 1984
HMFG1 Mucin iCRF -

HMFG2 Mucin iCRF -

CAM 17.1 High Mr glycolipid ICRF Makin 1986
PR 5C5 Le= iCRF Richman & Bodmer 1987
PR 4D2 Le= ICRF Richman & Bodmer 1987
PR 3A5 0-acetylated sialic acid ICRF Richman & Bodmer 1987
PR 3B10 CEA like ICRF Richman & Bodmer 1987
PR5D5 70kD goblet cell mucus ICRF Richman & Bodmer 1987
PR4D1 >200kD goblet cell mucus ICRF Richman & Bodmer 1987
PR 1A3 unknown, columnar cell ICRF Richman & Bodmer 1987
LE61 Keratin 18 B Lane -

LP2K Keratin 19 B Lane -

CAM 5.2 Keratins , 8 18 & 19 ICRF Makin et al 1985
Cart)onic anhydrase 1 & II Binding Site -
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The selection of the panel of reagents to be assessed was not random, but 
rather was based upon prior knowledge of likely suitable probes. For example, 
there was some evidence from studies of other gastro-intestinal structures that 
antibodies to mucins might be of value, as might antibodies to keratins and 
other antigens found elsewhere in the gastrointestinal tract (Richman & Bodmer
1987). Consequently such reagents formed the basis of these studies. In order 
to contrast ductal phenotypes with established acinar and islet markers, 
antibodies to amylase was employed as markers of acinar, and to 
chromogranin and PGP 9.5 markers of islet phenotype respectively.

6 .2 .3 Immunohistochemical methods
Immunostaining was performed, after blocking of endogenous 

peroxidase using 0.3% hydrogen peroxide in PBS, by the indirect immuno- 
peroxidase method using peroxidase conjugated swine anti-rabbit (for 
polyclonal rabbit sera) or peroxidase conjugated swine anti-mouse (for murine 
monoclonals). Extensive washes with PBS were carried out between steps as 
described previously (Hall 1988).

6.3 RESULTS
A summary of results is shown in Table 6.2 and Figure 6.1

6.3.1 Keratins
Expression of keratin 18 was seen in all epithelial tissues of the 

pancreas, both exocrine and endocrine. In contrast, keratin 19 immunoreactivity 
was only seen in the duct system of the pancreas, from the largest ducts to the 
fine radicles entering adni. However acinar cells did not show keratin 19 
immunoreactivity (Fig 6.2 and see Table 6.2). In those cases where frozen 
material was available from pancreatic adenocarcinomas, keratin 18 and 19 
immunoreactivity was seen in epithelial elements (data not shown).

6.3 .2 Glycoproteins, giycoiipids and mucins
Using this wide range of antibodies it is clear that there are important 

differences in the pattem of expression of glycoconjugates in the human 
pancreas (see Figure 6.3 and Table 6.2).

6 .3 .3 Cytoplasmic components including secretory products
Expression of the secretory enzyme amylase was seen in all adnar cells 

and also in occasional cells of some large ducts (Fig 6.4a). Similar expression
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of endocrine cell markers (e.g. chromogranin and PGP 9.5) was seen in large 
duct radicles as well as islets (Fig 6.4b).

6.3 .4  Normal tissues
An overview of the phenotypic properties of the various cell types in fetal 

and adult pancreatic tissues are shown in Table 6.2. In fetal pancreas similar 
profiles are seen. However, secretory products in acinar cells are nor 
demonstrable until the third trimester of pregnancy. Teleologically, the absence 
of demonstrable enzyme immunoreactivity until late in pregnancy is plausible 
since the gut is essentially non-functional until late pregnancy thus there would 
be little value in producing proteolytic and other digestive pancreatic enzymes.

Table 6.2 Pattern of antigen expression in adult normal pancreas

Antibody Islets Acini Intralobular ducts Interlobular

medium

ducts

large

PGP 9.5 + rare rare
Amylase - + - rare rare
CEA - - + + +
EMA - +/- + + -
HMFG1 - +/- + + -
HMFG2 - +/- + + -
CAM 17.1 - - + + +
PR5C5 - - - + +
PR4D2 - - - + +
PR 3A5 - - - - -
PR 3B10 - - - + +
PR5D5 - - - - -
PR4D1 - - - - -
PR 1A3 - - -/+ -/+ -/+
LE61 + + + + +
LP2K - - + + +
CAM 5.2 + + + + +
CA i&ll + + +
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Figure 6.1 A diagrammatic overview of the phenotype of acinar and ductal cells
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Figure 6.2 Expression of keratin 18 (a) and keratin 19 (b) in 
human pancreas
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Figure 6.3 Expression of CAM 17.1 (a) and PR 505 (b) in human
pancreas, (a) shows 16 week fetal human pancreas and 
(b) adult tissue.
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Figure 6.4 Amylase immunoreactivity in the human pancreas is found 
in the acinar cell population. However some cells within 
ducts also show amylase immunoreactivity (arrowed).
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Figure 6.5 Expression of CAM 17.1 in adenocarcinoma of the pancreas
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6.3 .5  Pathological tissues
The primary pathological lesions of the exocrine pancreas were 

examined, namely chronic pancreatitis and adenocarcinoma of the pancreas 
(Kloppel & Heitz 1984). Acute pancreatitis was deliberately excluded due to the 
difficulty of obtaining relevant material and interpreting patterns of antigen 
expression in necrotic and severely inflamed tissue.

6.3.5.1 Chronic pancreatitis
With the panel of immunological reagents employed the only difference 

observed in patterns of expression of ductal epithelium was a general 
increased intensity of staining which presumably reflects enhanced levels of 
antigen expression. Such effects have been previously observed with other 
antigens including c-erbB2 (Hall et al 1990) and c-erbB-1 (the epidermal 
growth factor receptor (see below, Section 6.5 & Barton et al 1992). The 
mechanisms underlying these changes are unclear but may reflect induction by 
inflammatory mediators. The pathophysiological significance of such changes is 
unknown but may reflect induction of expression by inflammatory cytokines.

6 .3 .5 .2  Tumours
In all 16 cases examined which included examples of well (G1), 

moderately (G2) and poorly differentiated tumours (G3; using the criteria of 
Kloppel & Heitz 1984) there was a general pattern of antigenic profile similar to 
that seen in the normal ductal epithelium. In the well differentiated tumours the 
pattern most resembled that of the small inter-lobular and intra-lobular radicles, 
but loss of one or more antigens was (not surprisingly) frequent in the poorly 
differentiated tumours (see Table 6.3 and Figure 6.5).
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Table 6.3 Pattern of antigen expression in pancreatic adenocarcinoma

Antibody Well differentiated 
G1 & G2

Poorly differentiated 
G3

PG P 9.5
Amylase - -

C E A + +/-
EM A + +/-
HMFG1 + +/-
H M FG 2 + +/-
C AM  17.1 + +
PR 5 0 5 +/- +/-
PR 4D 2 +/- +/-
PR 3A5 - -

PR 3B 10 +/- + /-
PR 5D 5 . -

PR 4D1 - -

PR 1A3 +/- -

LE61 + +
LP 2K + +
CAM 5.2 + +
CA 1 & II + + /-

6.4 DISCUSSION
The primary value of the studies described in this chapter is the 

characterisation of a number of immunological markers that can be used to 
define phenotypes characteristic of particular parts of the pancreas in various 
model systems. Consequently we may define the endocrine component as 
being composed of cells that express PGP 9.5 and or chromogranin. The 
secretory cells of the pancreatic acini are similarly defined by the expression of 
secretory enzymes such as amylase. Both these findings merely confirm 
previous reports (Heitz & Kloppel 1984; Go et al 1986). It has previously been 
suggested that both endocrine (islet) and secretory (acinar) cell markers may on 
occasion be found in the duct system (Heitz & Kloppel 1984; Go et al 1986; 
Fukayama et al 1986) and this is confirmed by the data presented above. Such 
data are consistent with both the endocrine element and the acinar component 
being of ductal derivation, although the suggestion of ontogenetic relationship 
on the basis of phenotypic similarity is not convincing (Hall 1991, LeDouranin 
1988). A caveat to this must be made, however. The presence of immuno
reactivity does not exclude (formally) the possibility of passive uptake. While
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unlikely this possibility does require to be excluded by the use of in situ 
hybridisation methods.

Heterogeneity of antigenic profile of the cells making up the duct system 
(over and above the presence of endocrine and secretory antigens) is less well 
recognised in the pancreas, although it is clearly demonstrated here. The basis 
of these differences is not clear. In the data presented here the antigenic 
differences correlate with anatomical (histological) differences including the 
diameter of the ducts and the presence (or absence) of surrounding connective 
tissue. How such differences lead to different patterns of gene expression is not 
known. The functional significance of such differences is also not clear. A point 
of some importance is the issue of the stability of these phenotypic differences: 
are they stable or can they be modulated The changes in level of expression in 
chronic pancreatitis suggests the latter. The existence of methods for the culture 
of pancreatic ducts (including the existence of tumour cell line) should open the 
way for the experimental analysis of this issue (see Chapter 9).

6.5 A FOURTH PHENOTYPE IN THE PANCREAS?
While performing the studies described above, it was noticed that in 

association with pancreatitis a curious morphological appearance could be 
seen which has been termed by some authors as ”mucinous metaplasia" (see 
for example Kloppel & Heitz 1984, p61 figure 5.I lf) .  It was noted that similar 
appearances were well recognised in the gastro-intestinal tract (Morson & 
Dawson 1979; Lee 1964) which had recently been shown to be typical of a 
novel EGF secreting cell phenotype induced by ulceration (Wright et al 1990a). 
Given the morphological similarity, examples of this morphological change 
were investigated along with histological material from normal pancreas and 
other pathological states. The phenotype of the cells making up this morphology 
was found to be entirely analogous to that seen in the small intestine and 
stomach and thus make up a fourth phenotype within the pancreas (Wright et al 
1990b). Given the association of this phenotype with EGF, the expression of this 
growth factor, the related peptide transforming growth factor alpha (TGFa) and 
the receptor for these peptides (EGF-receptor) was defined by immuno- 
histological means (Barton et al 1991 ; Lemoine et al 1992). In addition, the 
distribution of the novel peptides pS2 and hSP were examined as these appear 
to be expressed in the novel phenotype as described by Wright et al (1990b).



84

6.5.1 Materials and methods
Case material consisted of formalin fixed, wax embedded blocks of 

pancreatic adenocarcinomas (n=84), chronic pancreatitis (n=14), normal adult 
(n=10) and fetal (n=2; 12 and 20 weeks gestational age) pancreas obtained 
from the archives of the Department of Pathology, Hammersmith Hospital and 
St Bartholomew's Hospital.

Immunohistochemistry was performed on 3|im sections dewaxed in 
xylene and passed through graded alcohols. Endogenous peroxidase was 
blocked by 0.3% hydrogen peroxide in PBS for 30 minutes. Prior to staining 
with rabbit polyclonal anti-EGF (a gift of Dr Harry Gregory, ICI) sections were 
trypsinised with 0.1% trypsin (Sigma) in PBS for 15 minutes. Prior to all primary 
antibodies sections were incubated with normal serum. After incubation with 
primary antibodies for one hour, sections were washed extensively in PBS, and 
then incubated for one hour in biotinylated swine anti-rabbit immunoglobulins 
(1:500). Streptavidin complex was added for 30 minutes prior to visualisation 
with diaminobenzidine. A light haematoxylin counterstain was then applied and 
the sections dehydrated cleared and mounted.

The primary antibodies employed were:
(1 ) a polyclonal anti-EGF/urogastrone (Gregory et al 1989) used at 25pg/ml;
(2) an affinity purified antibody (26T) raised against the 17-C terminal amino 

acids of the rat IG F alpha sequence (CHSGYVGVRCEHADLLA - 
identical at all but one amino acid to the human sequence) used at 
36pg/ml (Gullick et al 1991a);

(3) two antibodies that recognise the EGF receptor (Gullick et al 1991 b),
12E, raised against a synthetic peptide from residues 1059 to 1072 of the 
cytoplasmic domain and 14E raised against a synthetic peptide from 
residues 1164 to 1176. Both 12E and 14E were used at 4|xg/ml; and

(4), a monoclonal antibody raised against the C terminal 28 amino acids of 
the pS2 molecule used at 20pg/ml

Controls consisted of normal small intestine in which the distribution of 
IG F  alpha is well defined with a gradient of increasing positivity from crypts 
towards the villus both by immunohistochemistry and in situ hybridisation 
(Koyama & Podolsky 1989) while EGF is expressed strongly in Brunner's 
glands. Controls for the EGF receptor antibodies consisted of xenografts of 
A431 cells and sections of a gastric carcinoma known to express EGF receptor.
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Negative controls included adjacent sections stained with omission of primary 
antiserum and specificity controls using pre-incubation with cognate peptide (for 
TGF alpha and EGF receptor).

In situ hybridisation experiments were performed by Dr R Poulsom, ICRF 
Laboratories. The distribution of mRNAs encoding hSP and pS2 were 
established by in situ hybridisation with antisense riboprobes (specific 
activity 0.8 -1.7 x 10  ̂dpm/mg RNA transcribed with T7 polymerase) using 
approximately 300 bp of hSP sequence, the entire pS2 cDNA subcloned into 
pGEMt (Promega) or alternatively the 400 bp (approx.) BamHI/Pvull fragment 
of pS2 cDNA subcloned into SP73 (Promega), to remove the poly A tract. 
Paraffin sections were mounted on silane coated glass slides, dewaxed, and 
hydrated in PBS. Sections were permeabilised with proteinase K (0.5mg/ml) 
post fixed in 4% paraformaldehyde, acetylated then incubated overnight at 55°C 
in 10-20ml of hybridisation mix (300mM NaCI, 10mM Na2HP04, 10mM Tris-HCI, 
5mM EDTA, 0.02% BSA, 0.02% Ficoll 400, 0.02% polyvinyl pyrolidone, 50% 
formamide, 0.5mg/ml bovine ribosomal RNA, 10% dextran sulphate, 10mM 
DTT). Post hybridisation washes included an RNAase A step and reached a 
final stringency of 0.1% SSC at 65°C.

Sections were dehydrated in alcohols containing 300mM ammonium 
acetate, dried, dipped in Ilford K5 emulsion, exposed for 6 to 10 days at 4°C 
before development in Kodak D19. Sections were counterstained with toluidine 
blue. Patterns of hybridisation were specific as the distributions of silver grains 
were dependent upon the pS2 or hSP component of the anti-sense probes 
used and not on the short sequences contributed by the vector.

6.5 .2 Results
6.5.2.1 Expression of EGF and TGF alpha

Most sections of normal pancreas showed some cytoplasmic staining of 
ductal cells for TGF alpha. Uniform staining could be seen throughout the duct 
system including the very smallest radicles which may be interpreted as 
including the centroacinar cells. Relatively weak staining of islets was seen, but 
acinar cells and interstitium showed no immunoreactivity. Cases of chronic 
pancreatitis showed a similar pattern of staining and the ducts of fetal pancreas 
showed TGF alpha immunoreactivity. In nearly all situations no EGF 
immunoreactivity was identified by these immunohistological studies. However, 
in occasional areas there were foci of intense cytoplasmic EGF (Figure 6.6a) 
immunoreactivity, typically in association with areas of mucinous metaplasia
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adjacent to areas of chronic pancreatitis. Closer inspection frequently showed 
that the EGF immunoreactivity was seen associated with one or more budding 
tubular structures.

In 80 of 84 (95%) cases of pancreatic adenocarcinoma TGF alpha 
immunoreactivity was observed. This was typically in the cytoplasm although 
membrane accentuation was common. In only 10 cases (12%) was there 
evidence of EGF immunoreactivity, and this was usually focal.

6 .5 .2 .2  Expression of EGF receptor
Only the islets of Langerhans expressed detectable EGF receptor in 

histologically normal pancreas. However, in association with chronic 
pancreatitis (even if very mild) the epithelial cells of the small ducts (including 
the centroacinar cells) showed strong EGF receptor immunoreactivity. The islets 
showed accentuated EGF receptor staining but no staining was seen in acinar 
cells under any circumstances. In the presence of even mild pancreatitis the 
distribution of EGF receptor staining in exocrine pancreas was exactly 
concordant with that of TGF alpha. The same results were seen with both 12E 
and 14E.

In 80 cases of pancreatic cancer (95% of the series) there was easily 
detectable EGF receptor immunoreactivity with both antibodies. There was 
almost total concordance between TGF alpha and EGF receptor expression 
with only two discordant cases: one being TGF alpha positive, EGF receptor 
negative and the other having the reverse profile. The pattern of staining was 
mainly cytoplasmic but there was membrane accentuation in some cases.

6.5 .2 .3  Expression of pS2 and hiSP
In the EGF/urogastrone secreting epithelium described by Wright et al 

(1990a) there was a characteristic arrangement of phenotypic patterns. At the 
base of the glandular structures EGF was expressed as was mRNA for hSP. In 
contrast further up the glandular system pS2 immunoreactivity and mRNA could 
be seen (see Figures 6.6b; Wright et al 1990b). The distribution of pS2 
immunoreactivity and mRNA, hSP mRNA and EGF immunoreactivity is in the 
same pattern.
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Figure 6.6 Expression of EGF (a) in a small population of cells sfiowing tfie 
morphological changes of pyloric metaplasia. Expression of pS2 
(b) is much more widespread.
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6.5 .3 D iscussion
Of primary significance here is the observation that in the normal 

pancreas expression of EGF (and trefoil peptides such as hSP and pS2: Wright 
et al 1992) is not seen, but that in association with epithelial damage (and 
regenerative alterations) there is a spatialy organised expression of these 
proteins in a manner akin to that seen in other sites (Wright et al 1990a; 1990b). 
Taken with other observations (Wright et al 1990a; 1990b) this suggests that 
this change in phenotype represents a stereotyped adaptive response seen in 
epithelial tissue after injury. The functional relevance of this remains unclear but 
it has been proposed that the local release of EGF (and the trefoil peptides) 
represents a localised wound healing response. Of relevance is the observation 
that sites which are associated with chronic damage (stomach, duodenum and 
oropharynx) are associated with tissues that continuously possess a sub
population with this phenotype (namely Brunner's glands and the salivary 
glands, and which express EGF in high levels: Wright et al 1990b).

A further point of note is the expression of TGFa and the EGF receptor in 
a spatially restricted manner in the pancreas, being particularly associated with 
the duct system. Before considering the relevance of this observation several 
points should be noted. The study of TGFa did not distinguish between 
precursor forms of the 50 amino acid secreted form. While the detailed nature of 
TGFa in the pancreas is of considerable interest it should be noted that 
transmembrane TGFa precursors existing in cell membranes are able to 
activate the EGF receptor (Brachmann et al 1989; Wong et al 1989). indeed 
the paradigm of ligands and their receptors being involved in signal 
transduction while adhesion molecules and their cognate receptors are 
involved in adhesion events (with no overlap in function) cannot now be tacitly 
accepted. It may be that the membrane bound form of TGFa can be involved in 
adhesion events and that adhesion molecules can participate in signal 
transduction (Doherty et al 1991).

That such notions are biologically relevant is supported by the 
observations of Taub et al (1990). It was shown that renal tubular cells cultured 
on Matrigel can form tube like structures. Sequential ammonium suphate 
extractions of Matrigel (to remove low molecular weight proteins) results in the 
loss of this property. The addition of TGFa to the experiment restores the ability 
to form tube like structures indicating that TGFa can have morphogenetic 
properties as well as mitogenic actions. Of relevance is the general observation 
of expression of TGFa in duct like systems throughout the body (although it is
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also expressd in upper layers of the epidermis). It should be noted that TGFa 
and its receptor have been implicated as components of an autocrine loop in 
stimulating pancreatic carcinoma cell growth (Lemoine & Hall 1990, Hall & 
Lemoine 1993). Indirect support for this notion comes from the data presented 
here where there is very prevalent expression of both TGFa and the EGF 
receptor in pancreatic neoplasia. More direct support for this hypothesis comes 
from experiments where expression of TGFa and/or the EGF receptor Is 
inhibited by anti-sense oligonucleotides and there is observed to be a 
concommitant suppression of proliferation (Hall et al 1992 unpublished). The 
use of anti-sense strategies have also been employed to support the view that 
TGFa and the EGF receptor are involved in morphogenetic events in simple 
epithelia (see Section 9.5).

6 .6  GENERAL DISCUSSION
An understanding of cellular differentiation and its regulation in a 

complex epithelial structure such as the pancreas, requires the use of a 
comprehensive series of molecular probes to define cellular subpopulations in 
suitable model systems. The strategy employed has been the characterisation 
of a panel of antibodies that define spatially and temporally regulated antigens 
and use these antibodies to analyse the differentiation of cultured normal 
pancreas and a range of human pancreatic carcinoma cell lines. The antibody 
panel was screened on human adult and developing pancreas and examples 
of chronic pancreatitis and a range of pancreatic tumours. Secretory protein 
expression, such as amylase was found in acinar cells, and in occasional cells 
within the duct system. All duct cells, including centroacinar cells, expressed 
keratin 19 and showed staining with CAM 17.1 which recognises a mucin-like 
molecule. Differences existed between extra lobular ducts (4D2, 505 positive), 
large intralobular ducts (3B10 positive) and small duct radicles. Pancreatic 
tumours showed a duct phenotype (as expected) and which was, in general, 
similar to that of the small and medium sized ducts. We conclude that a range of 
reliable differentiation markers now exists for the study of the regulation of 
differentiation in human exocrine pancreatic cells. Such reagents are essential 
for the further analysis of model systems of pancreatic biology (see Chapters 8 
& 9). Moreover the phenotypic studies described here do provide insight into 
the patterns of differentiation seen in vivo , in development, in the adult and in 
disease states.
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CHAPTER SEVEN 

KINETIC AND CLONAL ARCHITECTURE OF 
THE PANCREAS IN VIVO

7.1 INTRODUCTION
As pointed out previously in this thesis, knowledge of the kinetic and 

clonal architecture is central to an understanding of the organisation of 
tissues, how this occurs in development and is maintained in adult tissues. A 
primary difference between continually renewing tissues, as typified by 
epidermis (see Chapter 1,3,4 and 5), and conditionally renewing or 
expanding tissue, such as pancreas, appears to be the differences in kinetic 
organisation and clonal structure. In this chapter, I have describe studies that 
define further these characteristics in the human and rodent pancreas.

7.1.1 Kinetic organisation of the pancreas
As described in Chapter 1, the observations of Leblond indicated that 

tissues such as pancreas fell into a category of adult tissues, termed 
conditional renewal or expanding populations, where there is, under normal 
circumstances, very little cell tu mover. However some turnover does occur in 
the normal post-natal gland in both exocrine and endocrine populations 
(Fitzgerald 1960). Moreover, there is considerable evidence from both 
experimental systems and clinical material that after a single severe episode 
of damage to the pancreas, the gland can regenerate and return to a normal 
architecture - and function (see Elsasser et al 1986a for review)

Most studies of cell proliferation in the pancreas have focused on 
rodents and can be divided into those examining steady state unstimulated 
glands or those that induce proliferation by pharmacological, hormonal 
(typically cholecystokinin), toxic or dietary means. The general consensus 
from such studies is that in the adult unstimulated gland there is a very low 
rate of cell turnover (reviewed in Githens 1988), as judged by pulse thymidine 
labelling, in all three identifiable compartments: adni, islets and ducts (main, 
interlobular, intralobular and intercalated). Furthermore, irrespective of the 
nature of the stimulus this basal level of proliferation can be enhanced, but 
that this tends to occur primarily in acinar and small duct cells (see for 
example Lutke et al 1987, Adler et al 1979, Oates & Morgan 1982, Elsasser et 
al 1986a, 1986b, Fitzgerald 1968a ,1968b). Given that acinar cells make up 
the bulk of the gland this is the major site of proliferation (Solomon et al 1983,
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Lutke 1987). A further point of note is that there are clear changes in this 
profile of proliferation with age. Muller et al (1990) have demonstrated that 
acinar proliferation diminishes (under normal unstimulated conditions) 
exponentially with age, while proliferation increases in duct populations. 
Similar observations have been made Rosenburg et al (1989a, 1989b).

These data are primarily static in nature. Few attempts at dynamic or 
flux studies have been reported. Tsubouchi et al (1986) reported continuous 
labelling experiments in rat pancreas. By examining animals at a number of 
time points and deriving labelling indices it was possible to derive the rate of 
labelling (cell birth rate) by regression analysis of labelling index versus time. 
The relatively small number of observations made led to the confidence 
intervals being large. However, the cell birth rates are shown in Table 7.1.

Table 7.1 Cell birth rates in the pancreas (from Tsubouchi et al 1986)

Acini 0.02 - 0.07 per day
Islets 0.14 - 0.22 per day
Intralobular ducts (4-12 urn diameter) 0.6 per day
Interlobular ducts (15-29 |im diameter) 0.89 per day

(30-49 î m diameter) 1.02 per day
(0-160 îm diameter) 1.23 per day

These data confirm that the pancreas is, under non-stimulated conditions, 
slowly renewing. Since, in the adult, the gland does not increase in size this 
means that cell loss must occur, either by desquamation or by cell death. The 
former has been observed (Kloppel & Heitz 1984) and the latter is known to 
occur after duct ligation (Pound & Walker 1981 ; Walker 1987), and may occur 
at very low levels in the normal gland (Ansari et ai 1993). Another possibility is 
that proliferation in the exocrine pancreas, and in particular the ducts, is 
followed by migration. Such a notion would fit well with current views of the 
ontogeny of the endocrine cells and the islets of Langerhans (see section 7.5 
and Chapter 9). Induction of cell proliferation in the pancreatic duct by a 
number of means, and in particular by cellophane wrapping (Rosenberg et al 
1988, 1989a, 1989b), leads to islet formation (nesidioblastosis). Furthermore 
these authors have shown that a wave of thymidine labelled cells moves from 
the ducts into the developing islets: providing evidence for both the ductal 
origin of endocrine cells and the migration of cells out from the ducts.
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Two further kinetic observations are relevant. Oates and Morgan (1989) 
reported a kinetic analysis of the developing rodent pancreas and concluded 
that up to weaning acinus formation is a consequence of duct cell 
differentiation. This conclusion is consistent with previous morphological 
studies (Liu & Potter 1962; Pictet et al 1972). Second, Walker & Pound (1983) 
have suggested that the pancreas is composed of a proliferative unit made up 
of acinus, centro-acinar cells and ducts which react as an integrated whole. In 
particular they showed that small duct labelling precedes (and is greater than) 
acinar labelling by 24 hours (Walker & Pound 1983). This has been confirmed 
by Elsasser et al (1986b). Both reports attributed the initial burst to centro
acinar cells and cells of the intercalated duct which is considered, by these 
authors, to be the primary proliferative zone.

All these studies are based upon the use of thymidine analogues and 
no studies using immunohistological methods for assessing proliferation have 
been reported. In addition, there are no data on the proliferative organisation 
of human pancreas.

7.1 .2  Clonal organisation o f the pancreas
The proliferative organisation of complex tissues has been the subject 

of a number of reports by Zajicek and co-workers (Zajicek et al 1985,1987,
1988). If one considers the proliferative compartment of a tissue (Pj linked to 
the differentiated part (non-proliferative - 0) by a radius, then it is necessary 
to define flux along that radius and extract the time dimension as well as the 
third dimension from histological material. Having defined such parameters,
Zajicek has proposed that the cells generated in P stream along the radius to 
Q and their eventual demise (Zajicek et al 1987). This is easy to define in the 
epidermis where P, Q and the radius are clear cut but less so in more complex 
tissues, particularly where proliferation is less easily examined and defined.
Zajicek has reported a study of the submandibular gland which has certain 
similarities with the pancreas. While some proliferation can occur in all sites, 
he has shown that there is a primary proliferative zone at the level of the 
intercalated duct and that cell displacement occurs in two directions from this 
point, using pulse chase analysis with tritiated thymidine. Three dimensional 
reconstruction of the architecturally similar mouse submandibular gland by 
Denny et al (1990a, 1990b) supports these proposals. Similar studies have 
been reported in the liver (Zajicek et al 1988).
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Three dimensional reconstruction of the pancreas (Akao et al 1986) 
has confirmed the elegant microinjection studies of Bookman (1980, 1983) 
which indicate that the pancreas cannot be regarded simply in the manner 
that undergraduate texts would portray i.e. multipally branching ducts leading 
at their lowest point to blind ended acini. This fractal-like architecture is not 
universally seen. In fact, multiple anastomoses may be identified as can acini 
with multiple duct areas attached. Such microanatomical arrangements 
makes the kinetic arguments used by Zajicek and others difficult to apply 
uncritically to the pancreas. Nor can the proliferative unit concepts of Walker & 
Pound (1983) simply be accepted as they stand. One consequence of 
Bookman's proposed microanatomical arrangement is the possibility that 
interconversions between the acinar and ductal cell phenotype might occur 
and be central to a range of disease states including pancreatic cancer and 
pancreatitis (see Chapter 8, Akao 1986, Bookman 1980, 1983).

In tissues such as epidermis and gut the clonal architecture of the 
epithelium is reasonably well defined even though we remain ignorant of 
many details. In tissues such as pancreas we are wholly ignorant of how the 
various cell types are arranged. This in part stems from poor understanding of 
the proliferative compartments, but also from the difficulty of defining lineage 
relationships, proliferative architecture and clonal arrangement.

7.1 .3  Sum m ary
I have briefly reviewed the relevant literature relating to the kinetic and 

clonal organisation of the mammalian pancreas. While these experimental 
data point to the existence of some pancreatic epithelial cell turnover there is 
very little data conceming human material, largely because of the difficulty in 
performing labelling studies in man and the difficulty of obtaining human 
pancreas. The availability of monoclonal antibodies that allow the 
characterisation of antigens whose expression is associated with the cell- 
cycle now provides the opportunity of defining proliferative compartments in 
human pancreas, both in health and in disease states. The observations 
reported here are intended to provide baseline data conceming the spatial 
organisation of cell proliferation in human pancreas and correlate well with 
proliferation in rodent systems. In addition, further progress in understanding 
the organisation of this complex tissue will depend upon a knowledge of the 
clonal organisation of the tissue. As discussed in Chapter 1 and Chapter 5, 
the use of aggregation chimaeras is one useful approach to the investigation 
of clonal architecture and this has been employed.
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7.2 IMMUNOHISTOLOGICAL ASSESSMENT OF CELL
PROLIFERATION
A number of techniques have been developed for characterising cell 

proliferation in histological material and these have been well reviewed 
elsewhere (Hall & Levison 1990, Hall & Woods 1990, Hall Levison & Wright 
1992). Immunohistological methods of assessing cell proliferation have 
particular advantages over other techniques because of the maintenance of 
cellular and tissue architecture, the relative simplicity of the methodology and 
the rapidity of results; neither in vivo nor in vitro labelling is required and the 
use of radioactivity is avoided. Immunohistology would be even more useful if 
available antibodies to cell cycle related antigens were applicable to 
conventionally fixed and processed tissue. The one widely used antibody that 
recognises a cell cycle related antigen, Ki67, only works on cryostat sections of 
snap frozen material.

7.2.1 Ki67
The murine monoclonal antibody Ki67 was raised by immunising mice 

with a nuclear extract from U937 cells (Gerdes et al 1983) and there is 
considerable evidence that the antigen recognised is cell cycle associated 
(Gerdes et al 1984, Hall & Levison 1990; Hall & Woods 1990; Scott et al 
1991 ). This antibody has provided new insights into the spatial distribution of 
proliferating cells in pathological tissues and can provide clinically relevant 
information in a range of situations (Hall et al 1988, Hall & Levison 1990).
While of value the antigen recognised (which remains only partially defined; 
see Gerdes et al 1991 ) is fixation sensitive and cannot be detected except in 
snap-frozen tissue *.

7 .2 .2  Proliferating ceii nuclear antigen
Recently antibodies have become available that recognise the cell- 

cycle associated molecule proliferating cell nuclear antigen (or PCNA) in 
formalin fixed and wax embedded material (Waseem & Lane 1990). Despite 
some limitations, such as some sensitivity to prolonged fixation, antibodies 
such as PCI 0 (which recognises PCNA) may prove to be an advance over 
antibodies that recognise fixation sensitive antigens such as Ki67.

* Antibodies that recognise Ki67 in fixed material have recently become available (see 
Sawhney & Hall KI67: stmcture function and new antibodies Journal of Patttology ’m press, 
McCormick et al The characterisation of the novel monoclonal antibody MIB1 which 
recognises KI67 in fixed material. Histopattioiogy 'm press.
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Auto-antibodies from patients with systemic lupus erythematosous have 
been noted to identify a nuclear antigen present in proliferating cells (Miyachi et 
al 1978; Takasaki et al 1981) and have been employed as operational markers 
of cell proliferation (Smetana et al 1983; Cells et al 1984; Cells & Cells 1985). 
Such auto-antibodies are now known to recognise proliferating cell nuclear 
antigen (PCNA), an evolutionarily highly conserved SSkD acidic nuclear 
protein which is directly involved in DMA synthesis (Mathews et al 1984). The 
gene for human PCNA has been cloned (Almendral et al 1987). PCNA is 
regulated in a complex manner with the gene being transcribed efficiently in 
both quiescient and proliferating cells, but PCNA mRNA normally only 
accumulates in proliferating cells (Baserga 1991). The absence of stable PCNA 
mRNA in queiscient cells is associated with the presence of intron 4 in the gene: 
removal of this intron leads to high levels of accumulation of PCNA mRNA in 
such cells (Ottavio et al 1990; Chang et al 1990). Accumulation of the PCNA 
mRNA and the synthesis of high levels of the protein is stimulated by growth 
factors, notably PDGF, but is not necessarily associated with DNA synthesis: 
PCNA will accumulate in the presence of hydroxyurea, which inhibits DNA 
synthesis (Jaskulski et al 1988a, 1988b; Bravo et al 1984, 1985).

7 .2 .3  Characterisation o f PC10 (m onocionai anti-PON A)
Monoclonal antibodies that recognise PCNA have been reported to be of 

value in assessing cell proliferation using immunohistological methods, 
although these have usually required cryostat sections or specially prepared 
histological material (Smetana et al 1983; Cells et al 1984; Garcia et al 1989;
Galand & DeGraef 1989). In this section, the application of a new murine 
monoclonal antibody, PC10 (Waseem & Lane 1990) that recognises PCNA in 
conventionally fixed and processed histological material is described.

7.2.3.1 Materials and methods
Antibodies

Monoclonal antibodies were generated to genetically engineered rat 
PCNA using conventional methods (Waseem & Lane 1990). Of the eleven 
clones generated with anti PCNA specificity, six were found to react with 
formalin fixed histological material, and one clone designated PC10 was 
chosen for further detailed study because of it had the highest avidity in an 
ELISA assay. Supernatant from clone PC10 was used at a range of dilutions.
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Immunohistochemistry
Conventionally fixed and processed normal human tissues, breast 

cancers, pancreatic tumours and non-Hodgkin's lymphomas were studied. 
Sections (4pm) were cut, mounted on poly-L-lysine coated glass slides and air- 
dried overnight at room temperature. Sections were de-waxed, taken through 
alcohol and then immersed for 10 minutes in 25% phosphate-buffered saline in 
methanol with 0.5% hydrogen peroxide to block endogenous peroxidase 
activity. Sections were subsequently taken to water and immunostaining was 
performed using the ABC method (Dakopatts, UK) with primary incubations for 
one hour or 18 hours (i.e. overnight) at a range of dilutions. A dilution of 1:200 
(approx. 0.05mg/ml) with overnight incubation at +4°C was found to be optimal 
(or 1 in 20 [0.5mg/ml] with a one hour incubation at room temperature). 
Diamino-benzidine-hydrogen peroxide was employed as a chromogen and a 
light haematoxylin counterstain was used (Hall 1988). The nature of staining 
including its spatial distribution within cells was assessed, and in some cases 
absolute counts of PCNA immunoreactivity were made by scoring a minimum of 
1000 cells. The distribution of PCNA immunoreactivity within tissues was also 
recorded.

To investigate the effects of fixation, clinical material that had been fixed 
in a range of reagents (buffered and unbuffered formalin, mercury based 
fixatives, methacarn and Bouin’s) was examined. In addition small intestine 
from adult Wistar rats was fixed in neutral buffered formal saline for 6, 24, 48,
72, and 96 hours and then processed to paraffin. Material from a clinical 
colectomy specimen was fixed in 10% formalin for 12, 24, 48, 72 and 96 hours 
and then similarly processed. The effect of décalcification by EDTA or weak acid 
was assessed on clinical material.

Cryostat sections from cases of reactive lymphoid tissue or lymphoma 
were stained for the proliferation marker Ki67 in parallel with PC10 staining of 
fixed and wax embedded material from the same cases. Cryostat sections of 
tonsil, breast tumours and non-Hodgkin's lymphomas were also stained with 
PC10 after fixation in either acetone, acetone/methanol or formaldehyde.

Cell culture
Human epidermal kératinocytes were grown on glass coverslips as 

previously described (Chapter 3). When small colonies had formed after 4 to 6 
days, cultures were pulse labelled for one hour with tritiated thymidine (Dover & 
Watt 1987), fixed in 1:1 acetone/methanol for five minutes and stained for PCNA
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by the indirect immunoperoxidase method with a peroxidase labelled anti 
mouse antibody (Dakopatts UK Ltd). Slides were then dipped in photographic 
emulsion and autoradiograms produced. Several human pancreatic carcinoma 
cell lines were grown on multiwell glass slides in RPMI 1640 with 10% fetal calf 
serum (see Chapter 9)). After fixation in 1:1 acetone/methanol and air drying, 
cells were stained by the indirect immunoperoxidase method for KI67 
(Dakopatts UK Ltd) and for PCNA.

Human peripheral blood mononuclear cells were prepared by differential 
cytocentrifugation on Ficoll-Hypaque and aliquots were treated with 
phytohaemaglutinin (Sigma) at 0.5mg/ml or left untreated as controls. Cells 
were incubated in 96 well micro-titre plates at 37°C in a humidified CO2 
incubator. At various time points cells were labelled with bromodeoxyuridine 
for one hour. Cytocentrifuge slides were prepared and stained for bromo
deoxyuridine using the Amersham Cell proliferation kit (Amersham UK Ltd) and 
PCNA by the indirect immuno-peroxidase method.

The myelomonocytic cell line HL60 (obtained from ICRF Cell Production) 
was treated with phorbol esters (10 nM 12-0-tetradecanoyl phorbol 13-acetate 
[TPA]) to induce macrophage differentiation. Cytocentrifuge preparations were 
prepared from control untreated cultures or from cultures treated with TPA for 72 
hours, fixed in 1:1 acetone/methanol for 5 minutes at room temperature and air 
dried. Cells were then stained for PCNA or Ki67 by the indirect immuno
peroxidase method.

Flow Cytometry
Flow cytometric studies were performed in collaboration with Dr Richard 

Camplejohn. HeLa cells grown in suspension culture in RPMI 1640 containing 
5% fetal calf serum were fixed in alcohol acetone (1:1) for 5 minutes, spun down 
and washed in phosphate buffered saline (PBS). They were stained by the 
indirect immunofluorescence method with PC10 and a series of control 
antibodies. After incubation for 30 minutes on ice and two washes in PBS, the 
cells were incubated for a further 30 minutes in fluorescein linked rabbit anti
mouse F(ab)2 antibody (Dakopatts UK Ltd). After two further washes in PBS 
cells were stained in a solution containing 50mg/ml propidium iodide in the 
presence of 1 mg/ml RNAase (both from Sigma UK Ltd). Red fluorescence from 
the propidium iodide was then measured simultaneously with green 
fluorescence from the antibody staining using a FACScan flow cytometer 
(Becton Dickinson, California). Fluorescence in a minimum of 10^ cells was
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measured and the results stored on a Consort 30 computer, allowing 
subsequent data analysis using the Lysis software.

7 .2 .3 .2  Results (illustrated in Appendix 1)
Distribution of PCNA immunoreactivity in histological sections of normal adult 
tissues

PC10 staining is almost entirely confined to the nucleus and may show a 
diffuse or granular pattern or a mixture of both. Rarely cytoplasmic staining is 
observed: the nature of this is unclear but it may represent cytoplasmic 
synthesis or breakdown. Mitotic cells commonly show diffuse staining 
throughout the cell, but this is not surprising as the nuclear membrane is lost 
during mitosis. Some mitotic cells fail to show any PC10 staining. In this study 
all nuclear staining was considered as positive, regardless of its nature.

The distribution of nuclear PC10 staining in non-neoplastic histological 
material is entirely consistent with PCNA being associated with cell 
proliferation. Staining is seen in those tissues known from other studies to be 
actively proliferating, and moreover the spatial distribution of staining in those 
tissues is as would be expected. For example, staining is seen in germinal 
centres and scattered cells in the paracortex of lymphoid tissue; it is present in 
the basal layer of stratified squamous epithelia and in the majority of cells in the 
hair bulb. Nuclear PCNA is present in the proliferative compartments of 
stomach, small intestine and colon. In the small intestine, weak diffuse PCNA 
staining is observed above the generally accepted zone of proliferation within 
the crypt. This staining diminishes as cells progress up onto the villus and is 
then lost. PCNA immunoreactivity is present in epithelial and stromal cells of 
proliferative phase endometrium, but is not seen in late secretory phase 
endometrium. In the testis the majority of spermatogonia are stained but 
spermatids and sperm are unstained as are interstitial cells and Sertoli cells. In 
the ovary, ova arrested in meiosis show PCNA staining both in the nucleus and 
in the cytoplasm. This observation is consistent with the report of Zuber et al 
(1989a) that PCNA is stockpiled during oogenesis for use in early 
embryogenesis.

In those tissues known to be non-proliferative or to show only low 
turnover, PCNA immunoreactivity is minimal. For example staining is not seen 
in the adult central or peripheral nervous system, nor in skeletal, smooth nor 
cardiac muscle, nor is it present in normal hepatocytes, although rare Kupffer 
cells show nuclear immunoreactivity. Very little staining is seen in normal adult
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kidney. In endocrine tissues only rare PC10 staining cells are identified, but it 
should be noted that in the adrenal those cells that stain are in the zona 
glomerulosa as expected.

Effects of section preparation and fixation
PCNA immunoreactivity is greatly reduced or abolished if cut sections 

are heated to assist adherence to glass slides. The reason for this remains 
unclear. PCNA immunoreactivity can be seen after fixation in a wide range of 
solutions including formalin (buffered and unbuffered), methacarn and Bouin's 
reagent. In all cases, except methacarn, both diffuse and granular nuclear 
staining can be identified. With methacarn fixation only granular staining is 
seen. The time of fixation can greatly alter the ability to identify PCNA 
immunoreactivity. Staining in rat small intestine and human colon is greatly 
reduced after 48 hours fixation and is virtually abolished after 72 hours.
Protease digestion is not required to unmask the antigen; in fact protease 
digestion of sections abolishes subsequent staining. PCNA immunoreactivity 
can be detected after décalcification by chelating agents or weak acids, but as 
with fixation prolonged exposure greatly diminishes staining.

Staining of cryostat sections
Staining of cryostat sections with PC10 gives poor results Irrespective of 

section fixation. Diffuse weak cytoplasmic staining may be identified but the 
clear nuclear localisation observed after conventional fixation and processing to 
paraffin is not seen.

Correlation with other parameters of cell proliferation 
Staining of cultured cells

PCNA immunoreactivity was generally confined to the nucleus although 
some cytoplasmic staining was also seen. Cultures of human epidermal 
kératinocytes are in a relatively hyperproliferative state with many (but not all) 
cells taking up thymidine during a one hour pulse as shown by 
autoradiography. Nuclear PCNA immunoreactivity was observed in a similar 
proportion of kératinocytes and double labelling experiments showed a general 
concordance between PCNA immunoreactivity and autoradiographically 
demonstrated thymidine incorporation. While all thymidine incorporating 
kératinocytes appeared to show PCNA immunoreactivity, occasional cells 
showed PCNA immunoreactivity but no thymidine incorporation. This 
observation is consistent with PCNA being expressed in phases of the cell cycle 
other than S phase.
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Human peripheral blood mononuclear cells showed only very rare (<1%) 
PCNA immunoreactive cells, consistent with observed low rates of 
bromodeoxyuridine incorporation. After phytohaemagluttinin stimulation, blast 
transformation occurs in the majority of cells by 48 hours as judged by 
morphology and bromodeoxyuridine incorporation. There was a similar 
dramatic increase in the number of PCNA immunoreactive cells. The highly 
proliferative cell line HL60 can be induced to differentiate towards 
macrophages by treatment with phorbol esters, the differentiated cells 
exiting the cell cycle. A dramatic reduction of the number HL60 cells staining 
with Ki67 after treatment with TPA was mirrored by a reduction in the number of 
PCNA immunoreactive cells.

In cultures of established tumourigenic and immortalised cells such as 
pancreatic carcinoma cell lines, a high proportion of cells, typically 70-90% 
show Ki67 immunoreactivity. In these cell lines PCNA staining was present in 
all cells observed both in culture and as tumour xenografts. This observation is 
consistent with the results of flow cytometric analysis of HeLa cells where all 
cells showed PCNA and there was no relationship with the cell cycle as judged 
by DNA content. It should be noted that HeLa and the other tumour cell lines 
studied are very fast cycling cells and the half life of PCNA is long (Bravo & 
MacDonald Bravo 1987).

Clinical material
The number of PCNA staining cells was compared with the number of 

Ki67 staining cells in twenty lymph nodes comprising four cases of reactive 
lymphoid hyperplasia and sixteen cases of lymphoma. A linear relationship 
between Ki67 and PCNA staining was observed with a correlation coefficient of 
0. 91.

In breast cancer no convincing correlation between PCNA index and 
prognosis or other indices of proliferation could be seen. In several studies, the 
number of PCNA immunoreactive cells within tumours exceeded that expected. 
Examination of histologically normal breast tissue adjacent to carcinoma of the 
breast showed, in 17 of 23 cases, dramatically increased PCNA expression 
(Figure 7.1). Similar observations were made in association with other tumours 
(data not shown, see Discussion and Section 7.3.2.3)



101

Figure 7.1 PCNA expression in normal breast lobule adjacent to a tumour
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7.2 .3 .3  Discussion
Proliferating cell nuclear antigen (PCNA) or auxiliary protein for DNA 

polymerase 8 is a key component of the DNA replication machine (Tan et al 
1986a, 1986b; Prelich et al 1987; Bravo et al 1987). Microinjection of antibodies 
to PCNA (Zuber et al 1989b) and the use of anti-sense oligonucleotides 
(Jaskulski et al 1988b) suggest that PCNA is an essential requirement for DNA 
synthesis and has also been shown to be required for leading strand synthesis 
in SV40 virus replication (Prelich & Stillman 1988). PCNA functions as a co
factor for DNA polymerase 5 (Fairman 1990) in DNA synthesis, but may also be 
involved in unscheduled DNA synthesis (Celis & Madson 1986; Toschi & Bravo
1988) PCNA is highly conserved throughout phylogeny, being present in plants, 
yeast and higher eukaryotes (Suzuka et al 1989). PCNA has been reported to 
be a cell-cycle regulated protein when examined by immunofluorescence (Celis 
& Celis 1985).

Immunofluorescent studies of cultured cells have indicated that there are 
two populations of PCNA present during S phase (Bravo & MacDonald Bravo
1987): nucleoplasmic PCNA corresponds to the PCNA present at low levels in 
quiescent cells that are capable of cell division, and is not apparent in cells 
fixed in organic solvents such as methacarn. The second form of PCNA is 
associated with sites of DNA replication and cannot be extracted with organic 
solvents. This may explain our observation that only granular staining is seen in 
methacarn fixed tissues representing replication site associated PCNA. 
Differences between some reports on the use of autoantibodies and 
monoclonal antibodies may reflect differences in the epitopes recognised. 
Differences in section preparation and fixation may also be of importance.

Recent data suggests that there are only small changes in the total level 
of PCNA in the cell cycle (perhaps only two to three fold), but there is a dramatic 
alteration in the proportion associated with replication sites, particularly in S 
phase (Morris & Mathews 1989). The amount of PCNA present in the nucleus of 
cycling cells appears to be greater than that required for DNA synthesis. In long 
term quiescent cells PCNA is undetectable by immunoblotting methods, but it is 
present at low levels (10% that in cycling cells) in cells capable of division. A 
final point of note is that the half-life of PCNA protein is about 20 hours (Bravo & 
MacDonald Bravo 1987) and thus it may be immunologically detectable in cells 
that have recently left the cell cycle. The data presented in this current report are 
largely in accord with these biochemical and cell biological observations.
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The spatial distribution of PCNA immunoreactive cells in normal 
proliferating tissues is exactly as one would expect with a marker of cell 
proliferation. That occasional mitoses do not stain cannot at present be 
explained. The possibility that these relate to artefacts of fixation or processing 
seems unlikely since stained and unstained mitoses can be seen within the 
same section, sometimes in close proximity. The presence of weak staining 
above the generally accepted highest point in gastrointestinal crypts for 
proliferating cells probably reflects the relatively long half life of the PCNA 
protein and the rapid migration of gastrointestinal cells. These simple 
observations from histological material are supported by the cell biological 
experiments presented here. Of particular importance are the induction of 
PCNA immunoreactivity in phytohaemagglutinin stimulated human peripheral 
blood mononuclear cells in parallel with bromodeoxyuridine labelling, and the 
reduction of staining of HL60 cells with PC10 and Ki67 that occurs in parallel 
after induction of macrophage differentiation by phorbol esters. Similar results 
have been reported using auto-antibodies. Finally, the observation that there is 
a linear relationship between the number of cells showing PCNA and the 
number showing Ki67 immunoreactivity in nodal lymphoid neoplasms also 
supports the notion that PCNA immunoreactivity is a marker of cell proliferation 
in fixed histological material.

In contrast to these data supporting the notion that PCNA expression can 
be used as an operational marker of cell proliferation, a number of other results 
require further consideration. Firstly, there is an apparent difference between 
primary cells (e.g. kératinocytes and peripheral blood monocytes) and 
established cell lines. Peripheral blood monocytes and kératinocytes show a 
close relationship between PCNA immunoreactivity and other parameters of 
cell proliferation. In contrast this is not apparent with established cell lines. This 
may simply reflect the relatively long half life of the PCNA protein or may require 
a more complex explanation. Secondly, although there is a linear correlation 
between Ki67 and PCNA immunoreactivity in lymphoma, recent studies of 
gastric cancer (Jain et al 1991), breast cancer (Barnes et al unpublished) and of 
haemangiopericytomas (Yu et al 1991) have shown that the correlation 
between 8 phase fraction and PCNA immunoreactivity is very poor. In all these 
situations there appear to be more PCNA immunoreactive cells than would be 
expected. Furthermore comparison of PCNA expression with experimentally 
determined growth fraction in a nude mouse xenograft system indicates that 
PC10 can grossly overestimate proliferation (Scott et al 1991). In the
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experiments reported by Scott et al (1991) this can, however, be explained on 
the basis of long protein half life and short cell cycle time.

The final intriguing observation is that in histopathologically normal 
tissues adjacent to tumours there is in some, but not all cases, a dramatic 
increase in immunohistologically detectable PCNA containing cells. This has 
been observed in breast lobules adjacent to breast tumours, as well as in 
pancreatic exocrine parenchyma adjacent to exocrine and endocrine tumours 
of the pancreas (see below, section 7.4). PCNA expression is regulated at both 
the transcriptional and post-transcriptional level, in particular by alterations in 
mRNA stability (reviewed in Baserga 1991). Recent evidence suggests that 
growth factors can induce increased PCNA mRNA stability and consequently 
PCNA expression. Overexpression of PCNA might then be explained by 
postulating that some of the tumours are actively secreting PDGF, or similar 
growth factors, that are stabilising the PCNA mRNA and thus inducing PCNA 
protein accumulation in the surrounding normal cells without necessarily 
inducing DNA synthesis. Such a hypothesis is consistent with observations 
made in chimaeric mice where recruitment of surrounding cells by factors 
elaborated by tumour cells is seen to occur (Williams et al 1989). Autocrine and 
paracrine growth factor mediated regulation of PCNA expression may also 
explain the excess of PCNA immunoreactive cells seen in certain tumours. 
Experiments that have a bearing on this observation have been performed and 
data are presented in section 7.4. and a brief review of the complexities of 
proliferating cell nuclear antigen is presented in the Appendix.

7 .3  IMMUNOHISTOLOGICAL ASSESSMENT OF
PROLIFERATION IN RODENT AND HUMAN PANCREAS

7.3 .1  Ki67
Immunohistological examination of cryostat sections from human 

pancreas derived from (1) resection margins of Whipples procedures (n=3),
(2) organ transplant donors (n=2) and (3) normal pancreas adjacent to an 
idiopathic pancreatic duct stricture was performed. Immunostaining was 
carried out as previously described (Hall 1988) and in each case at least four 
levels were examined.

Typical results are shown in figure 7.2a, with only very scanty cells 
showing nuclear Ki67 immunoreactivity, implying that the cells are in cycle.
Such cells could be identified in ducts, acini and very rarely in islets.
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Enumeration of Ki67 immunoreactivity in each compartment from the 6 cases 
is shown in Table 7.2. A minimum of 3000 cells were counted for each 
compartment in each case. It was impossible to distinguish duct sub
populations except for extralobular ducts. Nor could interstitial cells or 
centroacinar cells be identified reliably.

Table 7.2 Ki67 immunoreactivity in human pancreas (n=6)

Labelling  Index (% ) S .E .

A c in ar cells 0.15 0.03
D uct cells In te r lo b u la r 0.21 0.03

E x tra lo b u la r 0.30 0.06
Is le t cells 0.11 0.04

These data are similar to those obtained by thymidine labelling in rodent 
tissues (Githens 1988, and see above section 7.2) and indicate that all 
compartments show a low level of proliferation. We might have expected the 
indices to be higher than those seen in rodents since thymidine labelling 
identifies only S-phase while Ki67 is expressed throughout the cell cycle. 
There is no simple explanation for this although examination of Githens' 
pooled data (see Table 3 in Githens 1988) indicates that there is considerable 
variation from observer to observer within a species and a wide range 
between species. For example, a value of 0.05% labelling index for murine 
acinar cells is quoted compared with 0.66% for hamster pancreatic acini.

7 .3 .2  Proliferating ce ii nuclear antigen
The advantage of this reagent is, as argued above, its activity in 

formalin fixed and wax embedded material. Consequently, a larger range of 
material could be examined, including tissues adjacent to a range of different 
tumour types.

An identical quantitation strategy was used to that employed for Ki67 
(see above). Immunostaining was performed as detailed above on 25 
examples of pancreas obtained from the files at St Bartholomew's Hospital 
and the Hammersmith Hospital, including 4 examples of histologically 
unremarkable fetal pancreas.
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Figure 7.2 Expression of KI67 (a) and PCNA (b, c & d) in pancreas. 7.2c 
shows normal fetal pancreas (approx 16 week gestation) and 
7.2d shows morphologically normal pancreas adjacent to a 
tumour with markedly elevated PCNA expression.
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7.3.2.1 Normal pancreas
Qualitative assessment of labelling with PCNA was indistinguishable 

from that seen with Ki67. Quantitative assessment was performed and the 
results are shown in Table 7.3. Typical staining is seen in Figure 7.2b.

Table 7.3 PC10 immunoreactivity in human adult pancreas

Labelling Index (%) S . E .

A cinar cells 0.11 0.04
Duct cells In te rlo b u la r 0.30 0.07

E x tra lo b u la r 0.28 0.05
Is let cells 0.13 0.02

Comparison of the data on Ki67 and PC10 indicate that they give identical 
results in normal human pancreas. In 10 of 16 cases where histologically 
normal pancreas is present in association with tumour, a qualitatively similar 
pattern of expression is seen. However, as is discussed in section 7.4, in 
some cases a quite different pattern of PCNA immunoreactivity was identified.

7 .3 .2 .2  Developing pancreas
Extensive PCNA immunoreactivity was seen in all populations: duct, 

acinar and islet. Material was examined from 15, 18, 22 and 28 weeks 
gestational age (by foot length) and qualitatively similar appearances were 
seen at all time points. The small number of cases precludes detailed analysis 
but typical staining is shown in Figure 7.2c.

7 .3 .2 .3  PCNA expression in pancreas adjacent to tumours
In 6 of 16 cases of pancreatic tumour examined, there was a dramatic 

increase in the number of PCNA immunoreactive cells in surrounding, 
histologically normal, parenchyma compared with the observations described 
in section 7.3, and similar to that described in section 7.2. Four of the tumours 
were ductal adenocarcinomas and two were islet cell tumours (insulinomas). 
Typical staining is shown in Figure 7.2d
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7.3 .3  Sum m ary
The data presented indicate that in the adult pancreas Ki67 and PCNA 

(as assessed by PC10) immunoreactivity appear to provide comparable 
information. These data can be interpreted as showing the level and 
distribution of proliferation in the human adult pancreas is indistinguishable 
from that seen in experimental animals. One must therefore propose that 
information conceming proliferation derived from animal systems is likely to 
reflect the situation in man. With regard to development, a considerably larger 
series of cases must be examined, coupled with both accurate dating of 
samples and detailed analysis of the whole gland.

7 .4  ABERRANT EXPRESSION OF PCNA IN PANCREAS
In order to investigate the mechanism underlying the apparent 

abnormal expression of PCNA in tissues which were not thought to be actively 
proliferating, two sets of experiments were performed.

7.4.1 Materials and methods
In the first set of experiments, human carcinoma cell lines (LoVo and 

HT29) were introduced by direct innoculation (10® cells) into a number of sites 
in nude mice, including liver and kidney (introduction into pancreas was felt to 
be both unethical and technically difficult). These experiments were designed in 
collaboration with Dr I Hart of the ICRF who performed all animal manipulations.
All subsequent analyses were performed by the author. The xenografts growing 
in liver and kidney were removed from the sacrificed animals (N=6) after 21 
days of growth. One hour prior to sacrifice tritiated thymidine (1.0 rrCu) was 
administered intra-peritoneally. At the end of the experiments, animals were 
sacrificed and tissues fixed in formalin, processed to paraffin for both 
immunostaining and autoradiography.

In the second set of experiments, rats were given total parenteral nutrition 
(TPN) for three days and then with the experimental diets for a further three 
days. Male Wistar rats (approx 200g) were anaesthetised with 0.9 ml Hypnorm 
and 0.07 ml diazepam (ip), and a silastic cannula was tied into the right 
external jugular vein. The cannula was connected through a stainless steel 
skin button and tethered to a fluid swivel joint (SMA, 189-191 High Street,
Barnett). The rats were housed individually in wire-bottomed cages. The TPN 
diet was pumped into the rats, from a fridge, by a multichannel peristaltic pump, 
at a rate of 60ml/rat/day, giving 1.8 g N, 6.0g lipid, 8.5 g glucose and 1047 kJ
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per kg per day [Goodlad, 1987]. There were three groups of 11 rats in the 
second study, the first being the (TPN) controls, the second were given 275 mg 
per kg of TGFa, the third were given 300 mg/kg of EGF (Dr M Edwards, British 
Biotechnology, Cowley, Oxford). One hour prior to sacrifice animals were given 
tritiated thymidine (1.0 nCu/kg) by intra-peritoneal injection. At the end of the 
experiments, animals were sacrificed and tissues fixed in formalin, processed to 
paraffin for both immunostaining and autoradiography.

PCNA immunoreactivity was identified in both sets of experiments in 
the same way using the monoclonal antibody PC10 by indirect immuno- 
histochemistry as previously described (see above). Autoradiography was 
performed using standard methods. In brief, sections were dehydrated in 
alcohols containing SOOmM ammonium acetate, dried, dipped in Ilford K5 
emulsion, exposed for 6 to 10 days at 4°C before development in Kodak 019. 
Sections were then counterstained.

7 .4 .2  Results
The first set of experiments provides direct evidence that the 

observations made on clinical material are real: i.e. that in association with 
neoplasia normal tissues can be induced to express PCNA immunoreactivity 
as detected by PC10 (Figure 7.3a) withoutXhere being any evidence that the 
cells are entering the cell cycle (Figure 7.3b and see Table 7.3).

Table 7.4 Expression of PCNA and thymidine labelling in normal liver 
adjacent to xenografts (labelled cells per 1000 hepatocytes)

LoVo HT-29 Control

Thymidine labelled cells 1.0 1.0 1.0
PCNA expression 52.0* 50.0 ** 1.0

*P< 0.001 " P< 0.001 (SEM = 1.2)

These experiments do not, however, give any insight into the 
mechanisms underpinning this phenomenon. While the possibility of 
mechanical effects cannot at present be excluded it may also be that the 
expression of growth factors by the tumour cells (or adjacent cells) could 
induce PCNA expression. The second set of experiments provides evidence 
for a mechanism involving growth factors.



Figure 7.3 Expression of PCNA in normal liver adjacent to a xenograft (a) 
as compared with the lack of thymidine incorporation (b)
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Table 7.5 PCNA and thymidine incorporation in rats parenterally fed with 
or without growth factors (per 100 cells).

111

C o n tro l TGF alpha E G F

A c in i
thymidine 0.09 +/- 0.02 0.12 +/- 0.03 0.10 +/- 0.02

PCNA 0.12 +/- 0.04 0.15 +/- 0.08 0.16+/-0.06

Ducts
thymidine 0.08 +/- 0.02 0.09 +/- 0.02 0.08 +/- 0.03

PCNA 0.12 +/- 0.04 7.65 +/■ 4.22 5.34+/-2.03 *

Islets
thymidine 0.08 +/- 0.18 0.08 +/- 0.02 0.06 +/- 0.03

PCNA 0.11+/- 0.05 0.38-h/- 0.07 0.34+/- 0.04 **

* P<0.001 P<0.001

The identification of PCNA immunoreactivity greatly in excess (P<0.001) of 
that seen in controls in those animals given IGF alpha or EGF parenterally 
over prolonged periods indicates that growth factors can induce PCNA 
expression without entry into the cell cycle. Furthermore, the observation that 
the spatial distribution of abnormal PCNA expression (Figure 7.4) is primarily 
seen in ducts (and to a much lesser extent in islets and acini) is consistent 
with the distribution of EGF receptor expression as demonstrated 
immunohistologically (Chapter 6 and Lemoine et al 1992).



Figure 7.4 Expression of PCNA in the pancreas of an animal on TPN
plus TGFa (a) or TPN plus EGF (b). In animals on TPN alone 
there is little thymidine incorporation (c).
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7 .4 .3  Discussion
These data indicate that the observations made in clinical material 

(abnormal expression of PCNA in association with tumours) is a real 
phenomenon and provide evidence that growth factors can mediate 
expression of PCNA without the need for cells to enter the cell cycle. In 
addition to being biologically interesting these observations are relevant to the 
use of antibodies to PCNA in pathology (see detailed discussion in the 
Appendix: The complexities of proliferating cell nuclear antigen).

7 .5  CLONAL ARCHITECTURE OF THE PANCREAS
As discussed in Chapter 1 there is evidence that the pancreas is 

derived from intestinal endoderm as two outpouchings that branch repeatedly 
and give rise to the ducts and acini. There has been considerable debate over 
the origin of the islets. In the adult gland, much as there is relatively little data 
regarding the kinetic architecture there is a paucity of data on the clonal 
architecture. It has been previously demonstrated that the pancreas as a 
whole is chimaeric (Williams et al 1988). It is not clear, however, whether 
particular structures within the pancreas are clonally derived. For example, 
islets and acini may be polyclonal or monoclonal. One approach to analysing 
this would be the use of aggregation mouse chimaeras and the identification 
of stable markers within each of the precursor cells and their progency. This 
approach has been employed successfully by Thompson et al (1990) to 
demonstrate that endocrine and other epithelial cell types in the gut are 
derived from a common precursor stem cell within each crypt/gland unit. Here 
some experiments are described which cast some light on the clonal 
architecture of the pancreas.

7.5.1 The ontogeny of endocrine celis in the pancreas
On the basis of morphological and functional similarities Pearse 

proposed that endocrine cells at a wide range of sites were derived from 
common precursors in the neural crest (Pearse 1968,1976) or in epiblast 
(Pearse 1984). In many tissues, most importantly the gut, this so called APUD 
hypothesis (from the biochemical properties common to these cells) has been 
falsified (Thompson et al 1990 ). With regard to endocrine cells in the pancreas 
there are some data which have been interpreted as being in support of neural 
crest origin including the observations of Teitelman et al (1987).
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The neural crest model has been criticised (LeDouranin 1987). Indeed 
there is evidence that the islet cells are locally derived from endoderm. The 
weakest line of evidence comes from the observation that pancreatic tumours 
with evidence of duct, acinar and endocrine cell population can be identified 
(Schron & Mendelsohn 1984; Chen et al 1988). More convincingly, insulin 
containing cells have been identified in ducts from transgenic and chimaeric 
mice (Deltour et al 1991, Bucchini et al 1989,1986) as well as in ducts of rodent 
and human pancreas (Teitelman & Lee 1987, Leduque et al 1987 and see 
Chapter 6). Examination of developing rodent and human pancreas (Pictet & 
Rutter 1972) shows an intimate relationship between islets and ducts which is 
also seen in the context of regeneration in damaged rodent pancreas (Leduque 
1987, Cantenys et al 1981, Rosenburg & Vinik 1989, Rosenberg et al 1984). In 
Chapter 9 direct experimental evidence is provided for the local derivation of 
endocrine cells. Here it is shown that pancreatic islets are not clonally derived 
which would fit better a local derivation model during development rather than 
migration in at an early stage of precursor cells.

7 .5 .2  Materials and methods
Mouse aggregation chimaeras were prepared at the Institute of Animal 

Physiology and Genetics Research as previously described (Fundele et al
1989). Mice were either CFLP <-> F2 or BALB/c <-> F2 chimaeras (where FI = 
C57B female x CBA male). Tissues from these animals were fixed in formalin, 
processed routinely and embedded in wax. Three ^m sections were cut and 
mounted on silane-coated slides.

DNA-DNA in situ hybridization was performed using a probe (pY 353) to 
a highly repetitive murine Y chromosome sequence was supplied by Dr. C. 
Bishop (see Thompson et al 1990). The probe was biotinylated by random 
priming using biotin - UTP and in-situ hybridisations were performed as 
described in Section 5.2.2.

7 .5 .3  Results
Control male (XY) mice showed labelling of single dots within nuclei in 

all tissues. Examination of cells within islets in these animals showed that 212 
of 300 (70.7%) had such dots - a consequence of section artefacts with some Y 
chromosomes lying out of the plane of section (see section 5.3.2 and 5.4). No Y 
spots are seen in any female controls. In the chimaeras, examination of islets 
showed that a variable proportion of cells showed nuclear dots (Figure 7.5 and 
Table 7.4) ranging from 10-40%.
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Table 7.6 Proportion of islet cells showing Y chromosome signal

Animal

1 2 3 4 5 6 7 8 9

Mixed islets 
(>0 and <65%)

12 6 5 8 7 6 0 0 0

Homogenously 
negative islets 
(0%)

0 0 0 0 0 0 0 0 0

Homogenously 
positive islets 
(>65%)

0 0 0 0 0 0 8 9 6

Note: animals 7,8,9 were not chimaeric

Figure 7.5 Nuclear dots showing presence of the Y chromosome in chimaeric 
murine islets. Note the heterogeneity indicative of polyclonality.
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In further experiments immunostaining for insulin was performed prior to 
in situ hybridisation (essentially as described by Thompson et al 1990). 
Interpretation of these preparations is complicated by the occasional false 
negative Y chromosome containing cells. Nevertheless the data obtained 
(Table 7.5) indicate that within polyclonal islets, insulin producing cells may be 
derived from either XX or XY cells. In the exocrine pancreas the pattern of Y 
chromosome signal was seen to be in large sheets suggesting a large "patch 
size".

7 .5 .4  D iscussion
These experiments demonstrate that islets of Langerhan are polyclonal 

and suggest that the ability to produce peptide hormone is not a consequence 
of lineage perse but of environmental factors. The first observation has been 
confirmed using a similar strategy by Deltour et al (1991 ) where animals 
chimaeric for the human C-peptide/proinsulin gene product were employed.
These observations have a bearing on the development of the murine pancreas 
(and in all probability the human organ) since it indicates that each islet is 
derived from more than one cell. That the hormonal profile does not appear to 
follow the genotypic organisation of the islets in not surprising given the 
apparent phenotypic plasticity of endocrine cells.

With regard to the exocrine pancreas the observation that genotypically 
similar cells tended to form large aggregates is consistent with previous 
observations using p galactosidase (Dewey & Mintz 1978) and observations 
with chimaeras (Deltour et al 1991). These approaches are thus not able to 
cast light on the clonal organisation of exocrine pancreas probably as a 
consequence of large "patch size".

7 .6  GENERAL DISCUSSION
The observations described in this chapter provide clear support for the 

concept that there is a low level of cell proliferation in all lineages within the 
pancreas as demonstrated both by conventional thymidine labelling methods 
or by newer methods such as the use of antibodies that recognise proliferation 
associated antigens such as Ki67 or PCNA (Hall et al 1990; Hall & Levison 
1990; Hall & Woods 1990).

As with the studies described in Chapter 5 the experiments on clonal 
architecture of the pancreas have not been totaly successfull. What strategies 
might be employed in the future? Two approaches would might be usefully
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pursued. In the first an ecotropic virus encoding p-galactosidase (BAG: see 
Chapter 5) could be used to infect fetal and neonatal rat pancreas. For 
example, the pregnant uterine cornu could be delivered by means of a 
laparotomy, trans-illuminated and a suspension of virus injected into the 
abdominal cavity of fetal rats. In neonatal animals, virus would be injected 
under direct vision into the pancreas after a small laparotomy. The infected 
cells and their progeny will be identified in histological sections of pancreas 
harvested from fetuses and neonatal animals at a series of time points, using 
histochemical methods, as has been described in cortical neurones. Clearly 
the problems encountered in kératinocytes of apparent "random" switch-off of 
p-galactosidase gene expression (or at least activity) might prevent this being 
a successful approach, although there may be important differences between 
retroviral constructs in this respect. A variation on this strategy would be the 
application of organ culture methods which might allow direct microinjection of 
cells with an appropriate expression construct prior either to monitoring of the 
organ in vitro or subsequent grafting.

The second approach would be to employ sequential labelling of 
proliferative cells with S phase specific labels and the use of three 
dimensional reconstruction techniques to provide new insight into the kinetic 
architecture of the various populations within this complex tissue. A particular 
problem is to extract the time dimension as well as the third dimension from 
static two dimensional histological sections, it should be noted that all previous 
studies of cell proliferation in the pancreas have not considered the three 
dimensional relationship of proliferating cells to each other and to other 
structures. Histology is based upon the analysis of two dimensional static 
representations of three dimensional dynamic processes. Consequently in 
order to visualise the third dimension, one could employ computerised image 
analysis methods to reconstruct the three dimensional architecture of the 
normal pancreas and the pancreas during the experimental pancreatic 
carcinogenesis (Hall & Lemoine 1993). The flux of cells in the normal rodent 
pancreas could be defined using sequential pulse labelling of 
bromodeoxyuridine and ^H-thymidine and double or triple labelling (using 
immunological markers of proliferation) similar to that described in the colonic 
crypt by Ahnen et al (1991). Sequential double labelled sections will then be 
reconstructed to give both spatial and temporal information. By using the 
pulses of label separated in time one can follow their separation in space and 
infer both direction and rate of flux.
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CHAPTER EIGHT

CULTURE OF NORMAL AND NEOPLASTIC 
HUMAN AND SIMIAN PANCREAS

8.1 INTRODUCTION
The literature concerning culture of exocrine pancreas, in contrast the 

literature relating to culture of islets, is limited in extent. Early attempts at 
developing in vitro models of pancreas focused upon the use of organ 
cultures of rodent fetal material (Hegre et al 1972; McEvoy et al 1976;
McEvoy & Hegre 1976; Parsa & Marsh 1976a) although Carrel & Lindberg 
(1938) had described similar experiments much earlier. An advantage of this 
approach was the maintenance of the three dimensional organisation of the 
gland. A commonly used approach was the explant culture of pancreas, 
removed from fetal rats, at the air-liquid interface of serum containing 
medium. Such studies demonstrated that pancreatic tissue could be kept in 
a viable state for short periods (typically 8 -1 0  days) but that alterations in 
the relative amounts of exocrine and endocrine elements occurred with 
selective growth of islet cells (McEvoy & Hegre 1976). Some restoration of 
the more normal amounts of exocrine tissue could be achieved by addition 
of hormonal supplement including corticosteroids (McEvoy et al 1976). 
Nevertheless such approaches did not gain favour with pancreatic 
researchers, in particular because adult tissues were rarely viable: 
presumably because of high concentrations of proteolytic enzymes.
However, Parsa's group put considerable effort into the further development 
of explant culture systems - particularly from the point of view of in vitro 
carcinogenesis experiments (Parsa & Marsh 1976a, 1976b; Parsa 1980).
This group's descriptions suggest that rodent pancreas can be maintained 
as explant for up to 3 weeks and allow experiments on metabolic and other 
complex functions requiring maintenance of tissue architecture. Similar 
observations have been reported by Jones et al (1977, 1981).

Although explant-organ culture approaches have the advantage of 
maintaining three dimensional organisation, their short term nature and their 
complexity (both architecturally and technically) has led to the search for 
other techniques. The culture of isolated pancreatic duct fragments has been 
a particularly popular approach for rodent, bovine and more recently human, 
pancreatic ducts. All the methods described involve a combination of
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mechanical and enzymatic dissociation of pancreatic structures to yield duct 
fragments of various sizes (Githens 1988). Reports have included use of 
main duct epithelium from cow (Stoner et al 1978), rat and mouse (Dudek
1988), interlobular epithelium from hamster (Hubchak et al 1990) and rat 
(Githens et al 1989; Heimann & Githens 1991), mixed main, interlobular and 
intralobular epithelium from guinea pig (Hootman & Logsdon 1988) and use 
of neonatal rat pancreas (Chen et al 1985). In addition, spontaneous 
immortalisation of rat ductular epithelium has been reported (Tsao & Duguid 
1987). Techniques have also been established for the culture of isolated 
rodent acinar cells in vitro, particularly for the study of secretory function 
(Oliver 1980; Amsterdam & Jamieson 1974).

With the exception of pancreatic carcinoma cell lines (see Chapter 9), 
in vitro studies of human pancreas have been only rarely reported. Studies 
of explants of human fetal and adult pancreas have been described by 
several authors (Agren et al 1980; Parsa et al 1980; Jones et al 1981). The 
use of conventional monolayer culture has been advocated by Harris and 
Coleman (1987, 1988) using fetal pancreas. The cultured epithelial cells 
form tightly cohesive groups with a phenotype similar to that of pancreatic 
ducts in vivo. The cells can be passaged for limited periods by harvesting 
cellular sheets and clumps with the neutral protease dispase (Boehringher) 
but it is clear that intercellular communication is vital, since harvesting as a 
single cell suspension leads to abolition of replating efficiency. No reports of 
culture of adult human pancreas have been made and use of fetal material 
is now difficult because of the recommendations of the Polkinghorne 
Committee (Polkinghorne 1989).

Given the observations reported in Chapter 3 that cell biological 
manipulations could allow the identification of putative stem cell containing 
sub-populations in cultured human epidermal kératinocytes, I hypothesised 
that it might be possible to employ similar techniques to isolate putative stem 
cell containing sub-populations in conditional renewal populations, 
including in exocrine pancreas. An obvious pre-condition was the ability to 
culture, at least for short periods, exocrine pancreas from man or other 
species. In addition, study of the mechanisms that regulate pancreatic duct 
cell differentiation, including the possible development of endocrine cells 
and acinar cells from this population, require the ability to manipulate the 
cells successfully in vitro. In this chapter I describe experiments designed to 
develop culture techniques for primate exocrine pancreas and report novel
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observations relating to rapid transdifferentiation of acinar cells to a ductal 
phenotype.

8 .2  MATERIALS AND METHODS
8.2.1 Cell Isolation and culture

Normal pancreatic tissue was obtained from surgical resections for 
neoplastic and non-neoplastic conditions and representative areas 
confirmed as normal by histological examination. Entire pancreata were also 
obtained from adult macaques (Macaca mulutta) NB. these animals had 
been used in cardiovascular imaging studies and were being sacrificed at 
the end of these experiments: the organs were made available to me by Dr 
S Stuttle, RPMS, London.

After washing in ice-cold Hanks' buffered saline solution (HBSS) the 
pancreas was diced into small fragments with sterile scissors and scalpel 
blades and then placed in a mixture of dispase II (1 mg/ml; Boehringer) and 
collagenase type P (0.5mg/ml; Boehringer) in HBSS (Flow). This was 
incubated at 370 with regular agitation for 45 minutes. Further disruption of 
the tissue fragments was performed using repeated vigorous pipetting with a 
wide bore agar pipette. After centrifugation (800 rpm for 5 minutes) the 
enzyme solution was renewed and a further 30 minute period of digestion 
ensued. After further vigorous pipetting with a wide bore pipette the material 
was filtered through a 100mm Nitex gauze. After centrifugation the resultant 
material, composed of small clumps of cells and single cells, was washed 
extensively in serum-containing medium. Fibroblasts were depleted by 
allowing gravity to sediment the larger cell clumps on ice over ten minutes, 
and the supematant with single cells carefully drawn off and discarded. This 
was repeated three times. Finally the number of epithelial cells was 
determined using a haemocytometer chamber. Pancreatic exocrine cells 
were cultured in RPM! 1640 supplemented with 10% fetal calf serum 
(Gibco), insulin (1.0 - 5.0 mg/ml; Sigma), hydrocortisone (0.1 -1.0 pg/ml;
Sigma), cholera toxin (10'1° M; Sigma) and epidermal growth factor (1-10 
ng/ml; generous gift of ICI). The majority of experiments have been 
performed on conventional tissue culture plastic (Falcon, Becton Dickinson), 
but other experiments used Primaria coated flasks (Falcon, Becton 
Dickinson) or culture on collagen type I gels, with or without additional 
Matrigel (Flow).
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Aliquots of cellular fragments were embedded in OCT and snap 
frozen or fixed for two hours in formalin and embedded in 1% agarose, 
made with 10% formalin, prior to embedding in paraffin wax. Five pm 
histological sections were then cut from snap-frozen block or from formalin- 
fixed, wax-embedded block for histological and immunohistological 
examination using the indirect immunoperoxidase method. Antiserum to 
amylase was obtained from Sigma and monoclonal anti-keratin 19 (clone 
LP2K) was a generous gift of Dr B Lane, CRO Laboratories, Dundee. CAM
17.1 was a generous gift from Cynthia Dixon, ICRF, London [see Chapter 6].

Cell counts were performed on replicate cultures on alternate days 
after plating, and cultures were flash labelled with tritiated thymidine and 
autoradiography performed as described by Dover & Watt (1987). The 
number of cells with small condensed nuclei, characteristic of apoptosis, 
were counted.

8 .3  RESULTS
Digestion of human pancreas with the protocol employed here leads 

to the formation of spherical aggregates of epithelial cells (Figure 8.1a) 
which attach to a plastic substrate and spread to form cohesive epithelial 
islands (Figure 8.1b). Rare fibroblasts were seen in all cultures. These 
islands grow slowly over a period of 7 to 14 days before senescing: 
becoming progressively multinucleate and detaching from the plastic. No 
culture lasts for longer than three weeks. If prolonged digestion occurred, 
with the formation of a pure population of single cells, while cells attached 
they did not divide and died after 2 to 3 days. This underscores the need for 
cell-cell contact in human epithelial cell culture as has been previously 
reported with fetal human pancreatic cells (Harris & Coleman 1987, 1988).
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Figure 8.1 Epithelial aggregates were isolated by digestion (8. la ). A fter 
24 to 36 hours the majority of aggregates attached to culture 
plastic and formed cohesive epithelial islands (8 .1b). The initial 
cell aggregates are am ylase positive (8 .1c) with only rare 
keratin 19 positive cells (8. Id ).
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Figure 8.2 By day four in culture the epithelial aggregates were almost 
entirely composed of cells with strong keratin 19 (8 .2a) and  
other ductal markers (C A M  17.1 immunoreactivity 8.2b) 
and absent am ylase staining .
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The initial phenotype of all spherical aggregates is predominantly 
acinar (amylase positive [Figure 8.1c], keratin 19 negative, CAM 17.1 
negative, other mucin antigens negative). Only rare cells (<5%) are keratin 
19 positive and these are seen in occasional aggregates (Figure 8.1 d). 
Within four days all epithelial cells have lost amylase immunoreactivity and 
taken on a keratin 19 positive phenotype (Figure 8.2a). CAM 17.1 and other 
mucin antigens also become expressed (Figure 8.2b). Figure 8.2c is a 
negative control for comparison. The time course of these changes are 
shown in Figure 8.3.

F igure 8.3 Changing phenotype (8.3a), cell proliferation and cell death  
(8.3b, below) in cultured human pancreas
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Sequential examination of amylase, keratin 19 and CAM 17.1 
immunoreactivity (Figure 8.3a), and tritiated thymidine incorporation and 
number of apoptotic bodies (Figure 8.3b) showed a rapid decline in 
immunoreactive amylase paralleled by an increase in keratin 19 staining. 
This is followed by an increase in CAM 17.1 immunoreactivity and 
expression of other ductal markers (HMFG1, HMFG2, CEA, PR 5C5, not 
shown). No morphological changes were observed during this period.
Under similar culture conditions human pancreatic carcinoma cells maintain 
their ductal phenotype (see Chapter 9.2). Experiments were performed on 
nine separate occasions and similar results were obtained each time. The 
data shown in Figure 8.3a and 8.3b are derived from triplicate estimations at 
the various time points from a single experiment. The phenotypic studies 
were repeated in all nine experiments and the labelling studies in three. All 
pancreases studied were derived from adults (age range 35-70 years, mean 
52 years). Identical results were obtained using pancreases from three adult 
Macaques.

8 .4  D IS C U S S IO N
The studies of cultured normal primate pancreas described here 

indicate that under the conditions employed there appears to be a rapid 
transdifferentiation from an acinar to a ductal phenotype. The cells have a 
relatively short life-span in culture and consequently it was not possible to 
test the hypothesis initially proposed that manipulation in vitro might allow 
the identification of stem cell containing sub-populations in cultured cells 
(see Chapter 3). Nevertheless, these observations are of some relevance to 
our understanding of pancreatic neoplasia and do have implications for our 
understanding of the differentiative organisation of the pancreas. 
Furthermore, this in vitro model of human pancreatic epithelium could be 
employed to perform molecular reconstruction experiments in order to test 
the biological relevance of the molecular abnormalities defined in pancreatic 
cancer (see Lemoine & Hall 1990 and Hall & Lemoine 1993 for reviews).

One possible explanation for this apparent transdifferentiation is 
overgrowth of the minor pre-existing keratin 19 population. This would 
require more than a twenty fold increase in this population (at least 4.5 
population doublings) in a period of four days, with an attendant loss of the 
acinar population. This possibility can be excluded since careful 
examination of the cultures indicates that significant cell loss, as judged by 
the presence of apoptotic cells, is not seen, nor is there sufficient cell
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proliferation (see Figure 8.3). A further trivial explanation which can be 
excluded is selective adherence of the keratin 19 positive cell population in 
the initial phase of the cultures. Immunostaining of the very earliest cultures 
with adherent cells shows that 95% of the cells are amylase positive. We 
therefore conclude that culture of acinar cells, under these conditions, leads 
to rapid transdifferentiation to a ductal phenotype. Culture of acinar cells in 
collagen gels (with or without additional Matrigel) leads to rapid cell death 
(typically within 36 hours) irrespective of added soya bean trypsin inhibitor. 
This may reflect a maintenance of the acinar phenotype, as has been seen 
in other systems (Oliver et al 1984), with consequent expression of 
proteolytic enzymes and autodigestion.

DeLisle and Logsdon (1990) have recently reported very similar 
observations in an in vitro murine pancreas culture system. They had 
previously defined a number of antigens characteristic of the acinar and 
ductal phenotype in mouse pancreas (DeLisle et al 1990) comparable to 
those markers employed in the studies described in this chapter. Acinar cells 
were isolated from Swiss Webster mice by collagenase digestion and 
cultured in Weymouth's medium with 10% fetal calf serum. It was found that 
these cells with an acinar phenotype (>95%) showed minimal proliferation 
but after 3 to 6 days in culture began to express ductal antigens while losing 
acinar markers. During this interconversion some cells transiently 
possessed both sets of antigens. The murine cells survived longer in vitro 
than human cells, and after 12 to 15 days began to revert to an acinar 
phenotype: this was not seen in the human system. The peak of duct cell 
differentiation correlated temporally with the maximal proliferation. The 
authors made no reference to growth of the murine pancreatic cells in 
collagen or other biological matrix. These observations of human and 
murine cell transdifferentiation in vitro have a bearing on our concepts of the 
histogenesis of pancreatic neoplasia and the target cell for oncogenic 
alterations. In addition, they are relevant to our ideas of phenotypic plasticity 
in epithelia.

8.4.1 Histogenesis of pancreatic neopiasia
Pancreatic cancer represents a major clinical problem, being the 

fourth commonest cause of cancer death in the western world. Advances 
have recently been made in defining the molecular basis of pancreatic 
cancer in man including the demonstration of mutation of Kirsten ras, 
abnormalities of p53 and involvement of the TGFo/EGF receptor system and
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its homologues (Lemoine & Hall 1990; Hall & Lemoine 1993). However, 
considerable doubt remains concerning the very earliest lesions of 
pancreatic cancer, and in particular the cell of origin of this neoplasm. 
Tumours in man usually have a ductal phenotype and an origin from normal 
ductal epithelium has been inferred. However, recent data from transgenic 
animals suggest that an origin from acinar cells may be possible (Sandgren 
et al 1991). Here we provide direct experimental evidence for the 
transdifferentiation of human pancreatic acinar epithelial cells to a ductal 
phenotype, providing strong support for the hypothesis that acinar cells may 
represent the target population for carcinogenic events in the pancreas.

It is generally held that since human pancreatic tumours have a 
phenotype similar to that of normal ductal epithelium then they must be 
derived from those ducts. This would imply that carcinogenic events occur in 
ductal cells. Several authors have identified "early lesions" in the ducts of 
human pancreata (Cubilla & Fitzgerald 1976, Kozuka et al 1979; Kloppel et 
al 1980) and morphological and immunophenotypic observations in the 
hamster model are held to support these arguments (Rosenberg et al 1984; 
Meijers et al 1989). On the other hand, there is some evidence that the main 
pancreatic ducts are not the primary site of origin of pancreatic neoplasia. 
Acinar cell abnormalities have been described in human pancreas in 
association with ductal tumours (Longnecker et al 1980). Ultrastructural 
studies suggest that the earliest lesions in the hamster model involve the 
centro-acinar cells (Pour 1984, 1988) or cells of acinar origin (Flaks 1984). 
Moreover while tumours in the rat model have an acinar phenotype 
(Longnecker et al 1984) and have no molecular similarities with man 
Schaeffer et al 1990; Hall et al 1991), occasional tumours can develop a 
duct phenotype (McGuiness et al 1981).

More convincing evidence that tumours with a ductal phenotype do 
not necessarily originate from ductal cells comes from studies of transgenic 
animals. In transgenic mice the expression of an elastase promoter-TGFa 
construct by acinar cells leads to acinar-ductal transformation (Jhappen et al 
1990; Sandgren et al 1990). Transgenic mice in which c-myc expression is 
targeted to pancreatic acinar cells develop tumours with a ductal phenotype 
(Sandgren et al 1991). These studies point to the phenotypic plasticity of 
pancreatic acinar cells but might be explained by the possible leaky 
expression of acinar promoters in ductal epithelial cells. Here we provide 
direct experimental evidence that human acinar cells can rapidly
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transdifferentiate to take on a ductal phenotype in vitro. That phenotypic 
interconversions may occur between differentiated cell types in the pancreas 
is consonant with the suggestion from Bookman (1983), based upon micro
injection studies, that the pancreas is not composed of numerous blind acini 
but forms a complex anastomosing network (see Chapter 7).

Progress in the understanding of the molecular basis of pancreatic 
cancer has been rapid. Mutation in codon 12 of the Kirsten ras gene is a 
very common molecular event (Shibata et al 1990) which appears to occur 
relatively early in the disease (Lemoine et al 1992). Mutation and over
expression of the tumour suppressor gene p53 is also common (Barton et al 
1991a). It has also been shown that the c-erbB-2 proto-oncogene is over
expressed in a significant fraction of cases (Hall et al 1990) and 
immunohistological studies have shown that the epidermal growth factor 
(EGF) receptor and its ligand TGFa are co-expressed in the vast majority of 
human pancreatic tumours and thus may form an autocrine loop (Barton et 
al 1991b). These data relate to relatively advanced tumours and we are 
ignorant about the earliest molecular and cellular events in this tumour. 
Epidemiological data point to a role for environmental carcinogens in the 
genesis of pancreatic cancer, particularly cigarette smoke (Boyle et al 1989). 
A key question is thus how to identify the cellular population in which some 
of the earliest molecular events occur: presumably the ultimate target for 
carcinogenic insult. Taken with the recent data from transgenic mice, our 
data point to the central role of the pancreatic acinar cell in the development 
of pancreatic carcinoma.

8.4 .2  Phenotypic p las tic ity
It is a widely held view that the differentiated state of adult tissues is 

remarkably stable, although metaplasias are well described in a number of 
pathological conditions (see Slack 1985,1986). Of particular note is that 
when metaplasias do occur, they are rather stereotyped in nature with only 
certain possibilities being possible at any given site (Slack 1985). Slack 
(1985,1986) has proposed that the phenotypic transformations seen in 
metaplasia represent the veterbrate equivalent of homeotic transformations 
seen in Drosophila and occur at the level of the genetic reprogramming of 
stem cells. If one considers the "switch" model of differentiation proposed by 
Waddington (prior to our understanding of the molecular mechanisms 
underpinning differentiation [Gilbert 1991 ; Gierer 1974, Blau & Baltimore 
1991, Hall 1991]), then during development and differentiation a large
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number of genetic switches are turned on (or off) and this then defines the 
set of genes turned on (or off) which thus constitute the phenotype of the 
cells in the tissue (see Chapter 1). The genetic reprogramming described by 
Slack (1985,1986) would then involve some alteration of a key gene (or set 
of genes) at an important nodal point in the cascade of differentiation. 
Consequently a new phenotype is achieved. That the range of metaplasia is 
limited indicates that there are restrictions upon such a process. Note that 
the second part of Slack's proposal, that stem cells are involved, can only be 
considered conjecture at the present.

The observation presented here on the phenotypic plasticity in the 
pancreas are perhaps not surprising given other observations of similar 
phenotypic plasticity in pancreas and liver (see table 8.1).

Table 8.1 Phenotypic plasticity in the pancreas

Phenotypic
conversion

Situation seen Reference *

Acinar to ductal Pancreatitis & duct obstruction 
Tubular complex formation

Transgenesis

In vitro

Pound & Walker 1981 
Bookman et al 1978, Flaks et al 
1981, Pour 1988, Rao et al 1989 
Sandgren et al 1990,1991, 
Jhappen et al 1990 
DeLisIe & Logsdon 1990 & 
ttiis chapter

Ductal to acinar In development 

In neoplasia

Numerous authors, see 
Kloppel & Heltz 1984 
Schron & Mendehlsohn 1985 
Pour et al 1989

Ductal to Islet In development 
Nesidioblastosis 
Transgenic mice

Cellophane wrapping of ducts

Numerous authors, see 
Kloppel & Heltz 1984 
Deltouretal 1991, 
Bucchini et a! 1989,1986 
Rosenburg et al 1989

H e p a tic Copper depletbn or 
carcinogen treatment

Scarpelli et al 1981 
Rao et al 1989

P y lo ric Pancreatitis Wright et al 1990a, 1990b 
& see Chapter 6

* examples only
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In the ontogeny of the differentiated cells of the pancreas, there is 
morphological evidence that both endocrine cells and acinar cells are 
derived from ductular epithelium (see Chapter 6,7 and 9). In a range of 
pathological processes, including pancreatitis and carcinogen induced 
changes in rodents, there may be conversion of acinar cells to a ductal 
phenotype. Perhaps the best example of this is the identification of so called 
tubular complexes (Bookman et al 1978; Pour 1988; Rao et al 1989). Such 
transitions are more easily understood in the context of Bookman's model of 
pancreatic micro architecture (Bookman et al 1981 ; see Chapter 7). 
Phenotypic alterations seen in transgenic mice are also pertinent in this 
context (Jhappen et al 1990; Sandgren et al 1990, 1991). Acinar 
differentiation has also been described in the context of both human and 
animal pancreatic neoplasia (Schron & Mendelsohn 1984; Pour et al 1987). 
The identification of the same phenotypic changes as observed in pyloric 
metaplasia (Wright et al 1990a, 1990b; and Chapter 6) are a further 
example.

The most dramatic example of phenotypic plasticity, however, is the 
identification of cells with the morphology, the antigenic and biochemical 
profile and functional activity of hepatocytes after relatively mild toxic insults 
to the pancreas (Scarpelli & Rao 1981 ; Rao et al 1986; Rao et al 1989). The 
mechanisms underlying such events remain uncertain, as do whether such 
events result from re-commitment of a stem cell or whether such events 
reflect transdifferentiation from some differentiated, stable cell type. It is of 
note however, that not only can hepatocytes be identified in the pancreas - 
but pancreatic tissue can, on occasions, be seen in the liver. Other 
differentiated tissues (say the phenotypes of gastric or of colonic epithelium) 
are separated by much difficult terrain! The phenotypic plasticity seen in the 
pancreas (and liver) together with other examples of metaplasia represent 
important model systems for investigating the stability of the process of 
differentiation.

8 .4 .3  Future studies of culture of pancreas 
and gene transfer

While culture of human (or other primate) pancreas is perhaps the 
ideal situation, we must recognise both the technical difficulty this implies, 
and the limited sources and amount of material. This is now compounded by 
ethical restrictions (Polkinghorne HMSO 1990) on the use of fetal material 
and the development of pancreatic transplantation and reduced pancreatic
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surgery for neoplasia hindering access to adult tissue. Consequently the use 
of rodent tissues will be the mainstay of future experiments. The ability to 
successfully culture hamster pancreas (Hubchak et al 1990) is a particular 
advance since it's anatomy, histology and functional properties are very 
similar to primate pancreas. The phenotype of carcinogen induced hamster 
pancreatic tumours is very similar to those in man. Furthermore the 
molecular changes seen in hamster pancreas such as mutated Ki-ras at 
codon 12 (Cerny et al 1990) and over-expression of p53 (Hall et al 1992 
unpublished) resemble closely those seen in man (reviewed in Lemoine & 
Hall 1990 and Hall & Lemoine 1993) while those of rat tumours do not (Hall 
et al 1991).

The ability to culture for short periods human exocrine pancreas has 
allowed gene transfer experiments to be performed (Lemoine & Hall 
unpublished), aimed at testing the biological relevance of those molecular 
abnormalities seen in human pancreatic neoplasia. The underlying rationale 
for these studies is based upon the need to confirm rigorously that such 
observations are truly relevant using an appropriate experimental model. 
This is based upon the application of a modified form of Koch's postulates 
(see Hall & Lemoine 1991). These state that in order to define the molecular 
basis of some disease then it is necessary |0:

1 To identify of the molecular events common to the disease

To characterise the temporal (and spatial) sequence of 
these events

To demonstrate that, in some suitable model system, introduction 
of the observed molecular changes leads to altered phenotype 
characteristic of the disease process

and ideally

To show that correction of the molecular defects in a suitable system 
rectifies the abnormalities characteristic of the disease process

In preliminary experiments transfection methods were employed to 
transfer plasmids containing activated Ha-ras and also adenovirus El a. 
Plasmids encoding the antibiotic resistance gene neo were to be co
transfected to allow subsequent isolation of transformants by G418 
selection. It has been previously reported that transfection methods are very
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inefficient and often very toxic to cells. In the experiments performed all cells 
senesced and died, and there were no colonies with extended life span. 
Consequently it will be necessary to employ other methods for gene transfer 
in the future, in particular the application of retroviral gene transfer methods 
using amphotropic vectors and appropriate containment facilities.
Preliminary experiments using fetal exocrine pancreas in collaboration with 
Dr A Harris (UMDS, Guy's Hospital) and Dr NR Lemoine (ICRF, 
Hammersmith) have been partially successful with the identification of 
clones of cells with dramatically prolonged longevity and in one clone 
(designated clone 5) maintenance of at least some differentiated features 
(see Figure 8.6) after infection with an SV40 large T containing amphotropic 
retrovirus (Hall et al 1990; Lemoine & Hall unpublished).



133

CHAPTER NINE

DIFFERENTIATION IN PANCREATIC 
CARCINOMA CELL LINES

9.1 INTRODUCTION
The inability to culture and manipulate human pancreatic epithelium 

effectively (see Chapter 8) seriously compromises our ability to study the cell 
types that make this tissue. Despite the disadvantages of working with tumour 
cell lines (they are clearly not normal!), the fact that they (1) maintain, to varying, 
degrees many of the properties of their normal counterparts, (2) can be cultured 
in a simple and reproducible manner in vitro and that (3) there exist a range of 
different lines means that they can represent reasonable models of normal 
human cells. While rat acinar cell lines exist (for example AR42J), all the cell 
lines from the human exocrine pancreas are reported to have a ductal 
phenotype and have been derived from pancreatic adenocarcinomas or 
métastasés from such primary tumours. [Endocrine cell lines have not been 
considered in this review.] We cannot simply accept the features of pancreatic 
carcinoma cell lines and must, therefore, characterise the lines and define their 
similarity (or difference) from human exocrine pancreas.

In the first part of this chapter studies are described indicating that the 
available pancreatic carcinoma cell lines do indeed have ductal phenotypes, as 
judged by morphology and immunophenotype, although sorhe have retained 
many more ductal features than others.

In the second part of the chapter, induction of differentiation of these cell 
lines is investigated. When grown as tumour xenografts the morphology of the 
component cell and their phenotype is to varying degrees altered by the 
surrounding host stromal cells and extracellular matrix. The state of 
differentiation of the cell lines has been manipulated by culture in biological 
matrices including type I (rat tail) collagen and Matrigel. Matrigel is a 
commercially available extract of the extracellular matrix elaborated by the EHS 
(Engelbreth-Holm-Swarm) transplantable cell line (Orkin et al 1977), which 
contains largely type IV collagen, laminin, entactin and heparan sulphate, and 
thus has many similarities with basement membrane (Kleinman et al 1987). The 
pancreatic carcinoma cell lines have also been cultured on lawns of fibroblasts 
in vitro. Several of the cell lines (those that were by all criteria "better
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differentiated" i.e. closely resembled the phenotype of normal ducts) were found 
to organise themselves into duct like structures in vitro (both in gels and on 
fibroblasts).

The mechanisms underlying this duct genesis are clearly of considerable 
interest (as is the loss of this ability in neoplasia). Consequently, given the 
observation that cell surface receptors for extracellular matrix appear to be 
central to determining aspects of differentiation, in the final part of the chapter, 
the expression of integrins (a major family of cell surface receptors for matrix; 
Hynes 1987; Ruohsolahti & Pierschbacher 1988) by pancreatic carcinoma cell 
lines was investigated. It is shown that the ability of cell lines to respond to 
matrix by forming duct-like structures is, at least in part, determined by the 
expression of profiles of integrin analogous to that seen in duct cells in vivo.

9.2 CHARACTERISATION OF PHENOTYPE OF PANCREATIC 
CARCINOMA CELL LINES

9.2.1 Introduction
In Chapter 6, a panel of antibodies was described that allowed the 

definition of the various phenotypes seen in the normal pancreas. Furthermore, 
it was shown that these reagents could be employed to define the phenotype of 
a range of pathological pancreatic conditions, including neoplasia. This same 
panel of antibodies has been used as an adjunct to conventional morphological 
analysis of a range of human pancreatic carcinoma cell lines.

9.2 .2 Materials and methods
9.2.2.1 Cell culture

A number of human pancreatic carcinoma cell lines have been reported 
(Table 9.1) and they appear to differ in their growth characteristics and 
phenotypic properties. Having defined a panel of markers of differentiation, the 
immunophenotypic properties of 10 cell lines was defined.

9.2 .2 .2  Immunohistochemistry
Cells were cultured on glass multiwell slides (Hendley Ltd, Essex) which 

had been washed for thirty minutes in a 1% solution of NP-40 in distilled water. 
The slides were then rinsed in at least 6 changes of fresh distilled water, dipped 
in absolute alcohol and then allowed to air dry. This cleaning procedure was 
necessary to remove grease and surface dirt from the slides. Failure to perform 
this washing step led to poor attachment of the cell lines to the glass. The slides 
were placed in a 200ml beaker which was covered in aluminium foil and then
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autoclaved. Sterile slides could then be placed in sterile plastic dishes (square 
microbiological dishes from Sterilin were found to be suitable, allowing three 
slides to be placed in each). Serum containing medium was added to the 
dishes and an appropriate number of cells then added (typically 10® per dish). 
The cells were then incubated at 37°C in a humidified atmosphere containing 
CO2 at a concentration appropriate for the buffering capacity of the medium.

When cells had formed medium sized islands or had become confluent 
as determined by phase contrast microscopy, the glass slides were briefly 
rinsed in warmed serum free medium and fixed by immersion in a 50:50 mix of 
acetone and methanol for 10 minutes. The slides were then air-dried. Immuno- 
staining could be performed immediately or the fixed slides could be wrapped 
in aluminium foil (or placed in a air tight box) and stored at -20°C for up to three 
months. Stored slides were removed from the freezer and allowed to slowly 
warm to room temperature before immuno-staining.

Immunohistochemistry was performed on cultured cells as described in 
previous chapters. Incubation with primary antibodies for one hour was 
performed at room temperature. A prior blocking step was not found to be 
necessary with cultured human cells. After washing off the primary antibody and 
a further three washes in PBS, a peroxidase labelled second antibody was 
used to detect the primary reagent (obviously depending upon the species of 
the first antibody). After a further one hour incubation at room temperature, the 
slides were extensively washed in PBS (a minimum of three changes). DAB 
was used as chromogen as described previously, and a light counterstain of 
haematoxylin was used. Slides were then washed in tap water, dehydrated 
through graded alcohols, taken to xylene and coverslipped using DPX as 
mountant.

Stained slides were inspected by light microscopy and the intensity of 
staining, the proportion of stained cells and their morphology was recorded. In 
all cases controls consisted of omission of primary antibodies and the use of 
appropriate positive controls (see Chapter 6).
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Table 9.1 Pancreatic carcinoma cell lines

Cell lines Source R eferen ce

Capan 1 ATCC (HTB 79) Kyriasis et al 1982
Capan 2 ATCC (HTB 80) -

BXPC3 ATCC (CRL 1687) Tan et al 1986
Panel ATCC (CRL 1469) Lieber et al 1975
MIA PaCa 2 ATCC (CRL 1420) Yunis et al 1977
AsPCl ATCC (CRL 1682) Chen et al 1982
HS766T * ATCC (HTB 134) JNCI 1979:62:225-230
PSN1 Prof Takahashi (Kyoto) -

818.1 Dr W Schmlegel (Hamburg) -

818.4 Dr W Schmiegel (Hamburg) -

HPAF Dr W Schmiegel (Hamburg) -

Colo357 Dr W Schmiegel (Hamburg) Morgan et al 1980; Meitner et al 1983

* both isolates received from ATCC were non-viable

9.2.2.1 Immunoelectronmicroscopy
Immunoelectron microscopy was performed by fixing cultured cells 

grown on plastic coverslips in 2% glutaraldehyde for 5 minutes and performing 
immunohistochemistry as previously described on cells grown on plastic cover 
slips (Falcon). The antigen recognised CAM 17.1 is resistant to this fixation 
procedure and the diaminobenzidine reaction product is easily detectable on 
electron microscopy as an electron dense deposit. After immunostaining the 
stained cells on coverslips were embedded in LR White resin and sections cut 
by ultra-microtomy and stained with Osmium tetroxide by standard methods.

9.2 .3  Results
The results of the immunophenotypic characterisation are summarised in 

Table 9.2 and typical illustrative patterns of staining are shown in Figure 9.1. Of 
note is that some antigens showed a curious patchwork pattern of staining (e.g. 
CAM 17.1 on BxPC-3 cells). In places this appeared to cross cell nuclei and 
was difficult to interpret (see Figure 9.1a). Consequently, immunoelectron 
microscopy was performed. Sections of glutaraldehyde fixed sections stained 
by the immunoperoxidase method with a diamino-benzidine reaction product 
showed that the antigen was localised to the cell surface but that the cell 
boundaries were not vertical and interdigitated (figure 9.2)
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Table 9.2 Patterns of differentiation of pancreatic carcinoma cell lines 
grown as monolayers on plastic

Antibody BXPC3 Capan2 P a n e l ASPC1 PSN1 PaC a2

Chromogranin
PGP 9.5 - - - - - -
Amylase - - - - - -
CEA + + - + + -

EMA + + - + + +
HMFG1 + + - + + -/+
HMFG2 + + - + + +
CAM 17.1 + + + + + -/+
PR 505 + + - - - -

PR4D2 + +/- - - - -

PR 3A5 - - - - - -

PR 3B10 + + - + + -

PR5D5 - - - - - -

PR4D1 - - - - - -

PR 1A3 + + - - + -

AUA 1 + + . - - -

LE61 + + + + + +
LP2K + + + + + +
CAM 5.2 + + + + + +
CA l&ll + + + + + +

Antibody HPAF 8 1 8 .1 8 1 8 .4 C ap an i C o lo 3 57 Pancreatic 
duct *

Chromogranin . . . . very rare
PGP 9.5 - - - - - very rare
Amylase - - - - - very rare
CEA + + + - - -

EMA + + + + + +
HMFG1 + +/- +/- - - +
HMFG2 + + + - - +
CAM 17.1 + + - - - +
PR 5C5 + - - - - large ducts
PR4D2 - - - - - large ducts
PR 3A5 - - - - nd focal small ducts
PR 3B10 + + - - nd focal small ducts
PR5D5 - - - - - -
PR4D1 - - - - - -
PR 1A3 - - - - - -
AUA1 nd - - - nd focal small ducts
LE61 + + + + + +++
LP2K + + + + + +++
CAM 5.2 + + + + + +++
CA l&ll + + + + + +++

overview for comparison from Chapter 6, Table 6.2
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Figure 9.1 Immunophenotypic characterisation of pancreatic 
carcinoma cell lines. CAM 17.1 staining on BxPC-3 
cells (a), and staining of PSN-1 (b) and AsPC-1 cells (c).
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Figure 9.2 CAM 17.1 immunoreactivity (dense reaction product - 
arrowed) on surface of BxPC-3 cells

139

%

m # . :

&



140

Using immunohistological methods all cell lines were found to express 
TGF alpha and the EGF receptor immunoreactivity, but none expressed PS-2 or 
hSP.

9 .2 .4  Discussion
The data presented here on the phenotypes of a panel of pancreatic 

carcinoma cell lines confirm and considerably extend their characterisation. Of 
particular note is the use of a large panel of immunological markers and the 
comparison with the phenotype of normal pancreatic epithelial structures and in 
particular ducts (see Chapter 6). The data are summarised in Table 9.2 where 
the cell lines are grouped by phenotypic similarity with ductal epithelium.

Other workers have made comparisons between pancreatic carcinoma 
cell lines and ductal epithelium in the past. For example, Madden et al (1989) 
performed a detailed analysis of MIA PaCa-2 using morphology, biochemical 
and immunological methods. Madden et al (1989) reported that PaCa-2 was 
less "duct-like" than PANG-1 (which they had previously characterised; Madden 
& Sarras 1988). A general point is the correlation between the immuno
phenotypic spectrum and the morphological and other properties of the cell 
lines. For example, the cell lines whose phenotype most closely correlates with 
that of the normal duct (eg Capan 2 and BxPC-3) are the lines with the most 
epithlial morphology, being tightly cohesive and relatively slow growing. In 
contrast MIA PaCa-2 expresses keratin but few other antigens chracteristic of 
ductal cells. Moreover It is rapidly growing with a poorly cohesive morphology.

The key point relating to this detailed characterisation is that it defines 
baseline properties for all further in vitro studies.

9 .3  INDUCTION OF DIFFERENTIATION
9.3.1 introduction

Several methods for altering the patterns of gene expression have been 
reported but I chose to focus on one set of methods which appears to have 
considerable physiological relevance, namely the use of extracellular matrix 
components and stromal cells. A large body of literature has built up oonceming 
the use of collagen gels in epithelial culture. Early studies can be traced back to 
Ehrman & Gey (1956). Over the last decade there have been very many studies 
using cells from a wide range of tissues including the breast, stomach, colon,
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prostate, salivary gland, kidney, liver and vascular endothelium (Emerman &
Pitelka 1987; Foster et al 1983; Bennet 1980; Streuhli & Bissell 1990; Richman 
& Bodmer 1988; Taub et al 1990; Hayman et al 1992; Ramkissoon et al 1992 
unpublished). A general point has been that such organotypic reconstructions 
usually (but not invariably) induce pattems of architectural and cytological 
differentiation more akin to that seen in vivo as compared with conventional 
monolayer culture techniques (Freshney 1988). It has also been recognised by 
many that growth of cell lines in nude mice can induce differentiation similar to 
that seen in vivo in the normal. Indeed the combination of collagen gel culture 
and subcutaneous grafting of these gels into nude mice is a potent method for 
studying differentiation and in particular for analysing the different contribution 
of soluble and matrix factors (Del Buono, Pignatelli & Hall 1991 ).

In the studies described here, growth of cell lines in nude mice and in 
collagen gels has been compared with the phenotype of the conventional 
monolayer cultures (previous Section) and with the normal gland and tumours 
(Chapter 6).

9.3 .2 Materials and methods
9.3.2.1 Nude mice xenografts

10® cells in 1 ml of medium were inoculated into the lateral subcutaneous 
tissues of 10 week old nude mice. Each animal received two injections (left and 
right flank) and three animals were included in each group. Animals were 
maintained on normal diet with water ad libitum in the nude mouse colony at the 
ICRF Animal Facility at the Clare Hall laboratories. The diameter of tumour 
nodules were measured at regular intervals. Animals were sacrificed when 
tumours reached Icm^ (approx.) or before this if the animal appeared to be 
distressed. Portions of resultant tumours were fixed in formalin for conventional 
histology, and portions were snap frozen and stored in liquid nitrogen. 
Examination of the internal viscera for evidence of metastasis was performed in 
all cases.

9.3 .2 .2  Collagen gel experiments
Type 1 collagen was obtained as follows. Rat tails were removed from 

200-250g non-experimental rats and were immersed in 70% ethanol while 
pulling tendons by gripping the end of the tail tightly with artery forceps, 
snapping to break, and then pulling out long white fibres. These are cut off 
and place on pre-weighed sterile petri dish. This is repeated until most of 
the tail is used up. The tendons are then sterilised tendons by exposure to
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UV-C light for 30 minutes. They are then transferred to a glass bottle and 
add appropriate amount of sterile 0.01 M acetic acid made in H2O added to 
give a 0.5% (or less) solution. This is then stirred for 2-3 days at 4°C.
(Plastic containers should be avoided as they will make the collagen 
cloudy!). After this time insoluble material is removed by by centrifugation 
and the supernatant can be decanted into a fresh glass bottle and stored at 
4°C. The solution may be dialysed against 10 volumes of distilled water with 
2 changes daily for at least two days at 4°C. Finally, the collagen should be 
clarified by a further low speed centrifugation step and aliquoted and stored.

To cast a collagen gel the solutions should be kept on ice and mixed with 
2 parts 10X Basal Medium Eagles (or other appropriate 10X medium) to 1 part 
0.4M NaOH (sterilised by filtration) which neutralises the acid in the collagen 
solution. The gel is brought to neutral pH by titrating (by eye) dropwise the 
sodium hydroxide while constantly swirling to aid mixing. Bubbles should be 
avoided. At this point the gel should be placed in the receptacle required 
(together with the cells at the appropriate final concentration, typically 10^/ml) 
and left for at least 30 minutes at 37°C. Commercial collagen type I (Vitrogen) 
gives identical results and is composed of almost pure type I collagen as 
assessed by SDS gel electrophoresis (Del Buono personal communication)

Some gels contained a mixture (1:1) of collagen and Matrigel 
(Collaborative Research: a commercial basement mambrane preparation 
derived from the EHS cell line and containing a mixture of laminin, type IV 
collagen, entactin, heparan sulphate and other minor components)

9.3 .2 .3  Collagen gel grafts into nude mice
Experiments previously reported with colorectal carcinoma cell lines (Del 

Buono et al 1991) showed that embedding cell suspensions of tumour cell lines 
in collagen gels and then grafting these subcutaneously into nude mice was a 
very efficient means of creating xenografts. Moreover, it was possible to 
examine the effects of soluble factors in generating the pattens of epithelial 
differentiation seen in the grafts. Using the cell lines BxPC-3 and Capan-2 the 
generality of these results (previously examined only with the colorectal cell 
lines SW1222 and HRA-19a).
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9.3.3 Results
9.3.3.1 Nude mice xenografts

Eight of the ten lines used gave xenografts within the 60 days of the 
experiments, and in all eight lines there was a 100% success of xe nog rafting. 
There was no obvious explanation for the failure of either cell line 818.1 or 
818.4. The growth of all xenografts was similar in general form. After a lag 
period of variable duration (ranging from 14 to 26 days) during which there was 
little obvious growth, tumours developed rapidly reaching Icm^ rapidly over the 
next 40 days. There is no correlation between the rate of growth of the 
xenografts and their in vitro properties (see Section 9.1) or the morphology of 
the xenografts (see Table 9.3).

Table 9.3 Xenografts of pancreatic carcinoma cell lines: general properties

Cell line Growth Morphology Endocrine
as xenograft differentiation

Capan 2 Yes Well differentiated, gland forming No
BXPC3 Yes Well differentiated, gland forming No
Panel Yes Poorly differentiated, no gland formation No
MIA PaCa 2 Yes Poorly differentiated, no gland formation No
AsPC1 Yes Moderately differentiated, occasional 

gland formation
No

PSN1 Yes Predominantly poorly differentiated 
but occasional glands

Yes (but rare)

HPAF Yes Moderately differentiated 
occasional gland formation

No

Colo357 Yes Moderately differentiated 
occasional gland formation

No

818.1 No
818 .4 No

9.3 .3 .2 Morphology and phenotype of xenografts
There is a close correlation between the immunophenotype in monolayer 

culture (Table 9.2) and the morphological features of the xenografts (Table 9.3). 
Where there was gland (duct) formation in the xenografts the immunophenotype 
was typically closer to that seen in the normal duct (Table 9.3 and see Chapter 
6). With the PSN-1 cell line (but no other) occasional cells showed intense 
cytoplasmic immunoreactivity with anti-chromogranin suggestive of an 
endocrine phenotype. It was not possible to define a hormonal profile using 
immunohistological means in this minor population of cells (Figure 9.3). Similar 
to the observations with HRA-19 (Dr S Kirkland personal communication).
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Figure 9.3 Chromogranin immunoreactivity in occasional cells in PSN-1 
xenografts

%

There was no dramatic alteration in the immunophenotype of the xenografts 
(Table 9.4) except increased expression (level and number of cells) of mucins 
and related molecules in ASPC-1, PSN-1, HPAF and Colo357.

Table 9.4 Phenotype of cell lines after xenografting

Cell  l ine I m m u n o p h e n o t y p e

Capan 2

BXPC3 No change

Panel In Immunophenotype

MIA PaCa 2

AsPC1 Increased expression

PSN1 (Inteslty and number of cells)

HPAF of mucin and related antigens

Colo357 (HMFG1 &2, 3B10, 5C5 4D2 1A3)
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9.3 .3 .3  Culture in biological matrices
The growth of the cell lines in type I collagen gels led to the formation (in 

some cases) of duct like structures (Table 9.5 and illustrated in Figure 9.4). It 
should be noticed that the ability to form duct like structures in vitro paralleled 
their formation in vivo and the presence of a phenotype closer to that seen in 
the normal pancreatic duct (Chapter 6). In no case was any evidence of 
chromogranin immunoreactivity identified despite extensive analysis (i.e.. more 
than 10^ cells being examined).

Table 9.5 Induction of differentiation in pancreatic carcinoma cell lines by 
biological matrices

Cell lines Collagen Collagen matrigel Fibroblast lawns

Capan 1 ND ND ND

Capan 2 ++ ++ +

BXPC3 ++ ++ +

Panel - - -

MIA PaCa 2 - - -

AsPCi - - -

PSN1 + (rare) + (rare) -

818.1 - - -

818.4 ++ ++ + (rare)

HPAF ++ ++ + (rare)

9.3 .3 .4 Biological matrices implanted into nude mice
In the case of BxPG-3 and Capan-2 cells grown in collagen gels were 

implanted into nude mice and harvested at 14 days. The resultant xenografts 
were similar in morphology to those seen in conventional grafts. No endocrine 
cells were identified.

9.3 .3 .5  Growth of pancreatic cell lines on fibroblasts
Capan-2 and BxPC-3 when grown on lawns of fibroblasts 

(whether dermal fibroblasts or derived from chronic pancreatitis) formed 
occasional (less than 5% of cell clusters) gland like structures (see Figure 
9.4).



Figure 9.4 Morphology of Capan-2 cells grown in collagen type 1 (a),
collagen mixed with Matrigel (b) or on fibroblasts (c). Growth 
pattern in a nude mouse xenograft for comparison (d) with 
expression of CAM 17.1.
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9.3 .4 D iscussion
Of interest is the observation that in all experiments with pancreatic 

carcinoma cell lines that did form gland like structures in collagen gels (with or 
without additional Matrigel) only a fraction of the cells responded in this way 
(typically 10-20%). This is similar to the observations in colorectal epithelial 
cells (Richman personal communication; Del Buono & Hall unpublished). It 
remains unclear as to the nature of the cells that form duct like structures as 
opposed to those that do not. The possibility that this reflects differences in 
adhesion properties of the cells (i.e.. reflects heterogeneity within then 
population) has been tested by differential adhesion experiments (Ramkisoon, 
Del Buono & Hall unpublished 1992) but no conclusive data were generated. 
Given that the in vitro properties of the pancreatic carcinoma cell lines might 
reflect the expression of receptors for extracellular matrix molecules it was 
hypothesised that there should be a correlation with expression of integrin (and 
other cell adhesion molecules). This was tested in the following section 
(Section 9.4). That growth on fibroblasts could facilitate the formation of gland 
like structures was a surprise. However, there are many precedents for direct 
interactions between stromal and epithelial cells (see Gilbert 1991 ; Bard 1992) 
and this indicates the complexity of stromal-epithelial interactions.

In xenografts derived from the PSN-1 pancreatic carcinoma cell line, rare 
cells can be identified with chromogranin immunoreactivity, indicative of 
endocrine cell differentiation. These data indicate that a cloned cell line can 
give rise to both exocrine (ductal) differentiation and endocrine differentiation: 
direct experimental support for the Unitarian origin of all epithelial elements in 
the pancreas (see Chapter 7). The PSN-1 cell line has been recloned by single 
cell techniques and further xenografts produced. Similar results with 
chromogranin staining have been derived (Hall unpublished).

Other methods of inducing differentiation can also be employed. For 
example the use of a range of pharmacological agents including sodium 
butyrate, phoriDol esters such as TPA and agents that can demethylate cytosine 
residues such as 5-azacytidine could be employed. Some such studies have 
been reported using pancreatic carcinoma cell lines (McIntyre & Kim 1984; El- 
Deriny et al 1987; Bloom et al 1989) and alterations in, for example, expression 
of glyco-conjugates have been noted. It will be of interest in the future to extend 
these experiments using functional assays including the response of cell lines 
to matrix culture: is it possible to convert a cell line from a non-responding to a 
responding phenotype by exposure to differentiation inducing agents? A
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second approach is to ask the question, "what genes have to be introduœdinto 
a non-responding cell line {as part of an expression vector) in order to induce a 
duct like phenotype after matrix culture?'. That this approach is feasible is 
evidenced by the recent demonstration that expression of Muc-1 (the gene 
encoding the mudn core protein) into PANC-1 leads to ultrastructual alteration 
in the cell (Batra et al 1991 ). Whether new expression of Muc-1 in these cells 
alters other aspects of the PANC-1 phenotype remains to be seen.

9.4 INTEGRINS EXPRESSION IN THE PANCREAS
9.4.1 In troduction

The observations described so far in this chapter provide considerable 
data in support of the hypothesis that cellular and acellular components of 
stroma have profound influences upon the pattems of differentiation seen in 
pancreatic epithelial cells. Indeed this is a very general observation: 
interactions between epithelia and associated mesenchymal tissues are 
believed to be fundamental processes during embryogenesis and 
development, in normal growth, and also in healing and neoplasia (Bissell et al 
1982; Liotta 1986). The role of extracellular matrix components in regulating 
epithelial cell differentiation has been revealed by numerous in vivo and in vitro 
experiments (Haffen et al 1987; Del Buono et al 1991 ). Grobstein and others 
have demonstrated the important role mesenchymal factors have in regulating 
the differentiation of the developing pancreas (Golosow & Grobstein 1962;
Rutter et al 1978). The response of pancreatic acinar carcinoma cells to 
basement membrane (Ingber et al 1986) and the observations of the induction 
of differentiation in pancreatic carcinoma cells (see section 9.3) cultured in 
extracellular matrix or on mesenchymal cells, further supports the role of 
mesenchyme in regulating cellular differentiation in the pancreas.

Epithelial-mesenchymal interactions are believed to be largely mediated 
through extracellular matrix proteins such as collagens, laminin, fibronectln and 
a wide range of glycoproteins interacting with a range of specific receptors that 
have been identified on normal and neoplastic cells. Several classes of 
receptor have been identified including those with immunoglobulin-like 
structures such as N-CAM and DCC (Fearon et al 1990; Rutishauser et al 1988) 
and those participating in caldum-dependent interactions termed cadherins 
(Takeichi 1988). The third major class of receptors is the integrin family (Hynes 
1987; Ruoslahti & Pierschbacher 1987) of non-covalently linked heterodimeric 
proteins which function as cell adhesion molecules, interacting with
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extracellular matrix molecules such as laminin, fibronectin, vitronectin and 
collagen. Each integrin subfamily is characterised by a common p chain 
associated with different a chains. That integrin-mediated interactions are 
involved in cell differentiation has been suggested by their spatial distribution in 
tissues and demonstrated in a range of experimental model systems 
(DeStrooper et al 1989; Menko & Boettinger 1987; Adams & Watt 1990; Carter 
et al 1990). It has been proposed that loss or abnormal function of integrins
(and possibly other adhesion molecules) could account for some aspects of
neoplastic cell behaviour (Pignatelli et al 1990).

Here the expression of integrins using immuno-histochemical methods 
has been examined in normal pancreas, pancreatic and ampullary tumours, 
and in pancreatic carcinoma cell lines. These data have been correlated with 
the distribution of extracellular matrix components, and have also demonstrated 
the ability of pancreatic carcinoma cell lines to bind to matrix components in an 
RGD-dependent manner.

9 .4 .2 Materials and methods
9.4.2.1 Immunohistochemistry

Fresh material was obtained from operations for pancreatic carcinoma, 
ampullary tumours (Whipple's procedure) and from cadaver organ donors.
Cryostat sections (6pm) of normal pancreas (n=4), chronic pancreatitis (n=4), 
adenocarcinoma of the pancreas (n=6) or from ampullary tumours (n=3) were 
cut and placed on silane coated multi we 11 slides (C.A. Hendley, Essex, UK), air- 
dried and stored at -20°C in air-tight boxes with desiccant. Cryostat sections of 
nude mouse xenografts of pancreatic carcinoma cell lines were also examined. 
For immunostaining, sections were warmed to room temperature and fixed in 
acetone-methanol (1:1) for 5 minutes and air-dried. Immunostaining was 
performed with primary antibodies listed in table 9.6 using the indirect immuno
peroxidase method. After incubation with primary antibody for 1 hour, sections 
were washed three times with phosphate buffered saline (PBS) and stained 
with peroxidase-conjugated rabbit anti-mouse (Dakopatts Ltd, High Wycombe, 
UK) for 1 hour. After further washes in PBS, diaminobenzidine-HaOa was used 
as chromogen and sections were lightly counterstained with haematoxylin.



Table 9.6 Anti-integrin antibodies used

Integrin chain Antibody Chain structure Ligand(s)

V L A a l TS2/7.1.1. a l /p i Collagen, laminin
VLAa2 12F1 a2/p l Collagen
VLAa3 J143 a3/p l Collagen, laminin, fibronectin
VLAa4 B5610 a4/p l Fibronectin CS-1, VCAM-1
VLAaS P1F8 a5/p i Fibronectin
VL A a 6 135L36 a6/p l Laminin

a6/p4 ?? (associated with hemi-desmosomes)

pi K20 VLAp chain
P2 60.3 LFA p chain
P3 Y2/51/4 gpllla
P4 439-98 Alt. a6 p chain
PS anti-C-terminal Alt. aV p chain

peptide

Vitronectin 13C2 aV associates with pi or p5 in neural and epithelial tissues to
receptor (aV) form alternate vitronectin receptors with differing ligand

binding properties
Vitronectin 23C6 aV/p3 Promiscuous
receptor

Oi
o



151

The distribution of laminin, fibronectin and type IV collagen in normal 
pancreas, chronic pancreatitis and pancreatic carcinoma was determined by 
immunohistochemistry. The avidin-biotin complex (ABC; Dakopatts Ltd, High 
Wycombe, UK) method was employed on 4pm sections of formalin-fixed, wax- 
embedded material digested for 25 minutes in 0.05% protease type XXIV in 
PBS. Primary antibodies were obtained from Gibco-BRL, Paisley,UK (laminin), 
Dakopatts Ltd, High Wycombe, UK (fibronectin) and Eurodiagnostics Ltd, 
Reading, UK (type IV collagen).

9.4.2.2  Cell culture
Pancreatic carcinoma cell lines [Capan-2; BXPC3; PANC-1 ; MIA PaCa-2; 

AsPC-1 : as described in section 9.2] were obtained from ATCC. The cells were 
grown in RPMI 1640 medium supplemented with 10% fetal calf serum (Gibco 
Ltd, Paisley, UK) and incubated at 37°C in 5% CO2. Cells were grown on 
multiwell glass slides and immunostained using the indirect immunoperoxidase 
method as described above.

9.4.2.3  Adhesion assays
Tissue culture dishes or 96 well plates (Falcon, Becton Dickinson, NJ 

07035, USA) were coated with fibronectin, laminin, fibrinogen, type IV collagen 
or type I collagen (all from Sigma Ltd, Poole, UK). This was achieved by placing 
matrix protein at a range of concentrations (0.1 to 100 pg/ml) on the plastic and 
incubating at room temperature for one hour after which the dishes were 
extensively washed in PBS. The dishes were then incubated with a 1 mg/ml 
solution of bovine serum albumin in PBS for two hours, to block potential 
binding sites on the plastic itself, and then extensively washed in PBS. Control 
dishes were blocked with BSA without prior treatment with matrix protein.

Cells for the adhesion assay were resuspended in serum-free RPMI and 
placed in pretreated dishes or plates (Falcon, Becton Dickinson, NJ 07035, 
USA). Cells were incubated at 37°C for varying periods of time or in the 
presence of GRGDSP peptide or control GRGESP peptide (both from Peninsula 
Labs Inc, Belmont, CA) at 10 to 400 pg/ml (approx. 20 - SOOpM). At the end of 
the experiments, unattached cells were washed off by repeated rinses in PBS, 
fixed in 1% gluteraldehyde in PBS and counted using a phase-contrast 
microscope. Alternatively, cells were stained with Giemsa and counted using a 
conventional light microscope. The number of cells attached in ten medium 
power fields (final magnification x400) were counted. The two methods were 
found to give identical results.
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9.4 .3 Results
9.4.3.1 Integrin expression in normal and neoplastic pancreas

The results of integrin expression are tabulated on Table 9.7. Normal 
pancreas showed expression of pi in all exocrine parenchyma and fibroblasts. 
a2 and a6 had a similar distribution whereas aS expression was confined to 
ducts, including the very smallest radicles (Figure 9.5). Staining along the 
basement membrane domain of epithelial cells in ducts was seen with P4, the 
anti-vitronectin receptor av chain specific antibody 13C2 and also p5. Islet cells 
failed to stain with any antibody at the concentrations employed. Pancreatic 
adeno-carcinomas and ampullary tumours showed expression of p i, p4, a2, 
aS, a6, the vitronectin receptor av chain (13C2) and p5 (Figure 9.6). No 
staining of epithelial components was seen with p2, a1, a4 or o5.

9 .4 .3 .2 Integrin expression in pancreatic 
carcinoma cell lines

Well differentiated cell lines (BXPC-3 and Capan-2) showed an identical 
phenotype to that seen in primary pancreatic neoplasms (Table 9.7; see Figure 
9.7 for example of staining) but the less well differentiated lines showed 
variable loss of one or more integrin chains. Heterogeneous staining with only 
focal positivity was seen in ASPC1, PSN1 and MIA PaCa 2. The cell line 
PANC-1, showed increased expression of some integrin chains when grown as 
nude mouse xenografts, suggesting some form of regulation by surrounding 
matrix components.

9.4 .3 .3 Functional properties of integrins in 
pancreatic carcinoma cell lines

The functional role of integrins and other adhesion molecules was 
quantitated by adhesion assays in which the ability of pancreatic carcinoma 
cell lines BXPC3, Capan-2 and PANC-1 to adhere and spread on a range of 
extracellular matrix substrates was determined. Both BXPC-3 and Capan-2 
had similar properties, binding to fibronectin, laminin and collagen type I in a 
time and concentration dependent manner (Figure 9.8). Neither cell line bound 
to bovine serum albumin or to fibrinogen. The ability to bind to fibrinonectin 
and to collagen type I could be inhibited, in part, by addition of RGD-containing 
peptide in a concentration-dependent manner (Figure 9.9). Such data are 
consistent with a role for integrins in matrix binding although experiments with 
blocking antibodies will be required to conclusively demonstrate this. The cell 
line PANC-1 also bound to collagen, laminin and



Table 9.7 Expression of integrins in pancreas and pancreatic cell lines

a2 a3 a6 P1 P4 P5
VnR(13C2) 
aV /p l o r p5

al,a4,(x5
p2,p3,aV/p3

Normal pancreas (n=4)
Ducts + 4-4-4- 4 -4 -4- 4-4-4- 4-4- -f--4- -

Acini 4- - 4- 4- 4- 4- 4-

Islets - - - - - - - -

Chronic pancreatitis (n=3) 4-4- 4-4- 4-4- 4-4- -+-■4* 4-4- 4-4- -

Tumours (n=9) -H4- 4-4- 4-4- 4-4- 4-4- 4-4- -4--4- -

Cell lines
BXCP-3 CL 4- 4- 4- 4- 4- 4- 4- -

X 4- 4- 4- 4- 4- ND -

Capan-2 CL 4- 4- 4- 4- 4- + -4- -

X 4- 4- 4- 4- 4- ND 4- -

ASPC-1 CL 4- F F 4- F 4- 4- -

X 4- 4- 4- 4- 4- ND 4- -

PANC-1 CL - 4- - 4- - 4- 4- -

X - 4- 4- 4- 4- ND 4- -

PSN-1 CL 4- 4- F 4- F ND F -

X 4- 4- 4- 4- 4- ND 4- -

PaCa-2 CL - 4- 4 - / - 4- + / - 4- -4- -

X - 4- 4- 4- 4- ND 4- -

ND + Not done; +++ = strong expression; ++ = modeate expression; + = weak expression; 
- = no detectable expression; F = focal expression.

O l
CO
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Figure 9.5 Expression of alpha 3 integrin on a sub-population of
pancreatic cells in the ducts (acinar cells are unstained)

s

Figure 9.6 Expression of alpha 2 integrin on a ductal pancreatic tumour.

9
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fibronectin in a similar manner to that reported by Cheresh et al (1989a).
Binding of PANC-1 cells to fibronectin, collagen or laminin was not altered in 
the presence of ROD peptide confirming the report by Cheresh et al (1989a).

9 .4 .3 .4  Expression o f basem ent m em brane components

in the pancreas

The distribution of integrins in normal and neoplastic cells was found in a 
basement membrane distribution. This correlates well with the spatial 
distribution of laminin, fibronectin and type IV collagen as shown by 
immunohistology in normal and neoplastic pancreas.

Figure 9.7 Easily identifiable staining with (31 integrin on the cell 
line BXPC-3.

i



156

Figure 9.8 Capan-2 cells attach to a range of substrates in a concentration 
(9.8a) and time dependent (9.8b) manner. Notice there is no 
significant binding to BSA or to fibrinogen. Similar results were 
obtained with the cell lines BXPC-3 and PANC-1.
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Figure 9.9 Binding of Capan-2 cells to fibronectin was partly inhibited by 
exogenous RGD containing peptide in a concentration 
dependent manner. Similar results were obtained with binding 
to collagen type I. The cell line BXPC-3 had similar properties 
but the binding of PANC-1 cells could not be inhibited.
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9.4.4 Discussion
In this study we have defined the pattern of integrin expression in the 

pancreas. The integrin phenotypes of normal ducts, ductular elements in 
chronic pancreatitis and in ductal adenocarcinoma of the pancreas (in vivo and 
in vitro) are similar with expression of o2, o3 and aS together with (31, (34 and 
p5 chains. This phenotype is essentially similar to that reported in other simple 
epithelia including gut (Choy et al 1990), breast (Pignatelli et al 1991 ; Santoro 
et al 1990) and kidney (Korhonen et al 1990). Some epithelia and their tumours 
express an av chain together with a pi chain forming a fibronectin receptor 
(Bodary & McLean 1990) or with a p5 chain, forming a vitronectin receptor 
Cheresh et al 1989; Smith et al 1990; Ramaswamy & Hemler 1990), rather than 
as the more usual p3 complex (Pytela et al 1985). This arrangement is seen in 
the pancreatic ducts; they are positive for av (monoclonal 13C2 positive), pi 
and p5 but negative for p3 and avP3 complex (that is monoclonal 23C6 
negative). The distribution of aS and P4 chains is identical to that recently 
reported by Sonnenberg (1990) and possibly reflects the involvement of a6p4 
in hemidesmosomes (Step et al 1990). The distribution of integrins follows, for 
the most part, that of basement membrane. It is of note that no integrin 
expression was detectable immunohistologically in islets, except in association 
with capillaries. The distribution of laminin, collagen type IV and fibronectin is
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similar to that previously reported (Kern et al 1989) and is essentially co
incident with the distribution of integrins as shown in the current study.

No significant difference could be detected between expression of 
integrin chains in pancreatic ducts and that seen in adenocarcinomas of the 
pancreas and ampullary neoplasms. Pignatelli et al (1990) have proposed that 
loss of functional integrins, or other cell adhesion molecules, may be associated 
with neoplastic progression. Loss of integrin chains have been described in 
poorly differentiated breast and colorectal carcinomas (Pignatelli et al 1991a, 
1991b; Santoro et al 1990). In pancreatic carcinoma cell lines there is a clear 
relationship between expression of integrins and other manifestations of 
differentiation. The current results with clinical material cannot refute this notion 
since the small number of tumours examined are all well differentiated. 
Moreover there may not necessarily be a relation between immunologically 
detectable integrin expression and function (see for example Adams & Watt
1990). A further complexity is the realisation that integrin chains isoforms may 
be produced as a consequence of alternate splicing events. Finally, the role of 
other receptors has not yet been defined. It is worthy of note that pancreatic 
cancer has a remarkable propensity for peri-neural spread and that this could 
reflect a role for integrins, or other cell adhesion molecules.

Intercellular staining was identified with antibodies to a2 and a3 chains 
similar to that previously reported in kératinocytes (Carter et al 1990). Here we 
report that intercellular staining also occurs with an antibody that recognises the 
a6 chain. The functional significance of intercellular distribution of integrin 
chains remains uncertain. It could conceivably represent homotypic interactions 
between integrins and RGD sites present on integrin molecules. Alternatively, it 
may reflect interactions between integrins and "bridging" multivalent ligands, 
although there is no evidence for the presence in intercellular spaces of the 
limited range of extracellular matrix proteins examined (fibronectin, laminin or 
collagen). A final possibility is that the integrins present in the intercellular 
region are not functional, although this seems unlikely.

We have shown that pancreatic carcinoma cell lines can bind to a range 
of extracellular matrix molecules, and the kinetics and matrix concentration 
effects observed in the current study are comparable to other reports (Haberern 
& Kupchik 1986). In two cell lines (BXPC-3 and Capan-2) which are well 
differentiated, both in terms of morphology and immunophenotype (see section 
9.2), binding to fibronectin and collagen type 1 is in part mediated by RGD
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mechanisms, and this probably involves integrins. This inhibition is not seen 
with binding to laminin. The lack of binding to fibrinogen reflects the absence of 
the classical avp3 form of the vitronectin receptor which is known to bind 
fibrinogen (Cheresh et al 1989b). RGD peptide could not inhibit binding of the 
poorly differentiated cell line PANC-1 to any substrate, confirming the 
observations of Cheresh et al (1989a). Using affinity chromatography, a series 
of collagen and laminin binding proteins has been identified from the human 
pancreatic carcinoma cell line PaTu II (Mai et al 1990). The existence of diverse 
receptors for laminin and collagen in the pancreas, and elsewhere, indicates 
considerable redundancy of receptors in the ability of cells to bind extracellular 
substrates. It is of interest that those cell lines (BXPC-3 and Capan-2) capable 
of responding to culture in extracellular matrix components by forming duct like 
structures (see section 9.3) are those that express the full range of integrins at 
high levels, as assessed by immunohistochemistry. This differentiative 
response is inhibited, in part by RGD peptide, further suggesting the 
involvement of integrins in this process.

While extracellular matrix molecules may interact with integrins (and 
other receptors) to regulate patterns of cellular gene expression and 
consequently differentiation, it should be noted that other molecules may play 
important roles. For example, it has recently been shown that TGFa can act as a 
morphogen inducing tubule formation in renal epithelium (Taub et ai 1990) and 
TGFa is expressed at high levels by pancreatic ductal epithelium (see Chapter 
6; Barton et al 1991) and other epithelia that form tubules. In addition, there is 
good evidence that mesenchymal cells play an important role in regulating 
epithelial cell differentiation. Consequently it is clear that we are only beginning 
to characterise the molecular basis of interactions between epithelia and 
cellular and acellular components of mesenchyme.

9.5 GENERAL DISCUSSION
The studies described in this chapter have shown that there are several 

pancreatic carcinoma cell lines with some characteristics in common (for 
example resemblance to the phenotype of normal pancreatic ducts) and others 
that are different (some being well differentiated and others not. It is shown that 
within some cell lines (eg Capan2 and BXPC3) there are different patterns of 
antigen expression although there is morphological homogeneity whereas 
other cell lines (eg PSN-1) show differences in morphology and antigenic 
profile. The significance of this heterogeneity remains unclear although in the
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case of PSN-1 it is only the morphologically better differentiated areas (which 
phenotypically resemble normal ducts) that appear to be able to undergo duct 
differentiation in vitro and form duct structures in xenografts. Growth of the cell 
lines as nude mouse xenografts leads to marked ductal differentiation in 
several of the cell lines, including those able to respond to matrix culture. Five 
of the cell lines (Capan2, BXPC3, HPAF, PSN-1 and 818.4) respond to culture 
In or on collagen by forming duct like structures. The proportion of such 
structures increased and their morphology improved with prominent nuclear 
polarisation and luminal expression of mucin molecules, when basement 
membrane components (Matrigel) were added to the collagen. Culture on 
lawns of human pancreatic fibroblasts (obtained from chronic pancreatitis) 
leads to induction of differentiation: even if the fibroblasts have been fixed with 
gluteraldehyde prior to seeding of pancreatic carcinoma cells. It has been 
demonstrated that the property of forming duct like structures in vitro correlates 
with the expression of the range of integrin molecules seen in normal ducts in 
vivo and that the formation of duct like structures can be inhibited in vitro by 
blocking integrin mediated cell-matrix interactions using exogenous RGD 
containing peptides. Consequently, from these studies it can be concluded that 
have gained an insight into differentiation and duct morphogenesis in the 
pancreas.
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CHAPTER TEN 

GENERAL DISCUSSION

In this thesis, studies of the cellular populations present in two 
contrasting tissues are described. The experiments were designed to give 
insight into the mechanisms involved in regulating the cellular heterogeneity 
present in normal and neoplastic kératinocytes (as an example of a continually 
renewing tissue) and pancreatic epithelium (as an example of a conditional 
renewal population). The investigations involved analysis of both proliferation 
and differentiation since, as argued in Chapter 1, neither process can be 
considered in isolation. The primary achievements of the work in this thesis are 
summarised here and certain aspects are subsequently considered in more 
detail.

The data presented in Chapter 3 indicate that in the case of cultured 
human epidermal kératinocytes it is possible to define distinct cellular 
populations with different characteristics and that these correlate with many of 
the features of populations with stem cell and non-stem cell properties. While 
the approach has many limitations a consideration of some Importance is the 
possibility that it is of general application (see below). In Chapter 4, an attempt 
was made to test the model proposed by Cairns that stem cells could be 
regulated intrinsically by the so called "immortal strand" model. While no data 
was found to support this model, it cannot as yet be said to have been falsified. 
Chapter 5 was concerned with questions relating to the clonal architecture of 
the epidermis using retroviral and chimaera systems. Neither approach is 
without problems. The data are not overwhelming as other explanations 
relating to technical aspects of the experiments (e.g. cell sorting phenomena) 
cannot be entirely excluded.

The subsequent chapters turn to an example of a conditional renewal 
population, i.e. pancreas. In Chapter 6, a comprehensive range of 
differentiation markers is defined that proved to be valuable in subsequent 
experiments, and allowed the definition of a novel reparative phenotype in the 
human pancreas, similar to that described elsewhere in the gut (Wright et al 
1990a, 1990b). The proliferative and clonal architecture of the pancreas are 
addressed in Chapter 7. A novel immunohistological marker of cell 
proliferation was characterised and some of its limitations investigated. A point
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of particular importance is that pancreatic islets were shown to be polyclonal in 
origin. In Chapter 8 studies designed to develop culture systems for pancreatic 
exocrine epithelium are described. Of particular note here is the demonstration 
of transdifferentiation between acinar and ductal phenotypes in this system, 
since in addition to being of biological significance this has a bearing on the 
possible histogenesis of pancreatic neoplasia. Further analysis of this 
phenomenon is required and may be facilitated by the existence of transgenic 
mice with a temperature sensitive SV40 large T antigen construct (Jat et al 
1991). This would allow the culture of large numbers of acinar and/or ductal 
cells followed by the switch of the cells to the non-permissive temperature and 
reversion to a non-proliferative (SV40 large I  negative) state and the 
expression of differentiated features. Finally, in Chapter 9 studies of control of 
differentiation in pancreatic cells are described and it is shown that 
extracellular matrix is a major determinant of pancreatic ductal phenotype, and 
that this is mediated by integrins (at least in part). In addition, it was observed 
that a cloned pancreatic ductal adenocarcinoma cell line (PSN-1), could in 
nude mouse xenografts, give rise to a small number of cells with an endocrine 
phenotype giving strong support for the Unitarian view of endocrine cell 
ontogeny in the pancreas (and indeed falsifying Pearse’s APUD/neural crest 
model).

10.1 SIMILARITIES AND DIFFERENCES BETWEEN
KERATINOCYTES AND PANCREAS
Of central importance is the issue of the biological similarity or difference 

between epidermal kératinocytes and pancreatic epithelium. Clearly there are 
many important and major differences. Nevertheless there are several 
important similarities. In the epidermis there is a clear flux of cells from a 
proliferative compartment to an non-proliferative compartment. Some data (as 
discussed in Chapter 7) support the notion that this form of proliferative 
architecture (which Zajicek has referred to as streaming) might also exist in the 
pancreas. I believe that this is a fundamental question of considerable 
importance. As outlined in Chapter 7 this issue might be addressed by a pulse 
labelling strategy, combined with three dimensional reconstruction of the 
proliferating cells. While technically difficult this would give information about 
the spatial organisation of the proliferative compartment in the pancreas and 
the fluxes that occur here. Such information is fundamental to the 
understanding of this tissue and would provide further evidence supporting the 
essentially similar organisation of epithelia.
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If such data could be provided it would cast considerable light upon the 
key question of whether stem cells exist in conditionally renewing populations. 
The evidence for this in permanently renewing populations such as 
kératinocytes is very strong (see Chapters 1 and 3) but the evidence is much 
less clear in conditional renewal populations. These comments reiterate a 
fundamental question in epithelial cell biology, i.e.. what are stem cells and 
how are they controlled? Specifically, in the context of this thesis, the question 
as to whether the term stem cell is relevant in conditional renewal populations 
such as pancreas must be posed. The data presented in this thesis does 
indicate that there is cellular heterogeneity in the pancreas. However, the 
clonal architecture remains poorly understood and three dimensional 
reconstruction studies will be required to resolve the issue of proliferative 
compartments.

10 .2  THE ENRICHMENT OF EPITHELIAL AND OTHER
STEM CELLS
The data presented in Chapter 3 provide a theoretical basis for a 

general strategy of characterising and enriching stem cells in model systems. It 
has been shown that induction of differentiation in kératinocytes leads to the 
definition of a population of cells that are resistant to differentiation induction 
and that these cells can give rise to a culture of cells that contains both 
differentiation induction sensitive and insensitive cells. The data suggest that 
the differentiation resistant cells are functionally equivalent to a stem cell 
containing population. Is there evidence for the general applicability of model? 
In the case of the pancreas our inability to culture pancreatic epithelial cells 
precludes addressing this question. However in other systems there is some 
circumstamtial evidence that aspects of heterogeneity may be relevant to 
issues of stem cells. The human tumour cell lines HL60 (Bunce et al 1988; 
Brown et al 1988), COMMA-D (Campbell et al 1988) and MCF7 (Resnikoff et al 
1987; Podhajcer et al 1988) have been shown to be heterogeneous and 
contain sup-populations with different properties. Furthermore in pancreatic 
(Chapter 9), colorectal (Del Buono 1992) and gastric cell lines (Yamkissoon et 
al 1992 unpublished) there is heterogeneity of response to induction of 
differentiation. The basis of this remains obscure but preliminary evidence 
suggests that this does not relate to detectable differences in adhesive 
properties of cells in In vitro adhesion assays (Ramkissoon, Del Buono & Hall 
1992 unpublished).
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In many respects the key to the idea that aspects of cellular 
heterogeneity can give insights into stem cell biology will rest upon the ability 
to perform single cell experiments rather than the analysis of mass cultures. In 
most situation this is difficult if not impossible. In the context of oligodendrocyte 
( Temple & Raff 1985, 1986) and haemopoietic precursors (Suda et al 1984) 
this has been achieved. Experiments to address the issue of differences in cell 
fate for single kératinocytes occupied several months and after culturing single 
kératinocytes (n > 5000) it was found that colony forming efficiency was less 
than 1 in 103 and the experiments were abandoned (Hall & Watt 1988-1989 
unpublished). Consequently while the analysis of cellular heterogeneity for 
examining aspects of stem cell biology are plausible they remain difficult to 
perform given our inability to culture human epithelial cells effectively.

10 .3  USE OF LINEAGE MARKERS AND CHIMAERAS
That the study of clonal architecture is important is not without question. 

McLaren (1975) has proposed criteria for the identification of the "ideal" marker 
of lineage (see Chapter 5) but as yet such a marker has not been identified. As 
discussed in Chapter 5 and later in Chapter 7, the currently available markers 
all have significant problems. While retroviral lineage markers are of 
considerable theoretical value and have proven to be of considerable use in 
several systems, in the experiments reported here the loss of expression of 
p-galactosidase made interpretation of results difficult. Further experiments will 
require other approaches including the use of other genetic tags in mixing 
experiments.

10 .4  PROLIFERATIVE ARCHITECTURE OF TISSUES
The observations reported in this thesis and the reviews presented 

herein proved strong support for the notion that considerably more information 
is required about the detailed three dimensional organisation of proliferative 
compartments in conditional renewal (and other) tissues. This author finds it 
remarkable that the information currently available is so poor. While viewed by 
some as controversial, the observations of Zajicek and co-workers (1985,
1987, 1988) are of considerable relevance but require further studies using 
pulse labelling approaches and computerised three dimensional 
reconstruction. Such analyses would provide considerable useful information 
about the kinetic organisation of tissues in health and disease. Moreover such 
information is central to any clear and detailed understanding of the 
development, functioning and abnormalities of any tissue.
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10.5  THE IMPORTANCE OF DIFFERENTIATION MARKERS
In this thesis the characterisation of differentiation markers has been 

emphasised as being of importance. In Chapter 1 a number of questions were 
posed (see page 34). Given that defining the number of phenotypes present in 
any given tissue is fundamental to addressing questions of how that issue is 
organised in development and maintained in adult life the relevance of 
defining differentiation markers is clear. What is less clear is the idea that those 
differentiation markers represent the consequence of regulated gene function - 
markers they may be but they represent the consequence of gene expression 
and beg the question - what are the nature of the markers and what is their 
function?V>Jhen considering differentiation markers we should not forget this 
important point.

10 .6  EPIGENETIC REGULATION OF DIFFERENTIATION
There are two extreme views concerning the regulation and 

maintenance of differentiation. In the context of development, the possibility 
that differentiation is intrinsically programmed has been confirmed in a number 
of systems (reviewed in Gilbert 1991) however there is also considerable data 
supporting a regulative process with external contraints dictating (or at least 
influencing) the processes of differentiation: both in normal and neoplastic 
cells (Pierce & Speers 1988; Hall & Watt 1989; Hall 1991 ; Shepherd & Hall 
1991). Such a view, where external factors (whether soluble growth factors, 
matrix molecules or other cells or some combination), influence the patterns of 
cellular differentiation are often described as epigenetic mechanisms. That 
such processes are relevant to epithelial systems in higher organisms is 
certain. What is less clear is how such mechanisms are controlled and 
regulated. Given that the human genome encodes about 10^ genes and that 
the majority of those that encode structural proteins are, in all likelihood, similar 
to those in other vertebrates, it is interesting to speculate on why higher 
mammals are more complex than lower vertebrates. There is increasing 
evidence that regulative development (and diifferentiation) is determined by 
transcriptional control (Latchman 1992). It seems likely that a significant 
fraction (maybe the majority) of the 10  ̂genes encode transcription factors that 
regulate differentiation, and that many of these may be homeobox genes or 
related proteins (Gehring 1987; Gilbert 1991 ; Latchman 1992). Patterns of 
differentiation are thus the consequence of cybernetic interactions of 
transcription factors, and their expression is further regulated by interactions 
with events external to the cell. Consequently, as illustrated in this thesis 
(Chapter 8 for example), phenotypic markers cannot be employed as lineage
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markers. Plasticity of phenotype is perhaps more common than generally 
thought (see Blau et al 1985 for example)

Having considered these points it should also be noted that they and 
other ideas discussed in this thesis (particularly in Chapter 8) have a bearing 
upon ideas relating to the histogenesis of tumours (see Hall 1991 for detailed 
discussion). In summary, despite the tacit assumption by many that the 
phenotype of a tumour cell necessarily reflects the cell type of origin of that cell 
- this may not be the case. Moreover, the whole notion of cell of origin of a 
tumour may be fundamentally flawed (Hall 1991). Take the following example 
(see Figure 10.1). Assume the existence of a stem (or at least progenitor) cell 
that undergoes some somatic mutation in a key regulatory gene closely 
followed by a change in some other gene (events 1 and 2). All the cells 
progeny will then carry those defects. Maybe one such cell undergoes event 
three which may alter its properties but does not make it malignant. A further 
event (event 4) may provide some further growth advantage (but again does 
not transform the cell) but the acquisition in daughter cells of two further 
sequential changes (5 and 6) leads to more pronounced changes and an even 
greater proliferative advantage. Finally event 7 occurs in yet a further daughter 
cell (that now has acquired all 7 events) and fully transforms the cell. Which 
cell was the cell of origin of the tumour.

This reductio ad absurdum illustrates the point that in the case of a multi 
step genesis of neoplasia the term cell of origin may be redundant and be 
better replaced by the phrase lineage of origin supplemented by a 
characterisation of the genetic events involved and their consequences.
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Figure 10.1 Cell lineage of origin of tumours

STEM CELL: 
Events 1 and 2

EARLY TR A N SIT  

AMPLIFYING CELL: 
Events 3 and 4

LATE T R A N S IT  
AMPLIFYING CELL  
Events 5 and 6

DIFFERENTIATED CELL 
Event 7

TRANSFORMED
CELL

10.7 GLAND AND DUCT MORPHOGENESIS
In Chapter 9 it is shown that duct-like structures (at least in cross 

section) can be generated in vitro using well differentiated pancreatic 
carcinoma cell lines. Furthermore, it is demonstrated that this morphogenetic 
change is (in part) determined by extracellular matrix molecules and mediated 
(again in part) by integrin cell surface receptors. In many respects the 
observations here extend those made in other systems including the colon
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(Richman & Bodmer 1988; Kirkland 1989; Del Buono et al 1991), breast 
(Streuhli & Bissell 1990) and more recently stomach (Ramkisoon et al 1992). 
Indeed it seems likely that the mechanisms involved in forming (and 
maintaining) tube-like structures will be common to all ducted and tubed 
structures. It is clear, however, that integrin mediated mechanisms are not the 
only factors involved. A number of other factors including TGFa, and its 
receptor the EOF receptor, TGFp and its poorly characterised receptors, 
cadherins and a range of other molecules may have roles to play in duct 
morphogenesis.

In addition, Montesano et al (1991a, 1991b) have reported that at least 
in MDCK cells scatter factor {syn hepatocyte growth factor) may induce 
branching morphogenesis in tubes. Using the conditioned medium from ras- 
transformed NIH 3T3 cells (the gift of Dr A Coffer, ICRF), which contains large 
quantities of scatter factor the phenotype of the pancreatic cell lines described 
here and of the colorectal and gastric carcinoma cell lines grown in collagen 
gels has been examined. Contrary to the observations of Montesano et al 
(1991a, b), the author has been unable to induce branching morphogenesis 
although this may reflect a receptor or post-receptor defect. Future studies will 
examine the expression of the c-mef oncogene which is the receptor for scatter 
factor. Given the importance of branching morphogenesis in the development 
of the pancreas and the other parts of the gastrointestinal tract * further studies 
are necessary. An approach that the author, is currently pursuing is the use of 
the pancreatic aniagen organ culture system used by Grobstein in the 1950's. 
This has the merit of being reproducible and manipulable. One approach to 
investigating some of the factors involved in duct formation and branching will 
be the use anti-sense strategies for the specific inhibition of gene expression. 
Specifically, the use of anti-sense phosphorothiorate ester oligonucleotides to 
the 5' end (and cap site) of TGFa and the EGF receptor should give specific 
confirmation of their relevance to tube morphogenesis and branching. 
Preliminary experiments indicate that inhibition of expression of TGFa and/or 
the EGF receptor leads to an inhibition of gland formation in vitro (Hall et al 
1992 unpublished).

Branching events are central to the elongation of the gut and reparative 
processes via the crypt fission cycle in which crypts divide by a branching or 
"unzipping" process which is morphologically homologous to other branching 
events and m aybe  mechanistically identical.
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10.8 THE PROBLEM OF EFFECTIVE EPITHELIAL CELL CULTURE
In general, we are currently remarkably bad at growing cells in vitro - 

they rarely resemble the in vivo state in more than a few criteria (see Table 
10.1) although the culture of kératinocytes best approaches the ideal (Watt
1991).

Table 10.1 Criteria for assessing the value of an in vitro
system as a model of a normal tissue?

Kératinocytes Pancreas Thyroid Liver

Easy and reproducible method 
for establishing primary cultures

-1- - 4- +

Well defined (preferably fully 
defined) culture media

+ - 4- -

Cells can be propagated
for many divisions without other
intervention

4- - - -

Need for immortalisation 
e.g. by SV40 large T

- 4- 4- 4-

Maintenance of full differentiated 
characteristics in culture 
over prolonged periods

4-

■

4-

■

Spatial orientation in vitro 
similar to that seen in vivo

4- - - -

Under Rheinwald-Green conditions as employed in this thesis the 
cultured kératinocytes cannot be considered entirely normal but are hyper- 
proliferative and assume a "wound healing phenotype" (Watt 1991). A more 
realistic state can be attained by employing a more sophisticated organotypical 
model in which the kératinocytes are cultures on a dermal bed or some other 
collagenous substrate. Consequently kératinocytes (and related cells) achieve 
the prime position as the best in vitro model of an epithelial tissue. Other 
epithelial cells culture systems are much less effective. In the context of 
pancreatic duct epithelium some progress has recently been made and the 
work of Githens (1988) and Hubchak et al (1980) indicates that rodent 
pancreatic duct cells can be maintained for some prolonged periods with 
maintenance of some morphological and antigenic features of differentiated
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cells. Culture of human cells remains difficult as indicated by the studies 
described in Chapter 8.

New approaches to the culture of epithelial cells are urgently required. 
One such approach is the improvement of culture environments with 
increasing sophistication of media, growth factor supplements and culture 
substrates. Such progress is slow and based largely upon empirical "trial and 
error". Nevertheless such approaches will no doubt in due course bear fruit. 
Three alternative strategies can be considered.

The first is to employ conditional eukaryotic expression vectors 
encoding genes such as SV40 large T or some other gene with immortalising 
properties (e.g. adenovirus El a or human p53). Large T and related viral 
genes have significant disadvantages, in particular having a wide range of 
properties. Despite this the introduction of SV40 large T into mammalian cells, 
either by transfection techniques, or by retroviral transduction has been 
employed in a number of situations. In cells that have low proliferative activity 
in primary cultures (such as pancreatic cells) this strategy is of low efficiency. 
First, epithelial cells are generally transfected with low efficiency and this 
procedure is harsh, and second, incorporation of either retroviral constructs or 
plasmids requires at least one round of cell division. This militates against this 
procedure being very efficient. Again however some success has been 
achieved. A point of importance is the benefit of the immortalising gene being 
regulated (e.g. as a temperature sensitive mutant or by the use of inducible 
[and consequently suppressible] promoters). Under the transforming action of 
the gene large numbers of cells to be grown and then this inactivated allowing 
reversion to a more normal phenotype. Despite being attractive in design these 
approaches are capricious and difficult to employ successfully.

A more novel approach but using in essence the same principles has 
been reported by Jat et al (1991). Transgenic mice have been developed in 
which the transgene is a temperature sensitive SV40 large T construct under 
the control of an interferon y promoter. This has been introduced into the germ 
line but at the temperatures at which the animals are kept it has no activity. 
Isolation of specific cell populations from fetal, neonatal or adult mice may then 
be followed by an initial period of culture at the SV40 large T permissive 
temperature (or induction of expression by the addition of interferon y ). This 
will give the cells a marked proliferative advantage and large numbers can be 
grown. At his point the cells are shifted to a non-permissive temperature (or
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interferon y removed from the medium) and (theoretically) the cells should 
return to a differentiated (non-proliferative) state. In principle this should be a 
means of growing large numbers of differentiated cells from any tissue.

Finally a totally different approach is to inactivate those genes that 
regulate growth arrest using antisense oligonucleotides. A number of genes 
have been described in recent years whose expression is associated with 
growth arrest and several of them appear to be regulators of that state 
(Schneider et al 1987; Nuell et al 1991; Kallin et al 1991). That antisense 
oligonucleotides can effectively suppress gene expression has been 
demonstrated in a wide range of systems (Colman 1990). Consequently, an 
approach to allowing the growth of cells that would normally be non
proliferative in vitro would be the use of anti-sense oligonucleotides that 
suppress the expression of growth arrest genes. Three particular candidate 
genes, prohibitin (Nuell et al 1990), gadct\53 (Fornace et al 1990; Kearsey & 
Hall 1992 unpublished ) and Ti-1 (Kallin et al 1991) are of relevance to 
epithelia since their expression seems to be confined to this cell type while the 
expression of others such as the gas family appear to be predominantly 
mesenchymal (Schneider et al 1987). Such an approach may be sufficient for 
many purposes or be used in conjunction with retroviral transduction or 
transfection approaches for gene transfer. Phosphothiorate ester antisense 
oligonucleotides designed from the known 5' cDNA sequence of the prohibitin 
and Ti-1 genes are currently being employed to test this model. In the longer 
term strategies will be required that cause gene "knock-out” in a tissue specific 
manner in transgenic mice. Such studies would allow function of growth arrest 
genes to be addressed in vivo. Currently the creation of null mice would 
involve homologous recombination approaches and loss of the gene in all 
somatic cells - such methods in the case of these genes are likely to have 
profound phenotypes and in all likelihood be embryonic lethal. Consequently 
the more subtle approach of inducing tissue specific knock-out is required but 
this is at present impossible. One approach would be the use of transgenic 
mice in which there is tissue specific expression (behind a strong promoter) of 
a relevant anti-sense construct. This approach might be viable if the gene to be 
inactivated was expressed (at the mRNA) level in low copy number. The 
chance of success might be enhanced by the use of antisense targeting of 
ribozyme activity. This could be achieved by the engineering of a combined 
ribozyme antisense cDNA construct.
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10.9 CONCLUDING COMMENT
What has been learnt from the studies in this thesis? The difficulty of the 

areas addressed in this thesis, particularly with regard to the aspects of cellular 
heterogeneity in epithelial tissues that indicate the existence of stem cells 
continues to amaze and frustrate me. As my former teacher Fiona Watt 
remarked in her address to the Pathological Society in the Winter of 1992,

" . . .  .there are many more definitions of stem cells 
than there are good experiments relating to them "

How true this is! Nevertheless stem cell biology is fundamental to our 
understanding of the control and function of tissues in the adult and in 
development. To understand stem cells and the genes that regulate them is to 
understand how tissues form and are maintained. As a pathologist, one whose 
primary interest is in shape and form, this must then be a central question of 
great importance.

Finally, the studies in this thesis (together with previous and concurrent 
studies in related areas) have led me to have a clearer idea of my future 
scientific directions. While I am waiting {and it may be a very long wait) to 
design those key experiments that will resolve issues of stem cell biology in 
epithelia, issues of the formation of shape and form in epithelial structures 
should be addressed. For example, using the gastrointestinal tract and 
pancreas as model systems

How do ducts and other tubular structures form?
How do branching structures develop?
How do the different phenotypes within duct and gland systems develop 
and maintain themselves?
What regulates the length of a branch compared with the number of 
branches?
Do branching systems in different tissues use the same mechanisms? 
Specifically, are the branching events of crypt fission the same as in 
pancreatic morphogenesis and the formation of other branched ducted 
systems?
How do the proliferative compartments within such systems organise 
themselves and how is this proliferation regulated?
What are the genes involved in growth arrest and how is their function 
controlled and regulated?
What is the molecular function of those genes whose expression is so 
tightly linked to growth arrest?
How is the expression of these genes controlled?
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What role does programmed cell death have in such morphogenetic 
issues?
What are the molecules involved in programmed cell death and how are 
they regulated?
How do the mechanisms involved in morphogenesis and in the 
maintenance of form once it has established become deranged in 
disease states, and in particular neoplasia?
What is the role of matrix components and mesenchymal cells in these 
processes?
To what extent do growth factors with inhibitory properties such as TGFp 
account for many of the morphological properties of gland and duct 
systems?
How much of the effect of such growth factors is mediated by the different 
receptor species that exist?
And finally, how might the use of tissue specific antisense transgenic 
approaches (possibly using targeted ribozymes) be employed for looking 
at the function of genes involved in these processes in vivo?
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On the following pages are publications in support 
of this thesis in the form of appendices

I The complexities of proliferating cell nuclear antigen

II Proliferating cell nuclear antigen immunolocalisation in 
paraffin sections: an index of proliferation with evidence 
of deregulated expression in some neoplasms
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cellular diversity

IV Epidermal growth factor induces expression of regulatory 
peptides in damaged human gastrointestinal tissues

V Transforming growth factor alpha and epidermal growth 
factor in human pancreatic cancer

VI The epidermal growth factor receptor in human 
pancreatic cancer

VII The c-erbB-2 proto-oncogene in human pancreatic cancer
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The last two years have seen a flood of reports in 
Histopathology and other pathology journals describing the 
application of antibodies that recognise proliferating cell nuclear 
antigen (PGNA) as markers of cell proliferation in histological 
material. This interest is a consequence of the widely held behef that 
such markers may prove to be useful objective indicators of biological 
behaviour of at least some forms of tumour. In addition, this is 
coupled with the resistance of some PGNA epitopes to conventional 
fixation and embedding. The literature relating to PGNA is already 
rather confused and some rather extravagant claims and suggestions 
have been made, sometimes without a clear understanding of the 
biology of the PGNA molecule and the complexities of the processes in 
which it is involved. Here we will briefly review the history of PGNA 
and attempt to clarify our current understanding of this player in the 
processes of DNA replication.

In 1978 Miyachi et al (i) described an auto-immune serum 
from patients with systemic lupus erythematosus which recognised a 
nuclear antigen distributed in proliferating cells consequently termed 
proliferating cell nuclear antigen (PGNA). PGNA is a 36kD acidic non
histone nuclear protein which functions as an auxiliary protein for 
DNA polymerase 5 and is an absolute requirement for DNA 
synthesis (2 3 ,4), Immunofluorescent studies have shown the 
existence of two populations of PGNA during S phase of the cell cycle 
one that is nucleoplasmic as in quiescent cells and is easily extracted 
by detergent and another that is associated to specific nuclear



structures (S). Detergent resistant PCNA immunoreactivity is co
localised with bromo-deoxyuridine (incorporated into DNA during S- 
phase) in replication complexes, and their order of appearances 
throughout the S phase are identical (5,6,7)̂  This demonstrates that 
PCNA is tightly associated to the sites of DNA replication and probably 
has must have a role in DNA synthesis (8). This is supported by the 
use of antisense oligonucleotides both of which lower levels of PCNA 
protein and are associated with inhibition of DNA synthesis (9). In the 
presence of PCNA and a multi-subunit complex called replication 
factor C (RFC), polymerase 5 catalyses elongation of Okazaki 
fragments to long DNA chains representing leading strand DNA 
synthesis (io,ii,i2).

PCNA is also involved in unscheduled DNA synthesis (ie 
nucleotide excision-repair) since tightly bound PCNA can be found 
associated with chromatin at all phases of the cell cycle after UV 
irradiation in vitro (13,14)̂  The explanation for this Hes in an 
understanding of the process of DNA excision repair. In the initial 
phase of DNA excision repair a multisubunit endonuclease forms at 
the site of damage and enzymatically removes the damaged strand. 
This is followed by DNA synthesis to repair the defect. Consequently 
there may be an overlap between the proteins involved in semi
conservative DNA replication and DNA repair. Direct experimental 
proof of this with demonstration of involvement of PCNA has recently 
come from analysis of a cell free model of DNA damage (is). 
Furthermore, a role in DNA excision repair is reflected in the 
expression of PCNA in non-cycling normal human kératinocytes in 
vivo after mild UV exposure U6).

The gene encoding PCNA has been cloned from a number of 
evolutionarily diverse species (17 ,18,19,20,21), Although there is 
variation at the DNA level, there are only four amino acid differences 
between rat and human PCNA and about 70% of the Drosophila 
protein is identical to the rat and human proteins. Furthermore while 
the sequence of yeast PCNA shows only 35% homology at the DNA 
level with man the molecules are functionally interchangeable (22),
The evolutionary conservation of PCNA throughout the animal (and



plant) kingdom is entirely consistent with the product of the gene 
having an essential role in DNA replication in eukaryotes.

Regulation of PCNA expression is complex (22). PCNA expression 
is regulated at both the transcriptional and post transcriptional 
level (22,23,24)^ Induction of PCNA mRNA by growth factors is well 
documented (17,22,25). However it is is important to reahse that there 
appear to be differences between the regulation in quiescent cells and 
those which are condnously cychng (22,26). in  the latter there is very 
little variation in protein or mRNA levels during the cell cycle. While 
the PCNA promoter region has been mapped (27,28) the the 
contribution of transcriptional control is still unclear (22). However, it 
is of note that homeodomain containing proteins bind to the PCNA 
promoter (19,29). Given that in other contexts homeodomain proteins 
regulate gradients of gene expression, it might be that similar 
mechanisms regulate the graded proliferative activity in certain 
tissues (eg. in the intestinal crypt).

Regulation of PCNA expression by post-transcriptional 
mechanisms appears to be very important, at least in vitro (22,30,31). 
Of particular note is the observation that PCNA mRNA is stabilised, 
and can thus be translated into protein with greater efficiency, in the 
presence of growth factors (25,31). h  would appear that many cells 
continuously make PCNA mRNA (at least at low levels) but rapidly 
degrade this without translation. Consequently cells are able under 
the correct circumstances to rapidly respond to growth factors by 
inducing PCNA production by stabilising PCNA mRNA . The 
mechanism underlying this is intriguing and involves alteration in 
mRNA stability as a consequence of splicing of intron 4 (22,31). a  
further point is that oncogenes may participate in the regulation of 
PCNA mRNA levels (32,33)̂  and it is conceivable that alterations of 
oncogene expression in neoplasia may lead to the deregulation of 
PCNA expression.

A wide range of antibodies that recognise PCNA are available.
In addition to human sera from patients with SLE and related auto
immune disease, a number of monoclonal antibodies have been 
generated. Commercially available reagents include the monoclonal
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antibodies 19A2, 19F4 (34,35) and PCIO (36). PC 10 and several 
related antibodies were generated by immunising mice with 
recombinant human PCNA expressed in E coli (36). it is apparent that 
the epitopes recognised by these antibodies are different (37) and 
there are differences in the effects of fixation and processing on the 
detectability of these epitopes. Moreover there appear to be 
differences between the immunochemical behaviour of these 
antibodies in comparison with the human autoantibodies (37). This is 
perhaps a partial explanation for discrepancies between reports on 
the relationship between PCNA immunoreactivity and other cell cycle 
parameters. In addition, the differences observed between antibodies 
to PCNA may be the physical nature of the immunogens involved (37) 
and in particular whether they are in the native state (as seems to be 
the case with the auto-antibodies) or are denatured (as in the case of 
PCIO for example). Whatever the explanation it is essential to 
recognise that different antibodies may have very different 
properties event though they recognise the same protein. This point is 
illustrated by the observation that one particular antibody, PC9, 
raised to recombinant PCNA only recognises PCNA when in the 
nucleolus. This particular epitope is not seen anywhere else in the 
cell (36).

In addition to the existence of differences between antibodies 
that recognise PCNA, it is clear that there are important technical 
considerations. The effects of different fixation conditions are of 
particular concern including duration of fixation, size of tissue block 
and type of fixative (38). Prolonged fixation can dramatically reduce 
P C IO  immnoreactivity for example (38). p c N A  detected by the 1 9 A 2  
antibody after methanol fixation is closely associated with 
S-phase (39). This is not seen in histological material with P C IO , 
although under some conditions of enzyme treatment and fixation 
and S-phase distribution for PCNA can be seen by flow cytometric 
analysis (40,41)̂  Whether specific S-phase PCNA immunoreactivity 
could be identified in conventionally fixed and processed tissue 
sections remains uncertain. The practice of baking sections on to glass 
can also be detrimental to PCNA immunoreactivity, although some 
degree of antigen retrieval using microwave methods may be 
possible. Of considerable importance is the observation that low levels



of PCNA may be present throughout the cell cycle (5,26,42), As a 
consequence, varying the sensitivity of the immunohistological 
detection system may alter the number of PCNA immunoreactive 
cells.

In the original description of PCIO it was reported that cells at 
the lower end of small intestinal villi showed weak PCNA 
immunoreactivity. This was explained by the half-life of the PCNA 
protein being in excess of 20 hours (S). Support for this interpretation 
comes from the work of Scott et al (̂ 3) who reported that in tumour 
xenografts with a defined growth fraction and a cell cycle time of 
about 20 hours the number of PCNA immunoreactive cells was nearly 
100%. Thus there may be situations where cells that have recently 
left the cell cycle express PCNA. PCNA is apparently expressed in non
cycling cells in other situations including in normal tissues adjacent to 
tumours (38) and possibly in some tumours where the number of 
PCNA immunoreactive cells does not correlate with other parameters 
of proliferation (44). Hall et al (38) speculated that this might reflect 
the role of growth factors in regulating PCNA mRNA stability and 
protein expression.

Some recent experiments have confirmed these observations 
and support a role for growth factors in mediating the expression of 
PCNA in non-cycling cells. Human carcinoma cell lines were injected 
into the liver or kidney of nude mice. Using tritiated thymidine as an 
objective measure of proliferation, control liver or kidney showed 
very few S phase cells and a similar number of PCIO immunoreactive 
cells. In contrast, in animals with xenografts in liver or kidney, 
numerous PCIO immunoreactive cells were seen but this was not 
mirrored by the number of S phase cells. In a separate set of 
experiments, rats fed by total parenteral nutrition were given 
infusions of TGFa or EOF. In the pancreatic ductal and islet epithelium 
of both TGFaand EGF treated animals there was a more than ten fold 
increase in number of PCIO immunoreactive cells as compared with 
controls while there was no change in number of S phase cells. These 
experiments demonstrate that PCNA immunoreactivity (as detected 
by PCIO) can occur without cell proliferation in association with 
neoplasia, and that this may be mediated by growth factors in vivo



(45), In simple terms it would seem that expression of PCNA is a 
necassarybut not sufficient requirement for proliferation.

In summary, PCNA is a nuclear protein that is intimately 
involved in DNA synthesis and can be detected immunologically. 
There are important and poorly understood differences between the 
patterns of expression of some epitopes on the PCNA molecule and 
thus differences may exist in the data generated by different anti- 
PCNA antibodies. The effect of technical factors, including fixation, on 
patterns of PCNA staining should not be underestimated. The 
association of PCNA with DNA repair processes indicates that the 
expression of PCNA is not necessarily associated only with DNA 
synthesis in the context of S phase. Finally, since PCNA is a necessary 
but not sufficient requirement for DNA synthesis (whether scheduled 
on unscheduled) PCNA may be expressed by cells that are not cycling, 
and this induction may be mediated by increased mRNA stability 
induced by growth factors.

What message does this complex story have? The use of PCNA 
antibodies as markers of cell proliferation is not simple and 
straightforward but requires careful analysis and consideration of all 
these caveats (and perhaps others yet to be identified). As a general 
point this story indicates the absolute requirement for we as 
pathologists to have a clear understanding of the immunological 
reagents we use and the biology of the antigens recognised. The PCNA 
story is similar to that recently put forward for the immuno- 
histological detection of p53 oncoprotein (46) - oversimplification will 
lead to false dawns! By all means employ immunological reagents but 
interpret with care, be cautious in drawing conclusions and always 
consider the biology of the molecules being investigated.
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S U M M A R Y

Proliferating cell nuclear antigen (PCNA) is a 36 kD nuclear protein associated with the cell cycle. A monoclonal 
antibody, PCIO, that recognizes a fixation and processing resistant epitope has been used to investigate its tissue 
distribution. Nuclear PCNA immunoreactivity is found in the proliferative compartment of normal tissues. PCNA 
immunoreactivity is induced in lectin stimulated peripheral blood mononuclear cells in parallel with bromodeoxyuri- 
dine incorporation and the number of cells with PCNA immunoreactivity is reduced by induction of differentiation in 
HL60 cells. In non-Hodgkin’s lymphomas a linear relation between Ki67 and PCNA staining was demonstrated. These 
data suggest that in normal tissues and lymphoid neoplasms, PCNA immunolocalization can be used as an index of cell 
proliferation. However, in some forms of neoplasia, including breast and gastric cancer and in vitro cell lines, the simple 
relation between PCNA expression and cell proliferation is lost. In some breast and pancreatic tumours there is 
apparent deregulation of PCNA with increased expression in tissues adjacent to the tumours. The over-expression in 
some tumours and in adjacent morphologically normal tissue may represent autocrine or paracrine growth factor 
influence on PCNA gene expression.

KEY WORDS—PCNA, cell proliferation, immunohistochemistry, growth factors, autocrine.

IN T R O D U C T IO N  lar advantages over other techniques because of the
maintenance of cellular and tissue architecture. 

Cell kinetic information may be a useful adjunct tfie relative simplicity of the methodology and the 
to histologically based tumour classifications and rapidity of results; neither in vivo nor in vitro label- 
contribute to the understanding of a range of fi îg is required and the use of radioactivity is 
non neoplastic conditions.' Immunohistological avoided.'’̂  Immunohistology would be even more 
methods of assessing cell proliferation have particu- useful if  available antibodies to cell cycle related
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only works on cryostat sections of snap frozen 
material.

Auto-antibodies from patients with SLE have 
been noted to identify a nuclear antigen present 
in proliferating cells '̂* and have been employed 
as operational markers of cell proliferation,^’ 
Such auto-antibodies are now known to recognize 
proliferating cell nuclear antigen (PCNA), an evolu- 
tionarily highly conserved 36 kD  acidic nuclear 
protein which is directly involved in D N A  synthe
sis.̂  The gene for human PCNA has recently been 
cloned.^ PCNA is regulated in a complex manner 
with the gene being transcribed efficiently in both 
quiescent and proliferating cells, but PCNA m R N A  
normally only accumulates in proliferating cells. 
The absence of stable PC N A  m R N A  in quiescent 
cells is associated with the presence of intron 4 in the 
gene: removal of this intron leads to high levels of 
accumulation of PCNA m R N A  in such cells. Ac
cumulation of the PCNA m R N A  and the synthesis 
of high levels of the protein is stimulated by growth 
factors, notably PD G F, but is not necessarily as
sociated with D N A  synthesis: PCNA will accumu
late in the presence of hydroxyurea, which inhibits 
D N A  synthesis.

Monoclonal antibodies that recognize PCNA  
have been reported to be of value in assessing cell 
proliferation using immunohistological methods, 
although these have usually required cryostat 
sections or specially prepared histological 
m a t e r i a l . I n  this report we describe the appli
cation of a new antibody”  that recognizes PCNA  
in conventionally fixed and processed histological 
material and we assess the possible usefulness and 
limitations of this reagent in histopathology.

M A T E R IA L S  A N D  M E TH O D S

Antibodies

Monoclonal antibodies were generated to geneti
cally engineered rat PCNA using conventional 
methods.”  O f the eleven clones generated with 
anti PC N A  specificity, six were found to react with 
formalin fixed histological material, and one clone 
designated PCIO was chosen for further detailed 
study because of its highest avidity in an ELISA  
assay. Supernatant from clone PCIO was used at a 
range of dilutions.

Immunohistochemistry

Conventionally fixed and processed normal 
human tissue (listed in Table I), breast cancers.

Table I—Normal tissues examined for PCNA immuno
reactivity

Skin
Hair bulb 
Sweat gland 
Oesophagus 
Stomach
Small intestine, including Brunners glands
Large intestine
Pancreas
Gall bladder
Liver
Thymus
Lung
Adrenal
Thyroid
Cerebrum
Cerebellum
Peripheral nerve
Cardiac muscle
Smooth muscle
Skeletal muscle
Kidney
Bladder
Prostate
Bone marrow
Endometrium, proliferative and secretory phase
Ovary
Testis
Tonsil
Lymph node

pancreatic tumours and non-Hodgkin’s lympho
mas were studied. Sections (4 /zm) were cut, 
mounted on poly L-lysine coated glass slides and 
air-dried overnight at room temperature. Sections 
were de-waxed, taken through alcohol and then 
immersed for 10 min in 25 per cent phosphate- 
buffered saline in methanol with 0 5 per cent 
hydrogen peroxide to block endogenous peroxidase 
activity. Sections were subsequently taken to water 
and immunostaining was performed using the ABC  
method (Dakopatts U K  Ltd) with primary incu
bations for 1 h or 18 h (i.e. overnight) at a range 
of dilutions. A dilution o f 1:200 with overnight 
incubation was found to be optimal. Diamino- 
benzidine-hydrogen peroxide was employed as a 
chromogen and a light haematoxylin counterstain 
was used. The nature o f staining including its spatial 
distribution within cells was assessed, and in some 
cases absolute counts of PCNA immunoreactivity 
were made by scoring a minimum of 1000 cells. The 
distribution of PC N A  immunoreactivity within 
tissues was also recorded.
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To investigate the effects of fixation, clinical 
material that had been fixed in a range of reagents 
(buffered and unbuffered formalin, mercury based 
fixatives, methacarn and Bouin’s) was examined. In 
addition small intestine from adult Wistar rats was 
fixed in neutral buffered formal saline for 6, 24, 
48, 72, and 96 h and then processed to paraffin. 
Material from a clinical colectomy specimen was 
fixed in 10 per cent formalin for 12, 24, 48, 72 and 
96 h and then similarly processed. The effect of 
décalcification by E D TA  or weak acid was assessed 
on clinical material.

Cryostat sections from cases of reactive lymphoid 
tissue or lymphoma were stained for the prolifer
ation marker Ki67 in parallel with PCIO staining of 
fixed and wax embedded material from the same 
cases. Cryostat sections of tonsil, breast tumour and 
xenografts of pancreatic carcinoma cell lines were 
also stained with PCIO after fixation in either 
acetone, acetone/methanol or formaldehyde.

Cell culture
Human epidermal kératinocytes were grown on 

glass coverslips as previously described.’® When 
small colonies had formed after 4 to 6 days, cultures 
were pulse labelled for 1 h with tritiated thymidine, 
fixed in 1:1 acetone/methanol for 5 min and stained 
for PCNA by the indirect immunoperoxidase 
method with a peroxidase labelled anti-mouse anti
body (Dakopatts U K  Ltd). Slides were then dipped 
in photographic emulsion and autoradiograms 
produced.’  ̂ Several human pancreatic carcinoma 
cell lines were grown on multiwell glass slides in 
R P M I 1640 with 10 per cent fetal calf serum as 
described elsewhere (Hall et al. in preparation). 
After fixation in 1:1 acetone/methanol and air 
drying, cells were stained by the indirect immuno
peroxidase method for Ki67 (Dakopatts U K  Ltd) 
and for PCNA.

Human peripheral blood mononuclear cels were 
prepared by differential cytocentrifugation on 
Ficoll-Hypaque and aliquots were treated with 
phytohaemagglutinin (Sigma) at 0-5^g/ml or left 
untreated as controls. Cells were incubated in 
96-well micro-titre plates at 37°C in a humidified 
CO 2 incubator. A t various time points cells 
were labelled with bromodeoxyuridine for 1 h. 
Cytocentrifuge slides were prepared and stained for 
bromodeoxyuridine using the Amersham Cell pro
liferation kit (Amersham U K  Ltd) and PC N A  by 
the indirect immunoperoxidase method.

The myelomonocytic cell line HL60 (obtained 
from IC R F) was treated with phorbol esters (10 nM

12-O-tetradecanoyl phorbol 13-acetate [TPA], 
Sigma) to induce macrophage differentiation. Cyto- 
centriffige preparations were prepared from control 
untreated cultures or from cultures treated with 
TPA for 72 h, fixed in 1:1 acetone/methanol for 5 
min at room temperature and air dried. Cells were 
then stained for PCNA or Ki67 by the indirect 
immunoperoxidase method.

Flow cytometry
HeLa cells grown in suspension culture in 

R P M I 1640 containing 5 per cent fetal calf serum 
were fixed in alcohol acetone (1:1) for 5 min, spun 
down and washed in phosphate buffered saline 
(PBS). They were stained by the indirect immuno
fluorescence method with PCIO and a series of con
trol antibodies. After incubation for 30 min on ice 
and two washes in PBS, the cells were incubated for 
a further 30 min in fluorescein linked rabbit anti
mouse F(ab ) 2  antibody (Dakopatts U K  Ltd). After 
two further washes in PBS, cells were stained in a 
solution containing SO^ug/ml propidium iodide in 
the presence of 1 mg/ml RNAase (both from Sigma 
U K  Ltd). Red fluorescence from the propidium 
iodide was then measured simultaneously with 
green fluorescence from the antibody staining using 
a FACScan flow cytometer (Becton Dickinson, 
California). Fluorescence in a minimum of 10 000 
cells was measured and the results stored on a 
Consort 30 computer, allowing subsequent data 
analysis using the Lysis software.

RESULTS

Distribution o f PCNA immunoreactivity in 
histological sections o f  normal adult tissues

PCIO staining is almost entirely confined to the 
nucleus and may show a diffuse or granular pattern 
or a mixture of both. Rarely cytoplasmic staining 
is observed: the nature of this is unclear but it 
may represent cytoplasmic synthesis or breakdown. 
Mitotic cells commonly show diffuse staining 
throughout the cell, but this is not surprising as the 
nuclear membrane is lost during mitosis. Some 
mitotic cells fail to show any PCIO staining. In this 
study all nuclear staining was considered as positive, 
regardless of its nature.

The distribution of nuclear PCIO staining in non
neoplastic histological material is entirely consistent 
with PCNA being associated with cell proliferation 
(see Fig. I). Staining is seen in those tissues known 
from other studies to be actively proliferating, and
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moreover the spatial distribution of staining in 
those tissues is as would be expected. For example, 
staining is seen in germinal centres and scattered 
cells in the paracortex of lymphoid tissue; it is 
present in the basal layer of stratified squamous 
epithelia and in the majority of cells in the hair bulb. 
Nuclear PCNA is present in the proliferative com
partments of stomach, small intestine and colon. In  
the small intestine, weak diffuse PCNA staining is 
observed above the generally accepted zone of pro
liferation within the crypt. This staining diminishes 
as cells progress up on to the villus and is then lost. 
PCNA immunoreactivity is present in epithelial and 
stromal cells of proliferative phase endometrium, 
but is not seen in late secretory phase endometrium. 
In the testis the majority of spermatogonia are 
stained but spermatids and sperm are unstained as 
are interstitial cells and Sertoli cells. In the ovary, 
ova arrested in meiosis show PCNA staining both in 
the nucleus and in the cytoplasm. This observation 
is consistent with the report of Zuber et that 
PCNA is stockpiled during oogenesis for use in 
early embryogenesis.

In those tissues known to be non-proliferative or 
to show only low turnover, PCNA immunoreactivity 
is minimal. For example staining is not seen in the 
adult central or peripheral nervous system, nor in 
skeletal, smooth nor cardiac muscle, nor is it present 
in normal hepatocytes, although rare Kupifer cells 
show nuclear immunoreactivity. Very little staining 
is seen in normal adult kidney. In  the normal pan
creas rare acinar and duct cells show PCIO staining 
consistent with observations made on cryostat sec
tions of normal human pancreas stained with Ki67 
(Hall &  Lemoine unpublished). In endocrine tissues 
only rare PCIO staining cells are identified, but it 
should be noted that in the adrenal those cells that 
stain are in the zona glomerulosa as expected.

Effects o f section preparation andfixation
PC N A  immunoreactivity is greatly reduced or 

abolished if  cut sections are heated to assist adher
ence to glass slides. The reason for this remains

unclear. PCNA immunoreactivity can be seen after 
fixation in a wide range of solutions including 
formalin (buffered and unbuffered), methacarn and 
Bouin’s reagent. In all cases, except methacarn, 
both diffuse and granular nuclear staining can be 
identified. With methacarn fixation only granular 
staining is seen. The time of fixation can greatly alter 
the ability to identify PCNA immunoreactivity. 
Staining in rat small intestine and human colon is 
greatly reduced after 48 h fixation and is virtually 
abolished after 72 h. Similar observations have been 
made in other clinical material (Foulis and Hall, 
unpublished observations). Pro tease digestion is 
not required to unmask the antigen; in fact, protease 
digestion of sections abolishes subsequent staining. 
PC N A  immunoreactivity can be detected after 
décalcification by chelating agents or weak acids, 
but as with fixation, prolonged exposure greatly 
diminishes staining.

Staining o f  cryostat sections

Staining of cryostat sections with PC 10 gives poor 
results irrespective of section fixation. Diffuse weak 
cytoplasmic staining may be identified but the clear 
nuclear localization observed after conventional 
fixation and processing to paraffin is not seen.

Correlation with other parameters o f cell 
proliferation

Staining o f cultured cells— PCNA immuno
reactivity was generally confined to the nucleus 
although some cytoplasmic staining was also seen. 
Cultures of human epidermal kératinocytes are in a 
relatively hyperproliferative state with many (but 
not all) cells taking up thymidine during a 1 h pulse 
as shown by autoradiography. Nuclear PCNA  
immunoreactivity was observed in a similar pro
portion of kératinocytes and double labelling 
experiments showed a general concordance between 
PCNA immunoreactivity and autoradiographically 
demonstrated thymidine incorporation. While all 
thymidine incorporating kératinocytes appeared to

F ig . 1— N o rm a l tissues im m u n o s ta in e d  w ith  P C IO  (a n t i-P C N A ) . L o w  (a ) a nd  h ig h  p o w e r (b) o f  to n s il sh o w in g  P C N A  im m u n o 
re a c t iv ity  concen tra ted  in  g e rm in a l centres (c le a rly  sh o w in g  zo n in g ), b u t a lso sca tte red  in te r fo ll ic u la r  p o s itiv e  cells. A t  h ig h  p o w e r the  
n u c le a r lo c a liz a tio n  o f  P C N A  im m u n o re a c t iv ity  is c le a rly  seen. L o w  (c) and  h ig h  p o w e r (d) v iew  o f  je ju n a l m ucosa. M o s t p o s itiv e  cells 
are p rese n t in  the  c ryp ts . Im m u n o re a c tiv ity  is p rog ress ive ly  lo s t on  g o in g  u p  the  v i l l i .  N o rm a l p ro life ra tiv e  phase e n d o m e tr iu m  (e ) 
s h o w in g  p o s itive  e p ith e lia l and  s tro m a l cells. N o rm a l o v a ry  ( f) , ova  p o s itiv e , s tro m a  negative . N o rm a l testis (g ). Several sp e rm a to g o n ia  
s tro n g ly  p o s itive . N o  s ta in in g  o f  a ny  o th e r cells

F ig . 5— P C IO  im m u n o s ta in in g  o f  a h is to lo g ic a lly  n o rm a l b reast lo b u le  sh ow in g  m a n y  p o s itiv e  nucle i. A d ja c e n t to  th is  fie ld  w as an 
in f i l t r a t in g  d u c ta l ca rc in o m a . T h e re  are co n s id e ra b ly  m o re  P C N A  im m u n o re a c tiv e  cells th a n  u sua lly  observed in  the  absence o f  a 
n eo p lasm
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show PCNA immunoreactivity, occasional cells 
showed PCNA immunoreactivity but no thymidine 
incorporation. This observation is consistent with 
PCNA being expressed in phases of the cell cycle 
other than S phase.

Human peripheral blood mononuclear cells 
showed only very rare(< 1 percent) PCNA immuno
reactive cells, consistent with observed low rates 
of bromodeoxyuridine incorporation. After phyto
haemagglutinin stimulation, blast transformation 
occurs in the majority of cells by 48 h as judged 
by morphology and bromodeoxyuridine incorpor
ation. There was a similar dramatic increase in the 
number of PCNA immunoreactive cells as shown in 
Fig. 2. The highly proliferative cell line HL60 can be 
induced to differentiate towards macrophages by 
treatment with phorbol esters, the differentiated 
cells exiting the cell cycle. A dramatic reduction of 
the number of HL60 cells staining with Ki67 after 
treatment with TPA was mirrored by a reduction

in the number of PCNA immunoreactive cells 
(Table II).

In cultures of established tumorigenic and 
immortalized cells such as pancreatic carcinoma cell 
lines, a high proportion of cells, typically 70-90 per 
cent, show Ki67 immunoreactivity. In these cell 
lines PCNA staining was present in all cells 
observed both in culture and as tumour xenografts. 
This observation is consistent with the results of 
flow cytometric analysis of HeLa cells where all cells 
showed PCNA and there was no relationship with 
the cell cycle as judged by D N A  content (Fig. 3). It 
should be noted that HeLa and the other tumour 
cell lines studied are very fast cycling cells and the 
half life of PCNA is long.-'

Clinical material— The number of PCNA stain
ing cells was compared with the number of Ki67 
staining cells in 20 lymph nodes comprising four 
cases of reactive lymphoid hyperplasia and 16 cases
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Fig. 3— There is a linear relationship between the number of cells with 
PCNA expression and the number staining with Ki67 in non-Hodgkin’s 
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Fig. 4— Panel A shows the D N A  histogram for HeLa cells, with a G I GO peak, S-phase region and G2 peak. 
Panel B shows D N A  staining on the abscissa as in panel A on a linear scale against negative control antibody 
staining plotted on a log scale (four decades). In panel C, the result with PCIO is shown, in which 98 percent of 
cells show strong labelling

of lymphoma. A linear relationship between Ki67 
and PCNA staining was observed with a correlation 
coefficient of 0-91 (Fig. 4).

Other clinical material is the subject of separate 
studies but in gastric carcinoma^^ and haemangio- 
pericytomas^  ̂there is a lack of correlation between 
PCNA index and S phase fraction as assessed by 
flow cytometry, but a correlation of number of 
PCNA immunoreactive cells with prognosis: higher 
PCNA counts tend to be related to poorer prog
nosis. In contrast, preliminary data on breast cancer

(Barnes et al. unpublished) indicates no correlation 
between PCNA index and prognosis or other 
indices of proliferation.

In several studies, the number of PCNA immuno
reactive cells within tumours exceeded that expected. 
Furthermore, in 6 of 16 cases of pancreatic tumour 
examined, there was a dramatic increase in the 
number of PCNA immunoreactive cells in sur
rounding, histologically normal, parenchyma. 
Four of the tumours were ductal adenocarcinomas 
and two were islet cell tumours (insulinomas).
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Similarly, examination of histologically normal 
breast tissue adjacent to carcinoma of the breast 
showed, in 17 of 23 cases, dramatically increased 
PCNA expression (Fig. 5).

D ISC U SSIO N

Proliferating cell nuclear antigen (PCNA) has 
also been known as cyclin '̂*’̂  ̂or as auxiliary protein 
for D N A  polymerase Microinjection of
antibodies to PCNA^^ and the use of anti-sense 
oligonucleotides^® suggest that PCNA is an essential 
requirement for D N A  synthesis and has also been 
shown to be required for leading strand synthesis in 
SV40 virus replication.^' PC N A  functions as a 
co-factor for D N A  polymerase in D N A  synthe
sis, but may also be involved in unscheduled D N A  
s y n t h e s i s . P C N A  is highly conserved through
out phylogeny, being present in plants, yeast and 
higher eukaryotes.PC N A  has been reported to be 
a cell-cycle regulated protein when examined by 
immunofluorescence.^

Immunofluorescent studies of cultured cells have 
indicated that there are two populations of PCNA  
present during S phase: '̂ nucleoplasmic PCNA  
corresponds to the PCNA present at low levels in 
quiescent cells that are capable of cell division, and 
is not apparent in cells fixed in organic solvents such 
as methacarn. The second form of PCNA is associ
ated with sites of D N A  replication and cannot be 
extracted with organic solvents. This may explain 
our observation that only granular staining is seen 
in methacarn fixed tissues representing replication 
site associated PCNA. Differences between some 
reports on the use of autoantibodies and mono
clonal antibodies may reflect differences in the 
epitopes r e c o g n i z e d . D i f f e r e n c e s  in section 
preparation and fixation may also be of importance.

Recent data suggest that there are only small 
changes in the total level of PC N A  in the cell cycle 
(perhaps only two to three fold), but there is a 
dramatic alteration in the proportion associated 
with replication sites, particularly in S phase . The  
amount of PCNA present in the nucleus of cycling 
cells appears to be greater than that required for 
D N A  synthesis.In long-term quiescent cells PCNA  
is undetectable by immunoblotting methods, but it 
is present at low levels (10 per cent that in cycling 
cells) in cells capable of division. A final point of 
note is that the half-life of PC N A  protein is about 
20 h '̂ and thus it may be immunologically detect

able in cells that have recently left the cell cycle. The 
data presented in this current report are largely in 
accord with these biochemical and cell biological 
observations.

The spatial distribution of PC N A  immunoreac
tive cells in normal proliferating tissues is exactly as 
one would expect with a marker of cell proliferation. 
That occasional mitoses do not stain cannot at 
present be explained. The possibility that these 
relate to artefacts of fixation or processing seems 
unlikely since stained and unstained mitoses can be 
seen within the same section, sometimes in close 
proximity. The presence of weak staining above the 
generally accepted highest point in gastrointestinal 
crypts for proliferating cells probably reflects the 
relatively long half-life of the PCNA protein and the 
rapid migration of gastrointestinal cells. These 
simple observations from histological material 
are supported by the cell biological experiments 
presented here. O f particular importance are the 
induction of PCNA immunoreactivity in phyto
haemagglutinin stimulated human peripheral blood 
mononuclear cells in parallel with bromodeoxyuri
dine labelling, and the reduction of staining of HL60  
cells with PCIO and Ki67 that occurs in parallel after 
induction of macrophage differentiation by phorbol 
esters. Similar results have been reported using 
auto-antibodies.^’̂  Finally, the observation that 
there is a linear relationship between the number of 
cells showing PCNA and the number showing Ki67 
immunoreactivity in nodal lymphoid neoplasms, or 
PCNA immunoreactivity and the S phase fraction 
as determined by flow cytometry in gastrointestinal 
lymphomas,^* also supports the notion that PCNA  
immunoreactivity is a marker of cell proliferation in 
fixed histological material. This is further supported 
by recent data from Alison et al. (in preparation) 
where there is a close spatial and numerical 
correlation between PCNA immunoreactivity and 
thymidine incorporation into normal rat tissues 
and those stimulated to proliferate by exogenous 
factors, such as isoproterenol treatment which 
induces proliferation in the salivary gland.

In contrast to these data supporting the notion 
that PCNA expression can be used as an operational 
marker of cell proliferation, a number of other 
results require further consideration. Firstly, there 
is an apparent difference between primary cells (e.g. 
kératinocytes and peripheral blood monocytes) and 
established cell lines. Peripheral blood monocytes 
and kératinocytes show a close relationship between 
PCNA immunoreactivity and other parameters of 
cell proliferation. In contrast this is not apparent
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with established cells lines. This may simply reflect 
the relatively long half-life of the PCNA protein or 
may require a more complex explanation. Secondly, 
although there is a linear correlation between Ki67 
and PCNA immunoreactivity in nodal lymphoma 
and between S phase fraction and PCNA staining 
in gastrointestinal l ymphoma, recent  studies of 
gastric cancer,^  ̂breast cancer (Barnes et al. unpub
lished) and of haemangiopericytomas^^ have shown 
that the correlation between S phase fraction 
and PCNA immunoreactivity is very poor. In all 
these situations there appear to be more PCNA  
immunoreactive cells than would be expected.

The final intriguing observation is that in histo- 
pathologically normal tissues adjacent to tumours 
there is in some, but not a ll cases, a dramatic 
increase in immunohistologically detectable PCNA- 
containing cells (Fig. 5). This has been observed in 
breast lobules adjacent to breast tumours, as well as 
in pancreatic exocrine parenchyma adjacent to 
exocrine and endocrine tumours of the pancreas. 
PCNA expression is regulated at both the transcrip
tional and post-transcriptional level, in particular 
by alterations in m RNA s t a b i l i t y . R e c e n t  
evidence suggests that growth factors can induce 
increased PCNA m R N A  stability and consequently 
PCNA e x p r e s s i o n . O u r  observations might 
then be explained by postulating that some of the 
tumours are actively secreting PDG F, or similar 
growth factors, that are stabilizing the PCNA  
m RNA and thus inducing PCNA protein accumu
lation in the surrounding normal cells without 
necessarily inducing D N A  synthesis. Such a 
hypothesis is consistent with observations made in 
chimaeric mice where recruitment of surrounding 
cells by factors elaborated by tumour cells is seen to 
occur.^  ̂ Autocrine and paracrine growth factor 
mediated regulation of PCNA expression may also 
explain the excess of PCNA immunoreactive cells 
seen in certain tumours.

In conclusion, we have demonstrated, firstly, that 
PCIO immunostaining can demonstrate the proli
ferative compartment of conventionally fixed and 
processed normal tissues. Secondly, the interpret
ation of PCNA immunoreactivity requires careful 
consideration of the length of fixation of the tissues 
and the way in which sections are prepared. Finally, 
there remain some doubts as to the relationship 
between PCNA expression and cell proliferation in 
the context of, at least some forms of, neoplasia. It  
may be that this can be explained, in part, by the 
long half-life of PCNA. In addition it is possible 
that the control of PCNA expression may be

deregulated, within and adjacent to some types of 
tumour, perhaps by the autocrine secretion of 
growth factors.
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Introduction

Cell divisions during embryonic development give rise 
to new differentiated cell types or increase the total 
number of cells in the embryo. In  contrast, the major 
role of cell division in adult life is to maintain the 
number of differentiated cells at a constant level: to 
replace cells that have died or been lost through injury.

The rate at which new cells are produced in the adult 
is a measure of how rapidly the cell population is 
turning over and, on this basis, tissues can be divided 
into three broad categories (Leblond, 1963). In  tissues 
with static cell populations, such as nerve and skeletal 
muscle, there is no cell division and most of the cells 
formed during development persist throughout adult 
life. In  tissues containing conditional renewal popu
lations, such as liver, there is generally little cell 
division, but in response to an appropriate stimulus 
most cells can divide to produce daughters of the same 
differentiated phenotype. Finally, tissues with perma
nently renewing populations, including blood, testis 
and stratified squamous epithelia, are characterized by 
rapid and continuous cell turnover in the adult: the 
terminally differentiated cells have a short lifespan and 
are replaced through proliferation of a distinct sub
population of cells, known as stem cells.

The simplest definition of a stem cell is that it is any 
cell with a high capacity for self-renewal, extending

throughout adult life. In  addition, stem cells are usually 
considered to have the potential to produce differen
tiated progeny and, as such, a stem cell may have a less 
‘mature’ or less ‘differentiated’ phenotype than its 
daughters (Lajtha, 1979). Using these criteria, most of 
the progenitor cell populations that arise during embry
onic development are not stem cells, since they do not 
self-renew; however, as we shall describe, they have a 
number of properties in common with the stem cells of 
adult organisms, including differentiation potential and 
capacity for asymmetric cell division.

Three adult mammalian tissues in which stem cells 
have been extensively studied are the haemopoietic 
system, the epidermis and intestinal epithelium. In  our 
review, we shall begin by describing these stem cell 
populations: the evidence that they exist; their identifi
cation, location and differentiated progeny. Three com
mon features that emerge are illustrated in Fig. lA .  
First, stem cells have the capacity for unlimited self
renewal, in the context of the lifespan of the organism. 
Second, they have the potential for asymmetric div
isions, such that one daughter is itself a stem cell while 
the other is committed to undergo terminal differen
tiation. Third, the differentiation process is irreversible, 
since the daughters of a cell that is committed to 
terminal differentiation are never stem cells.

In  haemopoiesis and in intestinal epithelium, the 
stem cells are pluripotential, giving rise to more than
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one type of differentiated cell. In the epidermis, in 
contrast, there appears to be only a single pathway of 
terminal differentiation (Fig. IB). In all three tissues, 
there is evidence that differentiation of stem cell 
progeny occurs via transit amplifying, or progenitor, 
populations that have a more limited capacity for self
renewal (Fig. IB).

We shall discuss what is known of the mechanisms 
that regulate these aspects of stem cell behaviour, 
drawing on the properties of analogous cells in a range 
of other tissues and organisms.

Stem  cells in adult self-renew ing tissues

Haemopoiesis
The terminally differentiated cell types of blood, shown 
in Fig. 2, are all derived from pluripotential stem cells 
that are located in bone marrow. The first evidence for 
the existence of such a stem cell population came from 
experiments in which bone marrow cells from healthy 
mice were injected into mice that had received lethal 
doses of radiation (Ford et al. 1956; Till & McCulloch, 
1961). The donor marrow was able to reconstitute all 
the differentiated blood cell types in the host and, when 
low numbers of cells were injected, colonies derived 
from single marrow cells (CFU-S) were found to 
contain both myeloid and erythroid cells (Wu et al. 
1968). The use of chromosome markers induced by 
radiation or retroviral integration has confirmed that

A

cells of myeloid and lymphoid lineages can all be 
derived from a single cell with high self-renewal ca
pacity (Abramson et al. 1977; Joyner et al. 1983; 
Williams et al. 1984; Dick et al. 1985; Lemischka et al.
1986).

The haemopoietic stem cells do not give rise to 
terminally differentiated cells directly, but via prolifer
ating progenitor populations, as illustrated in Fig. 2. In 
this way, a relatively small number of stem cells 
(estimated as 0-4 % of the total population of haemo
poietic cells; Lord & Testa, 1988) can give rise to a large 
number of terminally differentiated cells (Lajtha, 1979). 
Identification of the progenitors and investigation of the 
mechanisms regulating their proliferation and differen
tiation have been made possible by the development of 
cell culture systems that support the proliferation of 
CFU-S and differentiation along multiple cell lineages 
(Pluznik & Sachs, 1965; Bradley & Metcalf, 1966; 
Dexter er a/. 1977).

Although the existence of haemopoietic stem cells is 
well established, their identification has proved diffi
cult. The strategy has been to separate subpopulations 
of marrow cells on the basis of buoyant density, 
sensitivity to antimitotic agents or expression of cell 
surface antigens, and to look for enrichment of stem 
cells on the basis of in vitro  or marrow reconstitution 
assays. In mouse, the following profile of the bone 
marrow reconstituting cells is emerging: they do not 
express any markers of either granulocyte, macro
phage, B or T  cell lineages (Müller-Sieburg et al. 1988),

1 .Unlimited capacity for self-renewal

2 .Asymmetry of fate of progeny

3. Irreversibility / unidirectionality
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but bind wheat germ agglutinin (Visser et al. 1984; Lord 
& Spooncer, 1986), express low levels of Thy-1 (Müller- 
Sieburg et al. 1988) and express a surface antigen called 
SCA-1 (for Stem Cell Antigen 1) (Spangrude et al. 
1988). In humans, 1 -4%  of the marrow cells bear the 
CD34 antigen; these cells include virtually all the stem 
cells detected by in vitro assays, and baboon cells 
bearing CD34 are able to reconstitute the marrow of 
irradiated animals (Berenson et al. 1988). However, 
although subpopulations of bone marrow cells that 
contain haemopoietic stem cells can be defined, no 
unique markers of stem cell populations have yet been 
identified.

Cells within the bone marrow appear to lack the high 
degree of spatial organization characteristic of cells in 
epithelia. Nevertheless, studies of the distribution of 
different subpopulations of bone marrow cells suggest 
that it is not random (Western & Bainton, 1979; Lord & 
Testa, 1988). In mouse femur CFU-S with the highest 
self-renewal capacity, which are turning over very 
slowly, are found in the centre, while most CFU-S 
proliferation takes place in the vicinity of the bone. 
GM-CFCs are concentrated close to the bone surface, 
whereas maturing granulocytic cells accumulate 
towards the centre of the marrow space (Lord & Testa,
1988). A similar distribution has been reported in 
human rib (Testa, 1985).

Epidermis
The epidermis comprises multiple layers of epithelial 
cells, called kératinocytes (Fig. 3). The deepest layer, 
which is adherent to a basement membrane, contains 
most of the cells that are capable of dividing. Kératino
cytes that leave the basal layer no longer divide and 
they undergo terminal differentiation as they move

towards the tissue surface. The end-point of the differ
entiation pathway is an anucleate, keratin-filled squame 
that is specialized to protect the underlying living cell 
layers from desiccation and mechanical damage. 
Squames are continuously shed from the surface of the 
epidermis and are replaced through proliferation of 
cells in the basal layer. In order that the epidermis 
remains a constant thickness, the rates of cell pro
duction and cell loss must be equal.

A number of observations suggest that not all of the 
kératinocytes that are capable of dividing are stem cells. 
For example, when mouse epidermis is severely 
damaged by radiation (Withers, 1967; Potten & 
Hendry, 1973) only about 10 % of the basal kératino
cytes have sufficient proliferative potential to form 
recognizable foci of new epidermis. These clonogenic 
cells have been interpreted as constituting the stem cell 
population, whereas the further 50 % of basal cells that 
are capable of dividing may constitute a transit amplify
ing (progenitor) population. The remaining 40% of 
cells in the basal layer are presumably postmitotic and 
committed to terminal differentiation (Iversen et al. 
1968; Potten & Morris, 1988; Fig. 3).

Further evidence for proliferative heterogeneity has

Terminal differentiation 
and upward migration

t
Stem.transit.post-mitotic
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come from studies of cultured human epidermal kéra
tinocytes. Sheets of cultured cells grafted onto suitable 
recipients form epidermis that persists for years, indi
cating that stem cells are not lost in culture (Gallico et 
al. 1984). However, only a small proportion of the cells 
in culture undergo extensive proliferation; the rest 
either fail to divide or form small abortive colonies in 
which all the cells terminally differentiate (Barrandon 
& Green, 1987/?). Experiments in which the clone- 
forming ability of cells isolated from parental clones 
that differed in growth potential were examined indi
cate that transitions from clones of high growth poten
tial to those with none occur in culture and are 
unidirectional (Barrandon & Green, 1987/?; and see 
Fig. lA).

Although extensive proliferation in culture or during 
recovery from radiation is thought to be characteristic 
of epidermal stem cells, there is evidence that under 
normal steady-state conditions the stem cells divide 
more slowly than the transit amplifying population. 
Thus kinetic analysis of mouse epidermis and in vitro 
experiments with cultured human kératinocytes suggest 
that stem cells have a longer cell cycle time and shorter 
S phase than transit amplifying cells, and that they 
retain [^Hjthymidine for much longer than the transit 
population (Bickenbach, 1981; Dover & Potten, 1983; 
Clausen et al. 1984; Jensen et al. 1985/?; Morris et al. 
1985; Albers et al. 1986). In addition, cells with stem
like characteristics (high capacity for self-renewal) are 
resistant to treatments that induce premature terminal 
differentiation in culture, such as exposure to TPA or 
cultivation in suspension (Parkinson & Emmerson, 
1982; Parkinson et al. 1983; Hall & Watt, in prep
aration). However, although stem and transit amplify
ing kératinocytes can be distinguished by these func
tional criteria there are, to date, no molecular markers 
for each subpopulation.

In some stratified epithelia, there is evidence that the 
stem cells occupy a specific location within the basal 
layer. In the cornea, the stem cells appear to be located 
at the limbus (Schermer et al. 1986; Cotsarelis et al.
1989) and, in tongue papilla, they are found in those, 
regions of the basal layer that project deeply into the 
underlying connective tissue (Hume & Potten, 1976). 
During wound healing, interfollicular epidermis can be 
regenerated from the outer root sheath of the hair 
follicles, suggesting that this is a source of stem cells 
(Lenoir et al. 1988). The basal layer in human and 
primate epidermis is not flat, but undulates, and there is 
some evidence that the stem cells -  identified as-slowly 
cycling cells -  are located in the troughs (Lavker & Sun, 
1983).

In some regions, such as the dorsal skin of the mouse, 
the basal layer is flat and kératinocytes in the suprabasal 
layers are arranged in columns, like a stack of coins 
(Mackenzie, 1970; Christophers, 1971). It has been 
proposed that each stack corresponds to an epidermal 
proliferative unit (EPU ), consisting, in the basal layer, 
of a stem cell surrounded by 5 -6  transit amplifying cells 
and less than four postmitotic cells (i.e. committed to 
terminal differentiation) (Potten, 1974, 1981). The

TO  V ILLU S
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model is based on cell kinetic analysis and is supported 
by the findings that the basal cells that retain pHjthymi- 
dine (putative stem cells -  see earlier) lie at the centre 
of the stacks of suprabasal cells in mouse dorsal 
epidermis (Morris et al. 1985) and that gap junctional 
communication compartments are approximately the 
same size as EPUs (Pitts et al. 1988). However, a 
columnar arrangement of kératinocytes is lacking in 
most body sites, and the pattern of mosaicism revealed 
in the epidermis of chimaeric mice is not consistent with 
the EPU model (Schmidt et al. 1987).

Gastrointestinal epithelium
The lining of the small intestine is a monolayer of 
epithelial cells organized into crypts and villi (Fig. 4). 
Cell proliferation is confined to the crypts; differen
tiated cells migrate to the surface and are shed from the 
tips of the villi. There are four differentiated cell types: 
Paneth cells at the base of the crypts and columnar, 
goblet and entero-endocrine cells in the rest of the 
crypts and on the villi; none of these mature cells 
divide, suggesting that they are renewed by prolifer
ation of a stem cell population. Evidence for the 
existence of a single stem cell compartment generating 
all four types of progeny came first from the observation 
that, after radiation-induced cell death, surviving pro
liferative cells phagocytose cell debris and the phago
somes can be used as markers of their progeny; within 
30 h phagosomes are found in all the differentiated cell
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types (Cheng & Leblond, 1974). Further evidence that 
intestinal stem cells are pluripotential comes from the 
finding that lines derived from single human adenocar
cinoma cells can differentiate into columnar, goblet and 
entero-endocrine cells in culture (Huet et al. 1987; 
Kirkland, 1988).

The stem cells are thought to be located at or near the 
base of each crypt, since proliferating cells higher in the 
crypt migrate upwards and are not therefore permanent 
residents (Potten et al. 1987). It has been proposed that 
stem cells give rise to committed progenitors for each 
differentiated cell type (Cheng & Leblond, 1974; see 
Fig. 4). Kinetic studies suggest that there are 4-16 stem 
cells per crypt (Potten & Loeffler, 1987; Potten et al.
1987). However, studies with mouse aggregation chim
eras or mice heterozygous for markers that can be 
detected histochemically show that the epithelium of 
individual crypts in the small and large intestine of adult 
mice is always composed of cells of a single parental 
type, and hence that each crypt is probably derived 
from (and maintained by) a single stem cell during 
development (Ponder et al. 1985; Griffiths et al. 1988; 
Schmidt et al. 1988; Winton et al. 1988). In adult colonie 
epithelium there is evidence that each crypt is main
tained by proliferation of one stem cell (Griffiths et al. 
1988; Winton et al. 1988; Fig. 5). No molecular markers 
for intestinal stem cells have so far been reported.

G eneral characteristics of stem  cells

In the previous sections, we described evidence for the 
existence of stem cells in bone marrow, epidermis and 
intestinal epithelium, and what progress has been made 
towards their identification. In all three tissues, a 
relatively small number of stem cells give rise to a large 
number of terminally differentiated cells via a transit
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amplifying (progenitor) population and the stem cells 
differ from their progeny in phenotype and /o r  location. 
In each tissue, the processes of stem cell renewal and 
production of differentiated progeny must be tightly 
coordinated, in order to meet the varying requirements 
of the body for differentiated cells. These common 
features enable us to ask a number of general questions 
about stem cells:-

1. What mechanisms determine asymmetry of fate, 
such that stem cells produce both stem cells and 
daughters committed to terminal differentiation?

2. What mechanism allows for unlimited self-renewal 
of stem cells, but a finite number of rounds of division 
within the transit/progenitor populations?

3. Is differentiation from the stem cell compartment 
irreversible?

Observations from a range of different tissues and 
organisms provide partial answers to these questions.

A sym m etric  d ivisions

One feature of all three stem cell systems is their 
capacity to produce both stem cells and cells that are 
committed to terminal differentiation, represented 
symbolically as A  + B. This can, theoretically, be 
achieved in two ways. In the first, the outcome of every 
division is predetermined and invariant: A—» A -t- B. In 
the second, individual stem cell divisions may have 
different outcomes, such that A -^ A-hA or B -I- B or 
A -I- B, but, on a population basis, the end result is the 
production of equal numbers of A and B. This second 
situation could arise in three ways: if the outcome of 
each division is stochastic; if it is environmentally 
regulated; or if the stem cell population is hetero
geneous.

Some of the best examples of invariant asymmetric 
divisions are found in yeast, Caenorhabditis elegans and 
plants, in which lineage maps of cell fate can be 
constructed. In cases where lineage is not the sole 
determinant of the outcome of divisions, such as in 
adult mammalian tissues, in Hydra  and certain C. 
elegans tissues, some progress has been made in ident
ifying regulatory factors.

Predeterm ined asym m etry

Yeast
Yeast cells can either be haploid or diploid, the diploid 
state resulting from fusion of two haploid cells that 
differ in mating type. Although the progeny of haploid 
cells normally inherit the mating type of the parental 
cell, switching of mating type can occur. It is the ability 
to switch that is inherited asymmetrically (Strathern & 
Herskowitz, 1979; Nasmyth, 1983; Klar, 1987a; Nas
myth & Shore, 1987).

In the budding yeast, Saccharomyces cerevisiae, only 
the mother cells, and not their daughters (the buds), 
have the ability to switch mating type. Mating type is 
determined by gene conversion at a specific locus.
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which occurs through the action of a specific endonu
clease, encoded by the H O  gene, such that the gene 
conferring one mating type is excised and replaced with 
a copy of the gene conferring the other type (Hicks &  
Herskowitz, 1976). H O  expression and mating-type 
switching are restricted to a short period in late G i, 
after the cell has become committed to another mitotic 
cycle (Nasmyth, 1983). H O  transcription is controlled 
both positively and negatively by the products of 
several other genes, at least one of which interacts 
directly with the H O  promoter (Nasmyth et al. 1987; 
Sternberg et al. 1987). The ability of mother, but not 
daughter, cells to transcribe H O  appears to be due to 
asymmetric distribution of these gene products at div
ision (Klar, 19876).

In the fission yeast, S. pombe, mating type switching 
occurs such that of the four progeny of a single cell 
obtained after two generations, only one is switched; in 
other words, only one of the two daughters in the first 
generation is competent to produce a switched cell in 
the subsequent generation. As in S. cerevisiae, mating 
type is determined by gene conversion but, in S. pombe, 
the ability to switch is inherited chromosomally, not 
through unequal distribution of cytoplasmic or nuclear 
factors (Egel, 1984; Klar, 1987a,6). Current models 
suggest that asymmetry results from inheritance of 
nonequivalent parental D N A  molecules (Klar, 
1987a,6).

Caenorhabditis elegans
C. elegans development occurs via an essentially in
variant sequence of cell divisions and lineage maps of 
the origin of every cell in the adult organism can be 
constructed (Sulston, 1988). There is some evidence 
that stem-cell-like lineages underlie normal develop
ment. For example, in the V  lineages of the lateral 
hypoderm, each seam cell divides repeatedly to gener
ate one seam cell and one syncytial cell (Sulston &  
Horvitz, 1977). Similarly, the original zygote divides to 
produce one totipotent cell at each division that eventu
ally generates a single cell that is solely responsible for 
producing the entire germ line (Sulston et al. 1983).

A  major step towards understanding the genetic basis 
of C. elegans cell lineage has been the identification and 
characterization of mutations in the genes involved in 
causing sister cells, or mother and daughters, to have 
different fates (Horvitz, 1988). For example, in many of 
the lineages affected by unc-86 mutations one of the two 
daughters of a division fails to express its normal fate 
and retains the fate of its own mother cell; this results in 
a stem-cell-like lineage (Chalfie et al. 1981). lin-17  
mutations result in both sister cells expressing the same 
fate (Sternberg &  Horvitz, 1988), and, in lin-14  mu
tations, certain cells express fates that would ordinarily 
be expressed earlier or later in larval development 
(Ambros &  Horvitz, 1984, 1987).

What are the mechanisms o f  predetermined asymmetric 
divisions?
S. cerevisiae and S. pombe  provide examples of two 
possible mechanisms for producing daughters that dif

fer in fate: either that some determining factor (cyto
plasmic or nuclear) is inherited asymmetrically or that 
the parental D N A  strands are different (nonequiva
lent). In  S. cerevisiae unequal partitioning of the factors 
that regulate H O  transcription may occur at mitosis 
(Klar, 19876). Possible mechanisms resulting in non
equivalence of D N A  strands include asymmetric méth
ylation of specific loci (Monk, 1988) or asymmetric 
binding of transcription factors (M iller et al. 1985; 
Weintraub, 1985). There is circumstantial evidence for 
genomic imprinting in Aspergillus (Rosenburger &  
Kessel, 1968) and the stem cells of plant meristems such 
as Zea mays (Barlow, 1978). However, in early C. 
elegans development the parental D N A  strands segre
gate randomly (Ito  &  McGhee, 1987).

Nonequivalence of D N A  strands is a central feature 
of the immortal strand hypothesis of Cairns (1975), 
which proposes that, during an asymmetric stem cell 
division, the new stem cell always retains the parental 
D N A  strand, while the daughter that is destined to 
differentiate inherits the newly synthesized strand. This 
would provide a means for protecting stem cell D N A  
from errors during the replication process. [^Hjthymi- 
dine labelling patterns in mouse intestinal crypts and 
tongue papillae are consistent with the hypothesis 
(Potten et al. 1978), but it remains to be proven.

One final mechanism that might ensure asymmetry of 
fate of stem cell progeny would be for spatial location to 
determine fate. The cell that retained the position of the 
parental cell would itself be a stem cell, while the other 
cell would be committed to differentiate. This, how
ever, implies environmental regulation of cell fate (see 
later) and would only constitute a predetermined out
come in the sense that the relative positions of the two 
daughters are fixed; for example, in the root-tip of the 
water fern A zo lla  (Gunning et al. 1978).

Asymmetry without lineage involvement

Stochastic events
One approach to investigate whether the outcome of 
stem cell divisions is stochastic is to isolate individual 
stem cells, place them in culture under identical con
ditions, and analyse the fate of their progeny. I f  the 
stem cells are all equivalent yet found colonies contain
ing different proportions of self-renewing and differen
tiating progeny, and different types of differentiated 
progeny, this would argue that fate is acquired ran
domly. Experiments that address this question in the 
haemopoietic system have been carried out by Johnson 
&  Metcalf (1977,1979) and Suda et al. (1984). The liver 
is a site of haemopoiesis in foetal mice and individual 
cells from this tissue are able to form colonies contain
ing, in addition to erythroid cells, macrophages, neutro
phils, megakaryocytes or eosinophils (Johnson &  M et
calf, 1977). Single cells isolated from fractionated foetal 
peripheral blood were grown to clones of 3 -8  cells; 
individual cells were then cultured separately and the 
differentiation status of their clones assayed after sev
eral days. The experiments showed that within the first
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three divisions of a haemopoietic stem cell and its 
progeny, at least one cell with pluripotentiality can be 
produced and at least two committed progeny can arise 
from the two or three divisions (Johnson &  Metcalf, 
1979). Similarly, Suda et al. (1984) demonstrated that 
the two daughters of a CFU-S can differentiate along 
different lineages. Since it must be assumed that the 
cellular environment was the same for each cell, the 
experiments show that self-renewal and commitment 
can occur in the absence of a directive environmental 
influence.

Stem cell heterogeneity
Another mechanism that would ensure that stem cell 
divisions produce both stem cells and differentiated 
cells would be if the stem cell population is hetero
geneous, with some stem cells having a high probability 
of self-renewal and others a high probability of differen
tiation. There is evidence for heterogeneity of haemo
poietic stem cells in their ability to self-renew and 
repopulate irradiated bone marrow (Goodman et al. 
1977; Heilman et al. 1978; Harrison et al. 1987a). This 
has led to the proposal that the stem and transit 
populations are not discrete (as shown in Fig. 2), but 
represent a continuum from cells of high self-renewal 
capacity and low probability of differentiation to those 
of low self-renewal capacity and high commitment to 
differentiation (Goodman et al. 1977; Heilman et al. 
1978; Brown et al. 1989).

One source of heterogeneity could be stem cell aging. 
This has not been observed for haemopoietic cells 
within the lifetime of individual animals, since the 
repopulating capacity of foetal, young or old mouse 
marrow is the same (Lajtha &  Schofield, 1971; Harrison 
et al. 1978, 1984). However, there is a decrease in self
renewal capacity with serial transfer of murine haemo
poietic stem cells between animals (Siminovitch et al. 
1964; Cudkowicz et al. 1964; Harrison, 1973; Harrison 
&  Astle, 1982; Ogden &  Micklem, 1976). Barrandon &  
Green (19876) have observed a decrease in the pro
portion of human kératinocytes capable of sustained 
self-renewal in culture with increasing donor age.

The clonal succession model of Kay (1965) proposes 
that there is sequential activation of stem cells during 
the lifespan of an organism. This is supported by the 
observations of Lemischka et al. (1986) and Mintz et al. 
(1984). Lemischka et al. used retrovirus-mediated gene 
transfer to mark haemopoietic stem cells and follow 
their fate after transplantation into lethally irradiated 
recipients. In most cases, 1 or 2 stem cell clones 
accounted for the majority of the mature haemopoietic 
cells at any one time, and different clones were active at 
different times in the life of the animals. M intz et al. 
used a mixture of haemopoietic stem cells from two 
normal mice strains to repopulate mouse foetuses from 
a third strain with a defect in haemopoiesis. In  some 
mice, there was a regular and complementary rise and 
fall in the proportion of haemopoietic cells of the two 
normal genotypes, thus supporting the clonal suc
cession model. However, Harrison et al. (19876, 1988), 
also studying haemopoiesis in chimaeric mice, have

obtained evidence that many stem cells are active 
simultaneously, and the reason for the discrepancy is 
unclear.

Environm ental regulation
Although development of C. elegans is largely in
variant, there is good evidence for the existence of small 
groups of cells, known as equivalence groups, which 
arise from very similar lineages and share the same 
potential. In  such groups, cell interactions result in 
member cells following different developmental path
ways and, if these interactions are perturbed exper
imentally, the differentiation fate of the cells is altered. 
Two examples of this are vulval development (Stern
berg &  Horvitz, 1986; Sternberg, 1988) and the regu
lation of meiosis in the adult germ line (Austin &  
Kimble, 1987). In the vulva, the fate of each precursor 
cell depends on a combination of two intercellular 
signals: an inductive signal from the anchor cell and a 
lateral inhibitory signal from neighbouring precursor 
cells. Mutations in the lin - \2  locus affect vulval develop
ment (Greenwald et al. 1983) and this gene encodes a 
putative transmembrane receptor with epidermal 
growth factor-like repeat sequences (Yochem et al.
1988). In  the germ-line, interaction with a somatic cell, 
the distal tip cell, is required for continued mitosis; if 
the distal tip cell is removed, all germ cells enter meiosis 
and form gametes. The product of a wild-type gene glp- 
1 is required for germ cell mitoses. In mutants of glp-1, 
the distal tip cell is present, but there is a defect in the 
response of cells to the signal; the defect appears to 
involve a transmembrane receptor (Austin &  Kimble,
1987).

In  H ydra  all the differentiated somatic cell types and 
the male and female gametes are derived from a 
population of multipotent interstitial stem cells which 
have an extensive capacity for self renewal (Bosch &  
David, 1987; David et al. 1987). The number of the stem 
cells in different body regions differs: most are found in 
the stalk with few in the arms or foot. In  H ydra, 
environment rather than lineage plays the major role in 
determining the fate of stem cell progeny: spatial 
variation in the distribution of different differentiated 
cell types is a consequence of local commitment follow
ing stem cell migration. A  peptide called head activator 
has been isolated which is secreted by nerve cells and 
causes stem cells to differentiate into nerve cells 
(Schaller &  Bodenmuller, 1981). Head activator is 
required for head, as opposed to foot, growth and 
differentiation. In addition, there is an inhibitory ac
tivity originating in the head and preventing head 
formation elsewhere in the body -  this inhibitory effect 
is perturbed when gap junctional communication is 
blocked (Fraser et al. 1987).

A  further example of environmental influence on 
stem cell behaviour in H ydra  is the mechanism ensuring 
that the ratio of stem cells to epithelial cells is constant. 
I f  the number of interstitial stem cells is experimentally 
reduced, there is a rapid increase in the size of the stem
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cell population until the normal stem cell density is 
achieved. This is achieved by an increase in the prob
ability of self-renewal of the stem cells (David et al.
1987). Similar homeostatic mechanisms presumably 
maintain stem cell density in other organisms, but they 
have still to be identified.

The studies on H ydra  and on C. elegans equivalence 
groups point to the importance of cell-cell interactions 
involving diffusible signals. In  haemopoietic tissues and 
epidermis, there is also strong evidence that diffusible 
molecules, specifically growth factors, regulate stem 
cell behaviour.

A  number of different growth factors, produced by 
the marrow stroma (and other cell types), are required 
for haemopoietic cell survival, differentiation and pro
liferation (Clark &  Kamen, 1987; Dexter &  Spooncer, 
1987; Sachs, 1987; Metcalf, 1989). They include the 
major myeloid growth factors interleukin 3, granulo
cyte-macrophage colony-stimulating factor (CSF), gra
nulocyte CSF and macrophage CSF. They act at differ
ent levels in the differentiation pathway and have 
different target cells, some acting on multiple lineages 
while others are restricted to a single lineage. Interac
tions between different factors maintain the correct 
balance between the different differentiated cell types 
and between stem cells, progenitors and terminally 
differentiated cells (Heyworth et al. 1988). Each growth 
factor binds to specific receptors, and the binding of a 
growth factor to its receptor can lead to down-regu- 
lation of expression of receptors for other growth 
factors (W alker et al. 1985). Stem cells appear to have 
receptors for all the growth factors and there is selective 
loss of particular receptors as their progeny become 
committed progenitors (Heyworth et al. 1988). Factors 
that inhibit proliferation of haemopoietic stem cells 
have also been reported (Lord et al. 1976; Lenfant et al.
1989).

As in haemopoietic tissue, there is evidence that 
proliferation of epidermal cells is controlled by growth 
stimulatory and inhibitory factors (reviewed by Watt,
1988). E G F  and TGFcr increase the number of cell 
generations in cultures of human kératinocytes without 
increasing the growth rate (Rheinwald &  Green, 1977) 
and stimulate lateral migration of proliferative cells at 
the periphery of expanding colonies (Barrandon &  
Green, 1987a). T G F ^  inhibits proliferation and causes 
growth arrest in G% (Shipley et al. 1986). Whereas in 
haemopoiesis the target cells for different growth fac
tors have been defined, it is unclear in the epidermis 
whether any of the growth regulatory molecules show 
specificity towards stem or transit amplifying cells 
(Jensen et al. 1985a). However, it is known that 
kératinocytes synthesize molecules that regulate their 
own growth (e.g. TGFor and 13) and that the level of 
expression can change in response to environmental 
stimuli (Coffey et al. 1987; Akhurst et al. 1988). It  has 
also been proposed that gap junctional communication 
may play a role in epidermal growth regulation (Pitts et 
al. 1988). Less is known about the effect of growth 
regulatory molecules on intestinal epithelial cells, but it 
has recently been shown that T G F ^  is produced by

terminally differentiated cells at the tip of the villus and 
inhibits crypt cell proliferation (Barnard et al. 1989).

Diffusible molecules are not the only factors that 
regulate stem cell behaviour, and evidence is accumu
lating for the importance of the extracellular matrix. In  
bone marrow the haemopoietic stem cells and progeni
tors are in initimate contact with stromal cells. In  long 
term cultures of bone marrow, the feeder layer of 
stromal cells (Fig. 6) can support haemopoiesis even 
when glutaraldehyde-fixed (Roberts et al. 1987) and can 
be replaced by a combination of extracellular matrix 
proteins and growth factors. Heparan sulphate in the 
matrix specifically binds erythropoietin and IL-3 and 
the bound growth factors retain biological activity 
(Gordon et al. 1988; Roberts et al. 1988). The obser
vations that growth factors can regulate production of 
extracellular matrix components (e.g. IL-3 stimulates 
synthesis of a human eosinophil proteoglycan; Rothen- 
berg et al. 1988) and that cells at different stages of 
haemopoietic differentiation differ in adhesiveness to 
the marrow stroma (reviewed by Gordon, 1988) point 
to synergism between extracellular matrix molecules 
and growth factors.

One interesting experimental model for investigating 
interactions between haemopoietic stem cells and the 
marrow stroma is provided by two mutant mouse 
strains that both develop macrocytic anaemia (McCul- 
loch et al. 1964, 1965). Lesions in W /W  mice are 
thought to be due to intrinsic defects in the haemopoi
etic cells, whereas in SI/SI mice the defect is in the 
haemopoietic microenvironment. I f  W  stroma is com
bined with SI marrow in culture there is sustained 
production of differentiated haematopoietic cells, but 
SI stroma plus W  stem cells (or indeed, VF- I - W  or 
Sl-^Sl) does not (Dexter &  Moore, 1977). The W  locus 
encodes a transmembrane receptor with tyrosine kinase 
activity {c-kit) and it has been proposed that its ligand, 
possibly an extracellular matrix component (Morrison- 
Graham &  Weston, 1989), might be encoded by the SI 
locus (Geissler et al. 1988; Chabot et al. 1988). The 
presence of abnormalities in other tissues such as 
melanocytes and testis suggest that the c-k it gene and its 
ligand may be important in the control of proliferation 
and differentiation in other stem cell systems.

As in the bone marrow stroma, there is evidence that 
interactions between epithelial cells and the extracellu
lar matrix can regulate proliferation and terminal differ
entiation (Bissell et al. 1982; Watt, 1986). Thus, in cell 
lines derived from human colon carcinomas, the ability 
to undergo morphological differentiation is correlated 
with the ability to adhere to collagen (Richman &  
Bodmer, 1988; Pignatelli &  Bodmer, 1988). During 
epidermal terminal differentiation kératinocytes de
velop reduced adhesiveness to basement membrane 
components (reviewed by Watt, 1987), and fibronectin 
can inhibit suspension-induced terminal differentiation 
(Adams &  Watt, in preparation). It  is quite possible 
that ECM-growth factor interactions are important in 
regulating epidermal, as well as haemopoietic, prolifer
ation, since, for example, fibronectin has been shown to 
bind TGF-jg (Fava &  McClure, 1987).
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P h o to g ra p h  k in d ly  p r o v id e d  b y  T .  D . A l le n .

Conclusions: the 'niche' hypothesis 
In 1967 Curry and Trentin proposed that the differen
tiation pathways taken by the progeny of haemopoietic 
stem cells are determined by different haemopoietic 
inductive microenvirontnents within the spleen and 
bone tnarrow. This model has been extended by the 
'niche' hypothesis of Schofield (1978), which proposes 
that a stem cell resides in an optimal microenviron
ment, or niche. When such a cell divides only one 
daughter can remain in the niche and the other will be 
committed to differentiate unless another niche is 
available for it. A stem cell within the niche would have 
a high probability of self-renewal, but low probability of 
entry into the cell cycle and would thus divide only 
rarely. It is possible that different sites within the 
microenvironment would have differing degrees of 
‘niche-ness’, resulting in stem cells with differing prob
abilities of self-renewal, in other words, a hierarchy of 
cells with an increasing probability of undergoing differ
entiation. This would fit with the observed heterogen
eity of the haemopoietic stem cell population with 
respect to self-renewal capacity and ability to repopu
late marrow-depleted hosts and, since the model is 
probabilistic, it also allows for stochastic events.

From our description of environmental factors that 
regulate stem cell behaviour, we can assume that major 
components of the stem cell microenvironment will be 
the other cell types present (e.g. the anchor and distal 
tip cells in C. elegans: bone marrow stromal cells); 
diffusible factors; and extracellular matrix molecules.

None of these can be considered in isolation, however, 
since different cell types secrete different grow th factors 
and lay down extracellular matrices that differ in 
composition (Watt, 1986); growth factors regulate 
extracellular matrix synthesis and breakdown (Sporn et 
al. 1987); and the extracellular matrix can bind specific 
grow th factors, thus increasing their local concentration 
(Gordon et al. 1988; Roberts et al. 1988).

W hat is the d ifference between tw o daughter cells  
that result from  an asym m etric  division?

In the previous section, we discussed the mechanisms 
by which two daughters of a stem cell division could 
have different fates. In this section, we shall briefly 
consider what is known of the genes determining cell 
fate. There is good evidence from experiments involv
ing nuclear transplantation, cell fusion and transdeter
mination that differentiation does not involve loss or 
irreversible repression of genes (Gurdon, 1962; 
Yamada & McDevitt, 1974; BÏau et al. 1983). Instead, 
current models suggest that differentiation leads to 
activation of a small number of 'master' genes that in 
turn control a regulatory cascade, resulting in the 
overall pattern of gene expression characteristic of a 
given cell type (Gierer, 1973; Blau, 1988; Maniatis cr «/.

A good illustration, from C. elegans, of such a 
'master' gene is unc-86 which is required for generation
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of the neural cell lineages that generate mechanosen- 
sory receptors. In unc-86 mutants, the neuroblasts 
undergo simple stem cell divisions, since the normal 
gene product is required to change a cell from the state 
of the mother to the daughter cell (Chalfie et al. 1981). 
Unc-86 encodes a transcription factor, which is pro
posed to control expression of a number of other genes 
that determine cell fate (Finney et al. 1988). Unc-86 
shares a large region of homology with at least three 
mammalian proteins that regulate transcription, two of 
which, Pit-1 and Oct-2, regulate cell-specific-genes in 
pituitary cells and B-lymphocytes, respectively (Herr et 
al. 1988).

Another situation in which genes that regulate differ
entiation have been identified is muscle. Treatment of a 
mouse embryonic cell line, C3H10T^/2, with 
5-azacytidine leads to formation of clones of myoblasts, 
adipocytes and chondrocytes, suggesting that IO T V 2  

cells contain a multipotential progenitor population and 
that differentiation requires déméthylation of genes 
(Taylor &  Jones, 1979). Transfection of IO TV 2  cells 
with a human gene called myd  results in commitment to 
myogenesis (Finney et al. 1988) and subsequent ex
pression of M y o D l results in expression of muscle- 
specific genes (Davis et al. 1987; Tapscott et al. 1988). 
Interestingly, when lOT ^ / 2  cells are transfected with the 
muscle-specific gene troponin 1, there is appropriate 
expression only during myoblast differentiation, not in 
uncommitted cells (Konieczny &  Emerson, 1985). 
M y o D l is a nuclear phosphoprotein that has homology 
with myc and can bind D N A  (Tapscott et al. 1988; 
Murre et al. 1989); it is normally expressed only in 
mouse skeletal muscle in vivo  and myogenic cell lines in 
vitro. Recently a number of other genes with homology 
to M yo D l have been identified, suggesting that it is a 
member of a small gene family that regulates myogen
esis (Wright et al. 1989; Braun et al. 1989).

Given that a small number of ‘master’ genes encoding 
specific DNA-binding proteins may control expression 
of those genes that confer the differentiated phenotype 
of a cell, one important question remains: what regu
lates expression of the master genes? There is good 
evidence (see previous section) that environmental 
factors can determine the fate of stem cell progeny, and 
so it is likely that they can activate the ‘master’ genes. In  
support of this, there is preliminary evidence that 
M y o D l expression may be regulated by exogenous 
mitogens and by cell density (Tapscott et al. 1988).

Unlimited seif-renewal versus finite transit 
ampiifying divisions

Stem cells, by definition, have an extensive capacity for 
self-renewal that extends throughout the life of the 
organism and so is, essentially, unlimited. In  contrast, 
there is good evidence from a number of cell culture 
models that the number of rounds of division that a 
transit amplifying cell can undergo is finite. Transit 
amplifying kératinocytes undergo terminal differen
tiation within 15 cell generations in culture (Barrandon

&  Green, 19876). The 0-2A progenitor cells of rat optic 
nerve undergo a finite number of divisions in the 
presence of platelet-derived growth factor (PDG F) 
produced by type 1 astrocytes before differentiating 
into oligodendrocytes (Temple &  Raff, 1986; Raff et al.
1988). Quinn et al. (1985, 1988) have evidence for the 
existence of a stem cell compartment in skeletal muscle 
that generates committed precursors which undergo 
four determined, symmetric divisions to produce 16 
terminally differentiated, postmitotic skeletal muscle 
cells (note, however, that other studies do not support 
this conclusion; Konigsberg &  Pfister, 1986).

The mechanism that determines the number of div
isions in these situations is unknown, but one possibility 
is that the cells are able to count cell divisions and after 
the appropriate number undergo terminal differen
tiation. In  0-2A  cells, it has been proposed that a stable 
molecule required for proliferation in response to 
PD G F is diluted with each cell division and when its 
concentration falls below a certain level the cells stop 
dividing and differentiate (Temple &  Raff, 1986; Raff et 
al. 1988). PD G F receptors are still present on the 
surface of newly differentiated oligodendrocytes, so 
receptor loss is not the reason for cessation of cell 
division (Hart et al. 1989).

The differentiation process is unidirectional

When the product of terminal differentiation is an 
anucleate cell, such as an erythrocyte or an epidermal 
squame, it is obvious that it cannot give rise to a stem 
cell and reverse the differentiation process. However, 
at the other end of the spectrum, in yeast, a switch in 
mating type can be reversed in subsequent generations 
(Klar, 1987a). In  most experimental situations, there is 
evidence for progressive restriction in cell fate: good 
examples are human kératinocytes (Barrandon &  
Green, 19876) and progenitor cells for different mes
enchymal cell types (Grigoriadis et al. 1988).

The mechanisms that result in progressive restriction 
of cell fate are not clear. Holtzer (1978) has proposed 
that it requires ‘quantal cell cycles’ by which daughters 
acquire a different phenotype from their mother. How
ever, both muscle cells (Clegg et al. 1987) and kératino
cytes (Parkinson et al. 1983; Hall &  Watt, in prep
aration) can undergo terminal differentiation without 
an intervening round of mitosis, through mitogen with
drawal or suspension, respectively. Brown et al. (1989) 
argue that lineage options are programmed within cells, 
and differentiation from the stem cell compartment is 
unidirectional because lineage potentials are only avail
able in a predetermined sequence.

A  different model would propose that unidirec
tionality is ensured by departure from the stem cell 
niche, since changes in cell phenotype as part of the 
differentiation process might normally ensure that the 
differentiating cell cannot re-enter, or respond to, the 
niche microenvironment. For example, overt terminal 
differentiation of muscle cells (Clegg et al. 1987) and 
haemopoietic stem cell progeny (Heyworth et al. 1988)
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is preceded by loss of growth factor receptors and there 
is a reduction in ce ll-E C M  adhesiveness during ter
minal differentiation of haemopoietic (Mauch et al. 
1980; Kerk et al. 1985; Gordon et al. 1987; Gordon,
1988) and epidermal cells (reviewed by Watt, 1987; 
Adams &  W att, in preparation).

Although differentiation from the stem cell compart
ment is normally unidirectional, it can be reversed 
under some experimental conditions. For example, F la  
infection of kératinocytes that are committed to ter
minal differentiation can rescue them from abortive 
colony formation, resulting in immortalized cell lines 
(Barrandon et al. 1989). Differentiated plant cells are 
remarkable in that they generally remain pluripotent 
and, in response to a suitable stimulus, can divide to 
give rise to a range of other differentiated cell types 
(Steward er fl/. 1964).

The most promising approach for discovering the 
molecular basis of unidirectionality is at present in C. 
elegans, where a series of heterochronic mutations alter 
the relative timing of different developmental events 
(Ambros &  Horvitz, 1984). For example, the lin-14 
locus plays a major role in determining the fate of cells 
in several different tissues and lineages: high levels of 
lin-14 protein specify cell fates characteristic of early 
developmental stages and low levels specify late stages 
(Ambros &  Horvitz, 1987; Ruvkun &  Giusto, 1989). 
Most of the heterochronic genes, including lin-14, are 
pleiotropic, but those (such as lin-29, which only affects 
lineages of the lateral hypodermis at one developmental 
stage) with tissue- or stage-specific effects may be 
required for response to the temporal information 
imparted by the others (Ambros &  Horvitz, 1984). 
Heterochronic mutations in mammalian species are 
likely to be lethal early in development, and none have 
been reported to date.

Conclusions and prospects

Stem cells are responsible for the generation and 
maintenance of terminally differentiated cell popu
lations in tissues that undergo continuous turnover. In  
this review, we have described some characteristics of 
stem cells and what is known of the mechanisms 
regulating their behaviour. The molecular basis for 
asymmetric divisions and specification of cell fate is 
much better understood in lower organisms, than in 
mammalian tissues, but we believe that similar regulat
ory mechanisms may operate in both. In  mammalian 
systems, there is a clear need for markers to distinguish 
stem from transit cells (if, indeed, markers exist). Cell 
culture models of haemopoietic, epidermal and intesti
nal differentiation can be exploited to study the deter
minants of asymmetry at the level of individual mitoses. 
It  is also important to identify potential cascades of 
gene expression that specify particular differentiation 
pathways, and investigate the extent to which these 
events can be reversed. Finally, the information ob
tained from studies of stem cells in normal tissues may 
shed some light on a variety of pathological conditions.

in particular metaplasia (in which reprogramming of 
stem cells may cause their progeny to convert from one 
differentiation pathway to another. Slack, 1986) and 
neoplasia (in which the normal balance between pro- 
hferation and differentiation is perturbed; Cairns, 1975; 
Buick &  Pollack, 1984; Pierce &  Speers, 1988; Anon,
1989).

We are grateful to J. C. Smith, H.R. Horvitz, C. S. Potten 
and P. Nurse for helpful comments and J. C. Smith for 
preparing Fig. 4.
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S U M M A R Y

The pS2 gene encodes for a small cysteine-rich protein, and was originally found by differential screening of a cDNA 
library from the human breast carcinoma cell line, MCF-7. The presence of pS2 is closely correlated with oestrogen 
dependence in breast carcinomas. While the function of pS2 is unknown, pS2 protein has been shown to be homologous 
with the gastrointestinal peptide hormone pancreatic spasmolytic polypeptide (PSP) and its human counterpart hSP, in 
which a 5-cysteine domain is tandemly repeated. The 5' flanking region of the pS2 gene contains an enhancer region 
responsive to oestrogens and to epidermal growth factor (EGF/URO). We now report that pS2 and hSP expression 
occurs in a wide range of endodermally-derived tissues, including the duodenum, the pancreas, and in a recently defined 
cell lineage associated with chronic gastrointestinal ulceration. In each case, this expression was associated with 
secretion of immunoreactive EGF/URO. We further show that the co-expression of pS2 and hSP in gastric surface 
epithelial cells is also associated with the secretion of EGF/URO in the subjacent mucous neck cells. Our results indicate 
that local EGF/URO secretion induces pS2 and hSP in adjacent cells, and that these molecules are then available to 
participate in pathophysiological responses. The finding of similar patterns of EGF/URO, hSP and pS2 expression in 
association with chronic damage suggests that this is a fundamental response in the healing of these tissues.

KEY WORDS—EGF/URO, ulceration, intestine, pS2, hSP.

IN T R O D U C T IO N  duct. These new glandular cells secrete immuno
reactive E G F/U R O , which is then available to assist

Chronic ulceration of the gastrointestinal tract is healing.
common in man, occurring particularly in Crohn s Here we show that E G F /U R O  secreting cell lin- 
disease and peptic ulceration. We have recently eages throughout the human gastrointestinal tract 
described a cell lineage which is frequently induced associated with the expression of two genes 
in the hurnan gastrointestinal mucosa, growing encoding related but distinct peptides of consider-
from intestinal crypts to form a small gland which ^hle interest, pS2 and human spasmolytic poly-
communicates with the lumen via a newly-formed peptide (hSP), in adjacent tissues; we propose
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ICRF Histopathology Unit, 35—43 Lincoln’s Inn Fields, this IS a general phenomenon in the healing ot
London WC2A 3PN, U.K. endodermally-derived tissues.
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M A T E R IA L S  A N D  M E TH O D S

Paraffin-embedded, archival tissues from patients 
with Crohn’s disease, together with normal and 
chronically-inflamed pancreas, and duodenal and 
gastric mucosa excised from patients with peptic 
ulcer disease, were studied.

In situ hybridization

The distributions of mRNAs encoding hSP and 
pS2 were established by hybridization in situ with ̂ Ŝ 
antisense riboprobes (specific activity 0-8-1-7 x 10̂  
dpm///g R N A  transcribed with T7 R N A  polym
erase), using approximately 300 bp of hSP sequence 
(lambda-200), the entire pS2 cDNA^ subcloned 
into p G E M l or alternatively the approximately 
400 bp Bam HI/PvuII fragment of the pS2 cD N A  
subcloned into SP73 (Promega) to remove the poly 
A tract. Five fim. sections of formalin-fixed material 
were mounted on 3-aminopropyl-triethoxysilane- 
treated glass slides, dewaxed, and hydrated in 
PBS. Sections were permeabilized with proteinase 
K, post-fixed in 4 per cent paraformaldehyde, 
acetylated then incubated overnight at 55°C in 10- 
20 fi\ of hybridization mix (300 m M  NaCl, 10 m M  
Na^HPO^, 10 m M  Tris-HCl, 5 m M  ED TA , 0 02 per 
cent bovine serum albumin, 0-02 per cent Ficoll 400, 
0-02 per cent polyvinyl pyrolidone, 50 per cent 
formamide, 0-5 mg/ml bovine ribosomal R N A , 10 
per cent dextran sulphate, 10 m M  dithiothreitol). 
Post-hybridization washes included an RNAse A  
step and reached a final stringency of 0-1 x SSC at 
65°C. Sections were dehydrated in alcohols contain
ing 300 m M  ammonium acetate, dried, dipped in 
Ilford K5 emulsion, exposed for 6-10 d at 4°C 
before development of silver grains in Kodak D19. 
Sections were counterstained with toluidine blue. 
Patterns of hybridization were specific as the distri
butions of silver grains were dependent upon the 
pS2 or hSP component of the anti-sense probes used 
and not the short sequences contributed by the 
vector. Furthermore, different hybridization pat
terns were obtained with probes for lysozyme and 
hEGFR mRNAs using a selection of blocks (data 
not shown).

Immunocytochemistry

Immunocytochemistry was carried out by de- 
waxing paraffin-embedded sections and taking 
them down to water. Endogenous peroxidase was 
blocked with 30 per cent hydrogen peroxide for 
15 min. Sections were incubated for 35 min with a

monoclonal antibody raised against the terminal 28 
amino acids of the pS2 molecule, washed, and incu
bated with biotinylated rabbit anti-mouse antibody. 
After 35 min incubation in avidin-biotin complex, 
the sections were incubated for 2 min in peroxidase 
substrate (diaminobenzidine, PBS, in addition to 
0-3 per cent hydrogen peroxide) and counterstained 
with haematoxylin.

RESULTS

The EGF/URO-secreting cell lineage is well- 
shown by its neutral mucin content, staining 
magenta with diastase periodic acid Schiff but not 
Alcian Blue in tissue sections (Fig. la). It is the 
deep glandular cells which stain positively for 
EGF/URO.^ pS2 and hSP m R N A  were demon
strated by hybridization in situ with ^̂ S antisense 
riboprobes and pS2 protein was demonstrated by 
immunocytochemistry. Abundant hSP m R N A  is 
seen mainly in the cells of the deep glandular area 
of the new glands, while pS2 m RNA and protein 
are confined to the cells of the lineage which have 
migrated into the duct and onto the surface of 
the villus (Fig. Ib -d). Confined to the mucosa 
surrounding the EGF/URO-secreting cells, other 
cell lineages, including the mucosal endocrine cells, 
can be seen to contain pS2 protein (Fig. le). In 
the pancreas in chronic pancreatitis, a similar cell 
lineage containing E G F/U R O  buds off from the 
ducts (Fig. 2a) while the surface cells and basal 
buds express hSP and pS2 m RNA and pS2 protein 
(Fig. 2b,c). It  is well-established that Brunner’s 
glands produce EGF/URO'^; while Brunner’s gland 
cells themselves do not express detectable pS2 or 
hSP, the Brunner’s gland duct cells contain pS2 
protein and m R N A  and RSP m R N A  (Fig. 3a,b). In 
the surface and foveolar cells of the stomach, co
expression of pS2 and hSP is seen (Fig. 4a,b) and, 
deeper in the gastric gland, the mucous neck cells 
contain abundant immunoreactive E G F/U R O  
(Fig. 4c).

We have also observed similar changes, with pS2 
and hSP expression closely associated with EG F/ 
U R O  secretion, in the chronic inflammation of the 
gall bladder, fallopian tube, urinary bladder and 
nasal polyps.

D ISCUSSIO N

pS2 m R N A  encodes a small, 84 amino acid, 
cysteine-rich secretory protein, which, when puri
fied from M CF-7 supernatants, has a mature size of
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Fig. 1— (a) The  E G F  U R O -secre ting  cell lineage fro m  the sm a ll in testine , show ing  the deep g la n d u la r p o r t io n , the d u c tu la r p o r t io n  
m a k in g  c o m m u n ica tio n  w ith  the v illu s  e p ith e liu m , and the surface cells o f  the lineage covering  the v i l l i  (sta ined w ith  the A lc ia n  b lue/ 
diastase perio d ic  acid S ch iff m e thod), (b )a n d  (c) The lineage show ing  the d is tr ib u tio n  o f  hSP and pS2 m R N A s ; hSP m R N A  is fo u n d  in  
the deep g la n d u la r and in te rm ed ia te  p a rt o f  the lineage, w h ile  pS2 m R N A  is seen exclusive ly in  the d u c tu la r and surface p a rt o f  the 
lineage on the v ill i .  (d )T h e  d is tr ib u tio n  o f  im m un o rea c tive  pS2 p ro te in  in  the lineage; again, expression is confined  to  the surface cells 
(e) In d u c tio n  o f  pS2 p ro te in  in  endocrine  and gob le t ce ll lineages in  in tes tin a l m ucosa su rro u n d in g  the E G F /U R O -s e c re tin g  cell 
lineage
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F ig. 2— (a) Im m u n ore a c tive  E G F  U R O  in  pancreatic  duc ts  fro m  a p a tien t w ith  ch ron ic  p ancrea titis , show ing  loca liza tio n  in  basal 
buds, (b ) Im m u n ore a c tive  pS2 p ro te in  (c ,d ), pS2 and hSP m R N A  loca lised in  d uc ta l cells

60 amino a c id s .T h e  —428 to —332 5' flanking 
sequence of the pS2 gene contains D N A  enhancer 
elements responsive to oestrogen;^ pS2 protein and 
m RNA are present in about 50 per cent of breast 
carcinomas, and its expression correlates well with 
hormone dependent status.*̂ "’® Oestrogen receptors 
are not present in gastric tissues." However, pS2 
gene expression is also activated by the tumour pro
moter TPA, by jun  or ras oncogene expression, and 
also by EGF/URO.^ Our results show that pS2 
expression in the ulceration-associated cell lineage, 
in the pancreatic duct, Brunner’s gland duct cells 
and gastric foveolar cells are all closely associated 
with EG F/U R O  secreting cel ls,and therefore we 
conclude that in these tissues pS2 gene activation is 
induced by the locally produced EG F/URO .

Pancreatic spasmolytic polypeptide (PSP), with 
which pS2 shows strong amino acid sequence 
h o m o l o g y , w a s  initially isolated from por
cine insulin preparations.'^ Pharmacologically, PSP

inhibits both intestinal muscular contraction and 
gastric acid secretion in r o d e n t s , t h e r e  are also 
high-affinity binding sites present on intestinal cell 
membranes.^' Additionally, it has been reported 
that PSP is mitogenic for colorectal carcinoma cells 
and MCF-7 cells in v itroP  The primary sequence of 
PSP shows a 40-50 amino acid cysteine-rich domain 
showing significant homology to the single central 
domain present in pS2 protein. hSP, the human 
homologue of PSP, was cloned and sequenced using 
a human stomach cDNA library;^ like its porcine 
equivalent, hSP shows a cysteine-rich domain simi
lar to pS2, although pS2 and hSP are encoded by 
different genes.

At its simplest level, our results show that the 
EGF/URO-secreting cell lineage induced by gastric 
and intestinal ulceration also produces a peptide 
capable of inhibiting motility and gastric acid 
secretion, which will therefore further assist EG F/ 
URO in the healing of the ulcer. However, it is clear
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Fig. 3— (a) pS2 p ro te in  loca lized in  B ru nn e r’s g land  duc t e p ith e liu m , (b ) hSP m R N A  expression in  duct e p ith e liu m . N o te  the absence 
o l'exp ress ion  in  B runne r's  g land  acin i

■

(a) ( b ) (C)

Fig. 4— (a) pS2 p ro te in  in  gastric  surface and fo v e o la r cells in  the hum an stom ach, (b ) hSP m R N A  expression in  gastric  surface and 
fo v e o la r cells, (c) E G F  U R O  expression in m ucous neck cells deeper in  the gastric  g lands
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that in the EGF/URO-secreting cell lineage, and in 
the other tissues examined, hSP is expressed with 
pS2, although not necessarily in the same cells. The 
enhancer sequence upstream of the pS2 start site is 
responsive to EG F, but whether there is a similar 
sequence in the hSP gene is not yet known. Never
theless, our results indicate that, in the human gut, 
pS2 and hSP expression are found exclusively in 
association with EGF/URO-secreting cell lineages. 
Consequently, a further function of E G F /U R O  is to 
induce pS2 and hSP in gastrointestinal and other 
endodermally-derived cells. It  is interesting that 
endocrine and other small intestinal cells express 
pS2 in areas around ulcers showing the E G F /U R O  
secreting lineage; pS2 and hSP expression in gastric 
foveolar cells and Brunner’s gland duct cells fur
ther shows that these molecules can be induced in 
normal gastrointestinal cells.

While PSP inhibits motility and gastric acid 
s e c r e t i o n , n o  function has yet been suggested 
for pS2. The homology with so-called ‘spasmoly- 
sins’ isolated from amphibian epidermis,^ a high 
content of sulphide bridges, and the demonstration 
that PSP has been shown to be mitogenic for epi
thelial cells in vitro  have led to the suggestion that 
these molecules are members of a new family of 
growth factors.Whatever the function of pS2, its 
abundance in ulcerative intestinal disease, and its 
co-expression with hSP, in association with E G F/ 
U RO  secreting cell lineages, indicate an important 
role in tissue healing.
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S U M M A R Y

Overexpression of the epidermal growth factor receptor (EGER) has been reported as an important molecular 
abnormality in human pancreatic cancer. There is in vitro evidence that simultaneous overproduction of one of its 
ligands, transforming growth factor alpha (TGF-alpha), might result in an autocrine loop with an increased prolifer
ation signal. We analysed by immunocytochemical staining a retrospective series of human pancreatic cancers, chronic 
pancreatitis, and normal fetal and adult pancreatic tissues for the presence of TGF-alpha and epidermal growth factor 
(EGF). Ductal epithelial cells showed TGF-alpha immunoreactivity in both normal tissue and chronic pancreatitis, 
and 95 per cent of tumours showed strong immunoreactivity. In contrast, EGF immunoreactivity was not found in 
normal pancreas, but was expressed in 12 per cent of pancreatic carcinomas. Well-defined areas of EGF immuno
reactivity in exocrine ducts showing reactive changes in pancreatitis might represent a benign response to tissue damage 
similar to that previously described in the gastric mucosa.

KEY WORDS—Pancreatic cancer, transforming growth factor alpha, epidermal growth factor, epidermal growth factor 
receptor.

IN T R O D U C T IO N  recognized that EG F may have a role in carcino
genesis’ and it has been identified in the medium 

Several molecular abnormalities have been de- of human pancreatic carcinoma cell lines.  ̂ More-
scribed in human pancreatic cancer. Mutation of over, the incidence of pancreatic ductal carcinoma
the Kirsten ras gene at codon 12 is a frequent event, induced by A-nitrobis(2-oxopropyl)amine in Syrian
occurring in up to 90 per cent of cases' and the hamsters is increased by EGF.^ TGF-alpha is
c-erb^-2  proto-oncogene is overexpressed in at least structurally related to EG F and can bind to and
20 per cent of cases. The gene encoding the epi- stimulate the EG FR.'" TGF-alpha immunoreac-
dermal growth factor receptor is closely related to tivity is detectable in many normal human tissues
the Q-erb^-2 proto oncogene^ and several lines of (w . J. Gullick and P. Quirke, personal communi-
evidence suggest that the EG F/E G FR  cell régulât- cation) and in the pancreas it is restricted to ductal
ory system may also be involved in the pathogenesis epithelial cells (demonstrated in our present study),
of pancreatic carcinomas. Like EG F, high level expression of TGF-alpha is

The EG FR  is expressed in normal pancreatic mitogenic in cell lines possessing EG F receptors. ' '
cells and is overexpressed in over 30-50 per cent of experiments with transgenic mice, overexpression 
cases of pancreatic cancer. This overexpression of TGF-alpha under the influence of a metallothio-
correlates with alterations in chromosome 7. It  is nein promoter induced proliferation of pancreatic

Addressee fo r  co rrespondence: D r  N . R . L em o in e , IC R F  acinar and fibroblast cdls and caused acino-ductular
M o le c u la r  O n c o lo g y  G ro u p , M R C  C y c lo tro n  B u ild in g , metaplasia. ’ These effects may be accounted for
H a m m e rs m ith  H o s p ita l, L o n d o n  wi 2 OHS, U .K .  by TGF-alpha acting at a local level (in an autocrine

0022-3417/91/020111-06 $05.00 
© 1991 by John Wiley & Sons, Ltd.
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little known about the expression of EGF and TGF- 
alpha in surgical specimens. In one study, relatively 
high levels of EGF were found in extracts of some 
human pancreatic tumours^ but the cells responsible 
for its production were not determined. Conse
quently, we analysed a retrospective series of human 
pancreatic cancers for evidence of EGF and TGF- 
alpha expression. Examples of normal fetal and 
adult pancreas and of chronic pancreatitis were also 
included in the study.

M ATERIALS A N D  M ETHODS

6 . 5  -

3 . 4  -

Case material
Formalin-fixed, paraffin-embedded blocks of 

pancreatic adenocarcinoma (n =  84), chronic pan
creatitis (n=14),  normal adult («=10),  and fetal 
(« =  2) pancreas were obtained from the archives 
of Hammersmith Hospital. In ten cases, material 
was available from both primary and metastatic 
tumour. The fetal gestational ages were 12 and 20 
weeks. Sections stained with haematoxylin and 
eosin were examined, and cases of pancreatic cancer 
classified according to standard criteria.'^

Fig . 1 — Im m u n o b lo tt in g  o f  re com b in an t T G F -a lp h a  using T G F - 
a lpha p o ly c lo n a l a n tib o d y  26T. Lane A : 160 ng T G F -a lp h a ; lane 
B: 0 ng. M o le c u la r w e igh t m arkers: lysozym e 14 3 k D , a p ro tin in  
6 5 k D , in su lin  B chain  3 4 k D

or paracrine fashion), since they occurred even when 
TGF-alpha expression was driven by an elastase 
promoter expressed only in pancreatic acinar cells. 
Although the changes resemble more those seen in 
chronic pancreatitis rather than pancreatic malig
nancy, it is possible that they might predispose 
towards neoplastic change. It is noteworthy that 
TGF-alpha may also act as a morphogen, stimu
lating tubular differentiation in vitro.

It has been postulated that secreted EGF or TGF- 
alpha may interact with EG FR on the surface of 
cells producing it, in an autocrine loop, to cause 
hyperstimulation of growth. Simultaneous over
expression of EGF and EGFR, and of TGF-alpha 
and EGFR, has been detected in pancreatic cancer 
cell lines, supporting this hypothesis,^ '̂  More
over, growth could be at least partly suppressed by 
phorbol ester, a protein kinase C activator, which 
decreases the binding of TGF-alpha to its receptor, 
interrupting the autocrine cyc le . I t  is not clear how 
these in vitro observations relate to spontaneous 
human pancreatic tumours, however, for there is

Immunohistochemistry
Immunostaining was performed on 3//m thick 

sections dewaxed in xylene and passed through 
absolute alcohol. Endogenous peroxide activity was 
blocked with 0 3 per cent hydrogen peroxide in 
phosphate-buffered saline (PBS) for 30 min and 
then sections were incubated in 1:5 normal swine 
serum for 15 min. Sections intended for EGF immu
nostaining were trypsinized with 0 1 per cent trypsin 
in PBS for 15 min prior to incubation with normal 
serum.

The affinity-purified rabbit polyclonal antiserum 
26T, raised against the 17 C-terminal amino acids of 
rat TGF-alpha (sequence C H SG YVG VRC EH A D - 
LLA), was used to detect TGF-alpha using the 
indirect immunoperoxidase method. The full char
acterization of this antibody will be described else
where (W. J. Gullick et a i,  in preparation). The 
synthetic peptide was coupled to keyhole limpet 
haemocyanin as a carrier using glutaraldehyde. 
Two rabbits were immunized at multiple sites sub- 
cutaneously with the conjugate. The serum titre 
developed against the peptide was determined by 
ELISA. Anti-peptide antibodies were purified from 
immune serum by absorption to and elution from 
a column of immobilized peptide. The antibody 
reacts with recombinant TGF-alpha in Western
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F ig. 2— (A ) T G F -a lp h a  im m u n o re a c tiv ity  in  a pancrea tic  exocrine  adenocarc inom a o f  in te rm ed ia te  grade. The tu m o u r cells are 
s tro n g ly  im m un o rea c tive  fo r  T G F -a lp h a , and there is o bv ious m em brane accen tua tion . (B ) T G F -a lp h a  im m u n o re a c tiv ity  in  no rm a l 
pancreas. The section shows m ode ra te ly  intense im m u n o re a c tiv ity  confined  to  the cytop lasm  o f  e p ith e lia l cells o f  b ranch ing  ducts and 
ductu les

blots (Fig. 1 ) and is capable of immunoprecipitating 
iodinated TGF-alpha from solution. The purified 
antibodies react equally well with the equivalent 
sequence from the human gene (CHSG YVG AR- 
CEFIADLLA) and with the processed 50 amino 
acid form of human TGF-alpha. Similar antibodies 
have been described previously by several groups, 
and monoclonal antibodies to the same sequence 
have been used for immunocytochemical stain- 
ing'^ '̂  and Western blotting^® with similar results 
to those reported here. Slides were incubated with 
26T antibody at 36 g/ml for 1 h and primary anti
body was detected with peroxidase-conjugated 
swine anti-rabbit antiserum at a dilution of 1:50 
(Dakopatts, U.K.), applied for 1 h. Visualization 
was achieved with diaminobenzidine and a light 
haematoxylin counterstain.

Immunostaining for EGF was carried out using 
a polyclonal rabbit serum raised against recombi
nant EGF/urogastrone (a generous gift of Dr H. 
Gregory)."’ Sections were incubated in anti-EGF/ 
URO (1:500) for 1 h followed by biotinylated swine

anti-rabbit immunoglobulins (1:500) for 1 h. After 
washing in PBS, streptavidin complex was added 
for 30 min before visualization as above.

Sections of normal small intestine were used 
as positive controls for TGF-alpha and EGF 
immunoreactivity. TGF-alpha shows a gradient of 
increasing positivity from crypts towards the villus 
tips both by immunohistochemistry and by m RNA  
quantification,^^ while only Brunner’s glands are 
strongly immunoreactive for EGF. Negative con
trols included adjacent sections stained with the 
omission of the primary antibody, and specificity of 
staining for TGF-alpha was verified by preincu
bation of the primary antibody with its cognate 
peptide, and for EG F/U R O  by pre-incubation with 
recombinant EGF.

RESULTS

Exocrine pancreatic cancer
Eighty of the 84 cases (95 per cent) of pancreatic 

cancer showed tumour cell immunoreactivity for
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F ig . 3— (A )  Invasive  pancrea tic  exocrine  adenocarc inom a o f  

;• . l i '  in te rm ed ia te  grade in  w h ich  m any tu m o u r cells are im m unoreac- 
-  ' tive  fo r  E G F . The  in ten s ity  o f  im m u n o s ta in in g  is va riab le , w ith  

- . ' ' s i '  r m ost cells show ing  m odera te  levels o f  s ta in in g  b u t a p ro p o rtio n
r  V  k: r 'r '-  I  'c '. " ' '-''Jf' ' '  show ing  very dense s ta in ing . N o te  also the accen tua tion  o f
,! f - '  v ’ ; ’ r f  /  /  _ im m u n o re a c tiv ity  a t the lu m in a l surface o f  those tu m o u r cells

fo rm in g  g la n d u la r structures. (B ) A d ja ce n t section sta ined w ith  
a n tib o d y  p re incuba ted  w ith  re com b in an t E G F /u ro g a s tro n e . N o  
im m u n o re a c tiv ity  is seen. (C ) H ig h  pow er v iew  o f  E G F  im m u n o 
re a c tiv ity  in  exocrine  pancrea tic  adenocarc inom a, show ing 
accen tua tion  o f  re a c tiv ity  on the  lu m in a l surface o f  tu m o u r cells 
fo rm in g  g la n d u la r s tructu res

TGF-alpha. The immunoreactivity was strong 
throughout the cytoplasm of the tumour cells with 
striking membrane accentuation, and was homo
geneous with all tumour cells positive in all parts of 
individual tumours including métastasés. Of the six 
cases in which there was no apparent staining, one 
was the only case of clear cell carcinoma examined 
and one was a post-mortem specimen with evidence 
of autolysis. Figure 2a shows the characteristic 
features of pancreatic carcinoma immunostained 
for TGF-alpha.

In contrast, fewer tumours showed EGF immu- 
• f f  \  y ■“ nostaining. Immunoreactivity was detectable in 10
. 'B y 'if  v«-,' of the 84 cases (12 per cent), and in these, staining

V W . z , * '• f  .f.' - was often patchy with some parts of the tumour
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Fig. 4— C h ro n ic  pancrea titis  show ing  regenerative e p ith e liu m  in 
a sm all duct. There  is a w ell-de fined  g roup  o f  ep ith e lia l cells 
show ing  E G F  im m u n o re a c tiv ity

Strongly positive and others completely negative. 
The immunoperoxidase staining was mainly cyto
plasmic, but there was often accentuation at the 
luminal surface of tumour cells forming well- 
differentiated glandular structures (Fig. 3). All the 
EGF-positive cases were positive also for TG F- 
alpha immunoreactivity.

Normal pancreas and chronic pancreatitis

Most sections of normal pancreas showed some 
cytoplasmic staining of ductal cells for TGF-alpha 
(Fig. 2b). Uniform immunoreactivity could be seen 
throughout the duct system including the very 
smallest tributaries and, in continuity, the centro- 
acinar cells. Relatively weak staining of islet cells was 
seen but the acinar cells and interstitium showed 
no immunoreactivity. Cases of chronic pancreatitis 
showed a similar pattern of staining and the ducts of 
the fetal pancreas showed TGF-alpha immuno
reactivity.

An interesting pattern of EGF immunoreactivity 
was sometimes seen in the non-neoplastic pancre

atic tissue surrounding tumours and also in some 
sections of chronic pancreatitis. The majority of 
ductal epithelium was entirely free of immunostain
ing but occasional isolated areas of well-defined 
intense cytoplasmic staining were visible. In these 
areas, the pancreatic ducts could be seen to form 
one or more budding tubular outgrowths and the 
epithelial cells lining the outgrowths, or immedi
ately adjacent to them, were stained. Inspection of 
the surrounding tissue invariably revealed some evi
dence of chronic inflammation, although the con
verse did not apply. These changes are illustrated in 
Fig. 4. Fetal pancreas was completely negative for 
EGF expression at both 12 and 20 weeks’ gestation.

DISCUSSION

This study shows that normal fetal and adult pan
creatic ducts, and ducts in pancreatic tissue with 
chronic inflammatory changes, uniformly express 
TGF-alpha. In addition, we have demonstrated that 
the overwhelming majority of pancreatic tumours 
express TGF-alpha, which is consistent with their 
ductal origin. These observations provide support
ive evidence for the autocrine stimulation hypothesis 
in pancreatic carcinogenesis, whereby production of 
TGF-alpha might provide a growth advantage to 
cells which simultaneously overexpress EGFR (a 
frequent event in pancreatic cancer cells).

The pattern of EGF immunoreactivity in the 
normal adult pancreas, chronic pancreatitis, and 
tissue surrounding tumours strongly resembles the 
appearances described by Wright et a lP  in the 
gastrointestinal mucosa in regions of mucosal ulcer
ation. New glands are formed initially as buds from 
the base of the crypts, which become tubules and 
secrete EGF. As the new glands approach the gut 
lumen, the leading cells migrate onto the surface and 
repopulate the ulcerated area. It has been suggested 
that the principal role of EGF is to stimulate ulcer 
healing in the gut. In the light of its known protec
tive and reparative effects on other epithelia, the 
histological appearances that we observed suggest 
that EGF may mediate duct regeneration and repair 
in the pancreas in a similar way. These observations 
support the notion that this lineage is a general 
wound-healing response in tissues of endodermal 
or ig in .The  relative infrequency of EGF immuno
reactivity in pancreatic carcinomas suggests that 
TGF-alpha (which is ubiquitously expressed in 
these tumours) is the major player in the potential 
autocrine loop for stimulation of the EG FR in
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pancreatic cancer. The curions cell-to-cell hetero
geneity in EG F immunoreactivity is reminiscent 
of that seen for another growth factor implicated 
in tissue repair, TGF-beta in another tumour of 
endodermal origin, thyroid carcinoma.^^

We have convincingly shown the presence of 
immunoreactive EG F and TGF-alpha in these tis
sues, but it remains possible that these growth 
factors are not being actively produced by the cells 
in which the protein product is seen. Therefore we 
are now examining these tissues by in situ hybridiz
ation with nucleic acid probes to detect m R N A  
specific for these growth factors, which would be 
indirect evidence of active synthesis.
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S U M M A R Y

The epidermal growth Factor receptor (ECFR) and its ligands are thought to be important in the control of 
proliferation of many epithelial systems, including the exocrine pancreas. Abnormalities in expression of two of the 
known ligands of the ECFR, transforming growth factor alpha and epidermal growth factor, occur frequently in ductal 
adenocarcinoma of the human pancreas. We have examined an archival series of cases of pancreatic pathology for 
expression of the ECFR using the anti-ECFR antiserum 12E and found that there is almost ubiquitous overexpression 
of ECFR in pancreatic cancer and in chronic pancreatitis. Southern blot analysis showed no evidence of amplification 
or rearrangement of the ECFR gene. We conclude that an autocrine loop involving the ECFR system may be involved 
in the genesis of both neoplasia and reactive hyperplasia of pancreatic ductal epithelium.

KEY W O R D S—Epidermal growth factor receptor, pancreatic cancer, autocrine loop, immunohistochemistry.

IN T R O D U C T IO N

Pancreatic cancer is a major clinical problem and 
reports from several groups have recently shed light 
on the molecular events involved in its pathogenesis. 
Mutation of the Kirsten ras gene at codon 12 is 
present in about 75 per cent o f advanced pancreatic 
cancers (reviewed by Shibata et a l.' and Lemoine 
and HalP) and represents an early event, occurring 
in a similar proportion of ductal carcinoma in situ.^ 
The c-er6B-2 proto-oncogene is overexpressed in at 
least 20 per cent of pancreatic cancers,'* and this may 
be associated with amplification and/or rearrange
ment of this gene in some cases (C. M . Barton, 
unpublished results). The gene encoding the epider
mal growth factor receptor (E G FR ) is closely 
related to the c-erbB-1 proto-oncogene and we have 
recently reported that at least two of the ligands 
of the EG FR, transforming growth factor-alpha

Addressee for correspondence; D r Nicholas Lemoine, 
Molecular Pathology Laboratory, IC R F  Oncology Group, 
Hammersmith Hospital, Du Cane Road, London W I2  0HS, 
U.K.

(TGF-alpha) and EGF/urogastrone, are frequently 
overexpressed in pancreatic carcinoma.^ Autocrine 
stimulation of tumour cells could occur if  the recep
tor is expressed in the same cells, since expression of 
TGF-alpha or EGF/urogastrone is mitogenic only 
in cell lines possessing EG F receptors.^ A low level 
of EG FR expression has been reported in normal 
pancreatic cells  ̂ and simultaneous overexpression 
of EG F and EFG R , and of TGF-alpha and EG FR, 
has been detected in pancreatic cancer cell lines, sup
porting this hypothesis.* ’  In a small series of frozen 
samples, EG FR  was found to be overexpressed in 
30-50 per cent o f cases of pancreatic cancer.'® One 
group has correlated EG FR  overexpression with 
alterations in chromosome 7."

A new antipeptide polyclonal antiserum (12E) 
that recognizes a carboxy-terminal domain of 
the EG F receptor'^ in routinely-fixed, paraffin- 
embedded tissue has very recently become available, 
and this stimulated us to examine a retrospective 
series of 84 pancreatic cancers in which we correlate 
expression o f EG F receptor with expression of its 
ligands TGF-alpha and EGF/urogastrone. In a

0022-3417/92/010007-06 $05.00 
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series of 23 snap-frozen specimens of pancreatic 
cancer, we could also use the well-characterized 
anti-EGFR antibody E F G R l,'^  '** allowing us to 
validate our results with the new 12E antibody.

M A T E R IA L S  A N D  M E T H O D S

Tumour material analysed

Formalin-fixed, paraffin-embedded blocks of 
pancreatic adenocarcinoma (/i =  84), chronic pan
creatitis («=14 ), and normal adult pancreas («= 10 )  
were obtained from the archives of Hammersmith 
Hospital. This series was previously examined for 
expression of TGF-alpha and EGF/urogastrone.^

We also examined a series o f 23 pancreatic 
cancers which had been snap-frozen in liquid nitro
gen at the time o f surgery and stored at — 70°C. 
These were collected at the Hammersmith Hospital 
and the Middlesex Hospital, London; at the Dudley 
Road Hospital, Birmingham; and at the Academic 
Hospital Jette, Free University o f Brussels.

Sections stained with haematoxylin and eosin 
were examined and cases o f pancreatic cancer 
classified according to standard criteria.'^

Immunohistochemical detection o f  expression o f  
EGFR

To detect EG F receptor immunoreactivity in 
frozen and paraffin sections, an affinity-purified 
preparation of the rabbit antibody 12E (raised 
against a synthetic peptide representing residues 
1059-1072 in the cytoplasmic domain of the EG F  
receptor'^) was used at a concentration of 4 //g/ml, 
as well as an affinity-purified preparation of the rab
bit antibody 14E (raised against a synthetic peptide 
of residues 1164-1176 o f the E G F receptor ) at 
4 //g/ml. The monoclonal antibody E G F R l (which 
was raised against A431 cells and recognizes the 
native folded external domain o f the EG F receptor;'^ 
it has been extensively characterized for use in immu
nohistochemistry''') was used a concentration of 
10//g/ml to detect E G F  receptor immunoreactivity 
in frozen sections only.

Paraffin sections were dewaxed by passage 
through xylene and rehydrated through alcohols 
to water. Endogenous peroxidase activity was 
quenched by incubation in 0 3 per cent hydrogen 
peroxide for 30 min and then rinsing in tap 
water. For frozen sections, endogenous peroxidase 
activity was quenched by incubation in 0 1 per 
cent phenylhydrazine hydrochloride (Sigma) in

phosphate-buffered saline (PBS) for 5 min and then 
rinsing in distilled water. The immunohistochemical 
technique involved the sequential application of the 
following reagents: the primary antibody (12E, 14E, 
or E G F R l) in PBS containing 0 5 per cent bovine 
serum albumin (BSA) at the concentration stated 
above for 1 h at room temperature; a secondary 
biotinylated anti-rabbit (for 12E and 14E) or anti
mouse (for E G F R l) antibody (Dako) diluted 1:500 
or 1:300, respectively, in PBS containing 0 5 per cent 
BSA for 30 min; and ABComplex/HRP (Dako) for 
30 min. Each incubation was followed by rinsing the 
tissue sections in PBS three times (5 min each). The 
sites of immunocomplex were identified by light 
microscopy following treatment with a chromogen, 
3,3'-diaminobenzidine tetrahydrochloride (North
east Biochem). The specificity o f the two antipeptide 
antibodies was tested by inhibition of binding after 
pre-absorption of antibody with the immunizing 
peptide, and retention of staining after preabsorp
tion with other non-specific peptides. Over
expression of the EG F receptor in this study is 
defined as staining of cell membranes, often 
accompanied by cytoplasmic staining.

Hybridization analysis o f  EGFR

Southern blot analysis of the EG FR  gene was 
performed on eight pancreatic carcinoma cell 
lines (BxPc3, ASPCl, PS N l, MiaPaCa2, Panel, 
CaPanl, and CaPan2, obtained from A TCC ) and 
six primary pancreatic tumour biopsies with 
paired normal D N A  from the same patients using 
previously described protocols.

In situ hybridization analysis of E G FR  m R N A  
was performed and controlled as described pre
viously,'* using an EG FR  ri bo pro be from 
EcoRZ-linearized phEGFR.4a, which we prepared 
by subcloning the 913 bp S a c l-H in d lll fragment of 
p62-1 into pGEM -3 (Promega).

RESULTS

Normal Pancreas and chronic pancreatitis

Only the islets of Langerhans showed EG FR  
expression in histologically normal pancreas, and 
this was very weak. However, in chronic pancreatitis 
(even if quite mild) the epithelial cells of the duct 
system showed strong cytoplasmic E G FR  immu
noreactivity (Fig. 1); this affected the cells of the 
small ducts (including the centroacinar cells) most 
markedly but also involved the largest ducts in the
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head of the pancreas, in such pancreatitis, the 
HGFR immunoreactivity of islet ceils was accen
tuated, but the acinar cells and interstitium did not 
express detectable EGFR. This distribution of 
EGFR immunoreactivity is concordant with that of 
the ligand TGF-alpha previously demonstrated in 
these tissues.

' ' / f i

S'

Fig. 1— E G F  receptor immunoreactivity in chronic pancreatitis. 
There is specific staining of the epithelial cells o f the ducts, includ
ing the centroacinar cells. Acinar cells and interstitium do not 
express detectable E G F receptor

Exocrine pancreatic cancer

Eighty of the 84 cases (95 per cent) of exocrine 
pancreatic adenocarcinoma showed immunoreac
tivity for the EGF receptor with both anti-EGFR  
antibodies 12Eand 14E. The immunoreactivity was 
mainly cytoplasmic but with accentuation at the 
plasma membrane of tumour cells. Although all 
malignant cells within a positive tumour showed 
immunoreactivity, there was some degree of hetero
geneity with some cells being stained very densely 
and others relatively modestly. There was no appar
ent relationship to tumour grade or histological type 
(see Table I which presents the results of the present 
study together with those of our previous study  ̂
for comparison). Figures 2 and 3 show the typical 
features of EGF receptor expression in pancreatic

cancer. Almost all cases showed coordinate 
expression of both EGFR and its ligand TG F- 
alpha, but there were a few exceptions. One case was 
negative for EGF receptor expression but showed 
immunoreactivity for TGF-alpha, albeit relatively 
weak. The only case of clear cell carcinoma 
examined showed membrane immunoreactivity for 
EGFR, but was negative for TGF-alpha. All other 
cases were concordant for expression of both EGF  
receptor and TGF-alpha.

T a b le  I — Im m u n o r e a c t iv i t y  f o r  E G F R ,  T G F - a lp h a ,  a n d  

E G F  in  p a n c re a t ic  a d e n o c a rc in o m a

T u m o u r  ty p e n

Im m u n o r e a c t iv i t y  
(cases p o s it iv e )  

E G F R  T G F - a lp h a  E G F

D u c ta l  c a rc in o m a  
G ra d e  1 30 28 29  4
G ra d e  2 31 30 30 4

G ra d e  3 19 18 18 2

O th e r  e x o c r in e  p a n c re a t ic  c a rc in o m a s  
C le a r  c e ll 1 1 0 0

L a rg e  c e ll 2 2 2 0

S ig n e t r in g 1 1 1 0

T o ta l 84 80 80 10

As previously reported, immunoreactivity for 
EGF/urogastrone was detectable in 10 of the 84 
cases (12 per cent), and all of these cases were 
also positive for TGF-alpha immunoreactivity and 
EGFR immunoreactivity

In the frozen tissue sections of pancreatic carci
noma, EGF receptor expression was recognized by 
both the EGFR 1 monoclonal antibody and the 12E 
polyclonal antibody with the same sensitivity. All 
except one case (22/23 cases) showed cytoplasmic 
immunoreactivity with these antibodies, and in 
most cases membrane staining was also seen.

Southern blot analysis of the eight pancreatic cell 
lines and the six pancreatic tumour biopsies showed 
no evidence of rearrangement or amplification of 
the EGFR gene (data not shown). Hybridization in 
situ of EGFR m RNA detected no specific signal in 
any of the cases of pancreatic cancer examined, 
although a strong specific signal was present in 
the control gastric cancer material in which over
expression of EGFR was known to be very high.^” 
Control hybridization with a specific riboprobe^'
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Fig. 2— EG F receptor immunoreactivity in a pancreatic exocrine 
adenocarcinoma ofintermediate grade (grade 2). There is hetero
geneous staining of tumour cells and accentuation at the cell 
membranes

3

Fig. 3— EG F receptor immunoreactivity in a poorly difFeren- 
tiatcd (grade 3) pancreatic adenocarcinoma. Many of the tumour 
cells show very strong cytoplasmic immunoreactivity

detected the presence ofy5-actin mRNA in the pan
creatic cancers, indicating that the failure to detect 
EGFR expression in these cases was not the result 
of nucleic acid degradation. The amount of EGFR  
m NRA present is therefore below the detection 
limit of this in situ hybridization system, 
although EGFR protein is easily detectable by 
immunohistochemistry.

DISCUSSION

We have previously demonstrated that there is 
frequent overexpression of ligands for the EGF 
receptor in pathological conditions of the pancreas, 
both in neoplasia and in reactive hyperplasia.^ This 
study shows that in pathological conditions (pan
creatitis and neoplasia) the duct epithelial cells 
express high levels of the EGF receptor. This is 
further support for the autocrine stimulation 
hypothesis in pancreatic pathology, since con
ditional expression of EGF receptors by pancreatic 
ductal epithelial cells may allow them to respond 
to TGF-alpha and EGF/urogastrone to facilitate 
repair and repopulation in pancreatitis, and con
tribute to proliferation and population expansion 
in neoplasia. The mechanisms of control of EGFR  
gene expression are currently an area of intensive 
study. Both positively acting transcription factors 
(such as the ubiquitous factor Spl as well as factors 
TCF, E T F l, and ETF2“ '“̂ ) and at least one inhibi
tory transcription factor (factor GCF'^) have been 
shown to interact with the EGFR promoter. The 
increased expression of EGFR in the pancreatic 
tumours is presumably due to increased transcrip
tion, since our Southern blot analysis showed no 
evidence for gene amplification. In view of our find
ing of increased expression of EGFR in ductal epi
thelial cells involved in chronic pancreatitis, it will 
be interesting to see how the activity of these various 
transcription factors is influenced by lymphokines 
which might mediate the inflammatory process.

Many studies on other tumour types have shown 
that overexpression of the EGF receptor is associ
ated with poor clinical prognosis. These include 
human gliomas in which there is much higher 
EGFR expression in tumours of aggressive histo
logical type.-*'^  ̂In breast cancer, high expression of 
EGFR is associated with short relapse-free interval 
and survival^̂ "̂  ̂including those with node-negative 
disease.In our analysis, there was no difference 
in frequency of EGFR overexpression in pancreatic 
tumours of di(Terent histological grades. EGFR
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expression is not a useful prognostic marker in pan
creatic cancer because essentially all cases have a 
poorprognosisand also usually overexpress thispro- 
tein. Nor is the detection of EG FR  overexpression 
likely to be of any value as a diagnostic marker, 
because overexpression also occurs at high fre
quency in the duct system of pancreata affected by 
chronic pancreatitis. However, for our understand
ing of the molecular basis of this disease it is import
ant to assemble a full picture of the oncogenes and 
growth factor systems that are activated in order 
that we might identify new targets for therapy. In 
this regard, growth factor receptors are currently 
the focus of much activity, and many potential 
mechanisms for inhibition are being explored."®
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S U M M A R Y

The c-erbB-2 oncogene encodes a 190 kD transmembrane growth factor receptor which is closely related to the EOF 
receptor and has been found to be amplified and overexpressed in a number of human adenocarcinomas, particularly of 
the breast. We have analysed, by immunocytochemistry using the 21N antibody, expression of c-erbB-2 in a retrospec
tive series of pancreatic adenocarcinoma, chronic pancreatitis, and examples of histologically normal pancreas. In three 
cases (21 per cent) of chronic pancreatitis, there were focal areas of cytoplasmic immunoreactivity in regenerating 
epithelium. In 15 cases (17 per cent) of pancreatic adenocarcinoma, cytoplasmic immunoreactivity was seen, while in 
two cases (2 per cent) strong membrane staining of tumour cells was seen which could be blocked by peptide controls. 
C-erbB-2 immunoreactivity was also demonstrated using a second antibody, 20N, which recognizes another peptide 
sequence of the c-erbB-2 protein. There was no relationship between immunoreactivity and histological subtype or 
grade, but there was absolute concordance between staining in primary and metastatic deposits. Since the rat homol
ogue {neu) of the c-erbB-2 oncogene may be activated by a specific point mutation in its transmembrane region, we have 
analysed 23 cases from this series for mutations by polymerase chain reaction amplification and sequence-specific 
oligonucleotide hybridization. We were unable to identify activity mutations in this series. These data suggest that there 
is abnormal expression of c-erbB-2 oncogene in nearly 20 per cent of cases although mutational activation of this gene is 
not seen in human pancreatic adenocarcinoma.

KEY WORDS—Oncogene, c-erbB-2, pancreas, polymerase chain reaction, immunohistochemistry, adenocarcinoma.

IN T R O D U C T IO N  related in sequence and structure to the EG F re-
ceptor*’̂  and has been found to be amplified and 

Despite being a common cancer in the Western overexpressed in a number of human adenocarci-
world, relatively little is known about the molecular n o m a s . I n  carcinoma of the breast, molecular
basis of pancreatic cancer. Recent studies have biological studies indicate that amplification and
shown that the Kirsten ras gene is mutated at codon overexpression of c-erbB-2 oncoprotein are associ-
12 in up to 90 per cent o f cases of pancreatic ated with poor prognosis.'^ The availability of poly
cancer.'"^However, considerable evidence supports clonal and monoclonal antibodies that react with
the notion that multiple genetic events are necessary the c-erbB-2 oncoprotein in conventionally fixed
for neoplastic transformation^'^ and thus it is prob- and wax-embedded material’ ’'̂ ’''* has allowed such
able that there are other complementary molecular studies to be confirmed in histological material.'^
abnormalities present in pancreatic cancer. In the rat homologue of c-erbB-2 (known as neu).

The C-erbB-2 proto-oncogene (also known as neu mutations that convert a valine residue to glutamic
and HER-2) encodes a 190 kD  transmembrane acid, glutamine or aspartic acid at position 664'^
putative growth factor receptor which is closely have activating properties and are associated with
___________  increased tyrosine kinase a c t i v i t y a n d  enhanced

Addressee for correspondence: D r Peter Hall, IC R F  Histo- aggregation in the plasma membrane of trans-
pathology Unit, Lincoln’s Inn Fields, London W C2A3PN, U .K . formed cells.’®’'̂  Substitution of aspartic acid or
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AGA GCC AGC CCT CTG ACG TCC ATC GTC TCT GCG GTG GTT GGC ATT CTG CTG GTC GTG GTC TTG GGG GTG GTC TTT GGG ATC CTC ATC AAG CGA COG CAG CAG AAG 
TCT CGC TCG GGA GAG TGC AGC TAG CAG AGA CGC CAC CAA CCG TAA GAC GAC CAG CAC CAG AAC CCC CAC CAG AAA CCC TAG GAG TAG TTC GCT GCC GTC GTC TTC

TC TCT GCG GTG GTT GGC ATT 65 9  w t
TC TCT GCG GTG GAT GGC ATT 65 9  GAT
TC TCT GCG GTG GAC GGC ATT 65 9  GAC
TC TCT GCG GTC GAA GGC ATT 659 CAA
TC TCT GCG GTG GAG GGC ATT 659 GAG

F ig . 1— N u c le o tid e  sequence o f  tra n sm em b ra n e  reg ion  o f  h u m a n  c-erbB’ 2 gene sh ow in g  the  sequence o f  a m p lify in g  p rim e rs  4592 and 
4590 used in  th is  s tudy. R ep lica te  filte rs  w ere  s lo t-b lo tte d  w ith  a liq u o ts  o f  the  P C R  p ro d u c t and  h y b r id iz e d  in d iv id u a lly  w ith  each o f  
the  20-m er p robes specific  fo r  w ild  type  o r  m u ta n t sequences a t co d o n  659

glutamic acid for valine at the homologous position 
(6 5 9 vaiine) the transmembrane region of human 
C-erbB-2 gene has similar transforming properties.^®

Consequently we have analysed a retrospective 
series of cases of pancreatic carcinoma together 
with examples of other pancreatic pathologies and 
normal pancreas for the expression of c-erbB-2 
oncoprotein by immunohistochemistry and have in
vestigated a series of cases of pancreatic carcinoma 
for mutational activation of c-erbB-2 using the 
polymerase chain reaction and sequence-specific 
oligonucleotide hybridization.

M A T E R IA L S  A N D  M E TH O D S

Case material
A retrospective series of formalin-fixed, wax- 

embedded blocks of pancreatic adenocarcinoma 
(« =  87), including cases with both primary and 
metastatic tumour (« =  10), as well as a series of 
chronic pancreatitis (« =  14), and examples of histo
logically normal adult (« =  4) and fetal pancreas (« =  
2) were obtained from the files of St Bartholomew’s 
and the Hammersmith Hospital. Cases of pancreatic 
cancer were classified using standard criteria.^'

Immunohistochemistry

Immunostaining was performed on 3 pm thick 
sections cut from blocks of formalin-fixed, wax- 
embedded sections as previously described.^  ̂ En
dogenous peroxidase activity was blocked with 
0 03 per cent hydrogen peroxide in methanol for 
30 min. The primary polyclonal antibody (2 IN )  
was produced by immunizing a rabbit with a syn
thetic peptide corresponding to amino acid resi
dues 1243-1255 of the C-terminus of the human 
C-erbB-2 protein.^ Immunostaining was performed 
by the indirect immunoperoxidase method using 
affinity-purified antibody at 2 65 //g/ml, and pri
mary antibody was detected with peroxidase- 
conjugated swine anti-rabbit anti-serum (1:50

dilution; Dakopatts, U .K .) and visualized with 
diaminobenzidine as substrate followed by a light 
toxylin counterstain. Positive controls included ( 1 ) a 
mouse fibrosarcoma cell line transfected with an 
oncogenic «ew-expressing plasmid, grown as a xeno
graft and formalin-fixed and wax-embedded; and 
(2) cases of breast cancer known to overexpress 
C-erbB-2 as a consequence of gene amplification.'^ 
Abolition of specific staining by incubation with 
cognate peptide and substitution of primary anti
body with pre-immune serum from the same animal 
were used as negative controls.

A second antibody, 20N, which was raised 
against residues 1215-1225 of the c-erbB-2 mol
ecule, was also used in those cases showing 21N 
immunoreactivity.

Polymerase chain reaction

Twenty-three cases from this series, including 
cases with and without membrane and cytoplasmic 
C-erbB-2 immunoreactivity, were examined for 
mutations. The methods for extraction of D N A  
from paraffin blocks, polymerase chain reaction, 
and sequence-specific oligonucleotide hybridization 
have been described p r e v i o u s l y . I n  brief, paraf
fin sections were dewaxed with xylene and contami
nating proteins were heat-denatured. The resulting 
material was mixed with appropriate buffer, primers, 
and Taq polymerase (AmpliTaq, Perkin Elmer- 
Cetus) and amplified by 30 cycles of dénaturation 
(94°C, 1 min), annealing (60°C, 1 min), and extension 
(72°C, 15 min) on a Programmable Heat Block 
(Techne). The primers and amplified sequence are 
shown in Fig. 1.

Samples of amplified product were shown to be 
of the correct (i.e., predicted) length of 105 base 
pairs by agarose gel electrophoresis. Amplified 
product was applied to nylon filters (Hybond-N, 
Amersham) with a slot blot apparatus (Millipore). 
Using the method of Farr et al.,^^ replicate filters 
were hybridized individually with each 20-mer
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oligonucleotide probe (sequences shown in Fig. 1) 
end-labelled with >'ATP ( 10̂  counts per ml of hybrid
ization buffer). The probes were specific for either 
the wild type sequence (G TT) encoding valine, or 
mutant G AT (aspartic acid), GAC (aspartic acid), 
G AA (glutamic acid), or GAG (glutamic acid). 
Hybridization was performed in 3 m  tétraméthyl
ammonium chloride buffer and washed under 
stringent conditions (62°C for 30 min).

We used a modified polymerase chain reaction 
technique to generate controls with base-specific 
mutations.Brief ly,  a normal anti-sense strain 
primer (3' primer) was used with a sense primer (5' 
primer) containing a single base mismatch to the 
target codon of interest, i.e., the same oligomer that 
functions as the sequence-specific probe in the 
hybridization assay. This strategy has been shown 
to generate double-stranded fragments containing 
the desired point mutation at high yields (>99-999 
per cent of the PCR amplified fragments).

RESULTS

Imnnmohistochemistry

At the dilution of primary antibody used, only 
overexpression of c-erhB-2 was detected rather than 
normal low levels of expression seen with lower 
dilutions of 21N (data not shown).

Staining of control tissues was as expected from 
previous studies.* "̂' No staining was identified in 
normal adult or fetal pancreas at the antibody 
concent ration used in this study. In some cases, how
ever, islets showed granular cytoplasmic immuno
reactivity which was not blocked in peptide controls 
and thus probably represents non-specific staining.

In three cases (21 per cent) of chronic pancreatitis, 
there were focal areas of cytoplasmic immuno
reactivity in morphologically regenerating epithelia 
which w as specifically blocked in peptide controls.

The results of staining cases of adenocarcinoma 
are shown in Table I. In 15 cases (17 per cent) 
of pancreatic adenocarcinoma, diffuse cytoplasmic 
immunoreactivity was seen, which was blocked in 
peptide controls. In a further two cases (2 per cent), 
strong membrane staining of tumour cells was seen 
which could be blocked by peptide controls (Fig. 2). 
Such membrane staining is characteristically associ
ated witlh gross c-erhB-2 gene amplification.'^ There 
was no discernible relationship between the inci
dence ofimmunoreactivity and histological subtype 
or grade. In ten cases, material from both primary 
and secondary deposits was available for study.

T a b le  I — c-erbB-2  im m u n o r e a c t iv i ty  in  p a n c re a t ic  a d e n o 
c a rc in o m a

A d e n o c a rc in o m a N o .
M e m b ra n e

s ta in in g
C y to p la s m ic

s ta in in g

G ra d e  1 30 1 5
G ra d e  2 31 1 7
G ra d e  3 19 0 4

O th e rs
A c in a r 1 0 0
C le a r  c e ll 2 0 1
L a rg e  c e ll 3 0 0
S ig n e t r in g 1 0 0

T o ta l 87 2 17

ï £ m

» » .

Fig. 2— In d ire c t im m unoperox idase  s ta in in g  o f  a pancreatic 
adenocarc inom a show ing s trong  m em brane im m u n o re a c tiv ity  
(h ae m a to xy lin  coun ters ta in )

There was absolute concordance between staining 
in primary and metastatic deposits, with five cases 
showing cytoplasmic staining in both.

Cases showing immunoreactivity with antibody 
21N also show immunoreactivity with antibody 
20N which recognizes a separate sequence in the 
C-erbB-2 molecule. This is strong evidence that the 
immunoreactivity observed is specific for the human 
C-erbB-2 proto-oncogene product.
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Polymerase chain reaction and hybridization
In no case was evidence of m utation found. All 

samples gave strong signals after hybridization with 
the wild-type probe and the hybrid showed expected 
thermal stability. Filters hybridized with mutant 
probes showed no signal after washing under con-

A P G LM :
I I I I I

GTT
valine

II III 
•I II 
M N l  
INI! 
f I N I

GAT 
aspartic acid

GAC
aspartic acid

GAA 
glutam ic acid

ditions specific for a perfect match (Fig. 3), although 
control amplified DNA from wild-type and mutant 
sequences showed the expected behaviour.

DISCUSSION

Three inferences can be made from the data 
presented in this report. First, amplification and 
overexpression of c-erbB-2 oncogene is a relatively 
uncommon event in pancreatic adenocarcinoma, 
since only 2 out o f 87 cases showed membrane stain
ing, a pattern previously shown to be highly cor
related with gene amplification. Second, in 19 per 
cent of cases of pancreatic carcinoma in this series 
abnormal c-erbB-2 expression was detected by 
immunohistochemical methods, suggesting that 
this proto-oncogene may in some way be involved 
in human pancreatic cancer. Immunoreactivity at 
this antibody concentration very likely represents 
overexpression, but the significance of cytoplasmic 
localization is not yet known. It may reflect some 
alteration in processing or stability of the c-erbB-2 
oncoprotein or its mRNA, or possibly low levels of 
gene amplification. Studies of frozen tissue to com
pare protein, mRNA, and DNA are required to 
address this point. Immunoelectron microscopic 
studies have shown the presence of c-erbB-2 immu
noreactivity of cytoplasmic elements such as the 
endoplasmic reticulum^** which may represent mem
brane traffic of newly synthesized protein. Similar 
observations have been made for cells making the 
closely related EGF receptor.-^- '̂^ The detection 
of C-erbB-2 immunoreactivity in the cytoplasm of
21 per cent of cases of chronic pancreatitis and in 
19 per cent of cases of pancreatic carcinoma suggests 
that C-erbB-2 oncoprotein may possibly be involved 
in proliferative responses in pancreatic exocrine 
epithelium. Although no staining was seen in the 
two examples of fetal material in this study (16 and
22 weeks gestation), Quirke et al. have reported 
cytoplasmic immunoreactivity in developing fetal

GAG 
glutam ic acid

F ig, 3— S lot b lo t analysis o f  23 pancrea tic  carc inom as (co lum ns 
A -E )  fo r  a c tiva tin g  m u ta tio ns  at codon  659 o f  hum an c-erbB-2 
pro to -oncogene  by sequence-specific o lig o nu c leo tid e  p rob in g . 
O n e -fifth  o f  the to ta l am p lified  p ro d u c t was loaded on each o f  
five replicate  filte rs  w h ich  were h yb rid ize d  in d iv id u a lly  w ith  
probes fo r  va line  (w ild -ty p e  sequence) o r a c tiv a tin g  m u ta n t se
quences. Rows 1-5 o f  co lu m n  F  co n ta in  pos itive  c o n tro l D N A  
generated as deta iled in M a te ria ls  and M ethods. A fte r  h igh 
stringency w ashing, a u to ra d io g ra p h y  showed th a t, w h ile  each 
probe b inds specifica lly to  a p p ro p ria te  c o n tro l D N A , o n ly  w ild -  
type sequences are detectable  in  tu m o u r cases
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pancreas using 21N antibody at a concentration 
ten-fold higher than that employed in this study.

The immunohistochemical results reported are 
in agreement with preliminary data mentioned by 
Maguire and G re en ,w h o  reported overexpression 
of C-erbB-2 in three out of ten pancreatic adeno
carcinomas. Using different conditions to those 
employed here, this group has also been able to 
demonstrate diffuse cytoplasmic staining in normal 
pancreatic ductal and acinar cells.

The third inference to be made is that activation 
of the C-erbB-2 proto-oncogene by mutation at a 
point in the transmembrane region homologous to 
the site of activating mutations observed in the rat 
gene is not seen in human pancreatic adenocarci
noma. It  should be noted that we have also exam
ined 100 cases of breast can ce r ,60 thyroid tumours 
(Lemoine, unpublished), and 32 gliomas (Tuzi et al., 
in preparation) where mutations of the transmem
brane domain of c-erbB-2 were also not detected. 
Taken together, these data suggest that activation 
by mutation at this site is not seen in human neo
plasia, or only at an insignificant frequency. How
ever, mutation at other sites might possibly activate 
the transforming potential of the c-erbB-2 protein, 
and it is of interest that a single case of an amplified 
and grossly rearranged c-erbB-2 gene has been 
reported in a human gastric carcinoma.

In conclusion, although mutations of the trans
membrane region of c-erbB-2 are not seen, abnor
mal expression of c-erbB-2 protein is seen in 19 per 
cent of cases of human pancreatic cancer. This 
may underestimate the true incidence, since the 
study was performed on fixed and wax-embedded 
m a t e r i a l . I t  should be noted that this frequency 
of oncogene abnormality lies within the range seen 
with alterations of c-erbB-2 in other human adeno
carcinomas^^ and is comparable to that seen with 
other oncogenes, for example ras,^^ in many other 
types of human neoplasia. A  further point to con
sider is the possibility of synergy or other inter
actions between the products of the c-erbB-2 gene 
and other growth factor receptors, such as the EG F  
receptor. For example, it has been shown that 
EG F can stimulate the tyrosine phosphorylation of 
C-erbB-2 protein^^’̂ * and that co-expression of 
C-erbB-2 and the EG F receptor at levels insufficient 
individually to transform cells will convert fibro
blasts to a fully malignant sta te .There  is now 
evidence that the EG F receptor protein is expressed 
in 30-50 per cent of pancreatic cancer.'*®’'*' Further 
studies will be needed to clarify the role of c-erbB-2 
in exocrine pancreatic epithelium.
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