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(i1)

: SUMMARY

The purpose of this study was to examine the variation of enzyme
activities between cell lines which were either adult, foetal or Simian
Virus 40 (SV40) transformed and possessing a similar genetic and epi-
genetic background. Utilizing Kupffer cells from the Chinese hamster

(Cricetulus griseus), it was possible to isolate cell lines which expressed

Kupffer cell functions and survived at least 70 population doublings in
culture. A large number of cell lines, each originating from a single
Kupffer cell, could be isolated from a single animal. Three adult siblings
provided material for the isolation of 130 primary adult Kupffer cell lines
and one mid-term foetus was used to initiate 24 primary foetal Kupffer cell

lines.

At various stages in culture the Kupffer cell lines were assayed for
the following enzyme activities: catalase, arginase, microsomal haem
oxygenase, P-glucuronidase, peroxidase, alcohol dehydrogenase, lactate
dehydrogenase, isocitrate dehydrogenase and glucose-6-phosphate dehydro-
genase. The following points emerged from a study of the primary Kupifer

cell lines.

(a) Enzyme activities rapidly declined when Kupffer cells were
cultured. ‘

(b) After 26 population doublings for primary foetal and 40 popula-
tion doublings for primary adult cell lines, all enzyme activities
were stable until at least the stage of 70 population doublings,
The enzyme activities were less in the primary foetal cell lines.

(c) Each enzyme activity demonstrated highly significant variation
between the cell lines. The variation was greatest between

the primary adult cell lines.

Both primary adult and primary foetal Kupffer cell lines were trans-
 formed by SV40 and assayed for the above enzyme activities. Transforma-
tion of 65 primary adult Kupifer cell lines by SV40 resulted in the loss of
Kupffer cell functions and all enzyme activities, with the exception of p-
glucuronidase and glucose- 6-phosphate dehydrogenase were rapidly reduced
to a fraction of those observed in primary adult Kupffer cell lines, The

method of transformation resulted in the emergence of the transformed



phenotype within a few cell divisions after infection with SV40. All

enzyme activities in SV40-transformed Kupffer cell lines were stable

for at least 90 population doublings after transformation. Accompanying

the change in enzyme activities after transformation by SV40 was an increase
in variation between cell lines which, prior to transformation were isolated
from material with a genetically identical origin. Four SV40-transformed
foetal cell lines were indistinguishable from the SV40-transformed adult cell

lines,

A study of lactate dehydrogenase (LDH) isoenzyme patterns in primar
adult, primary foetal and SV40-transformed Kupffer cell lines revealed that
complexities may underlie a total enzyme activity. While culturing of pri-
mary adult or primary foetal Kupffer cells resulted in a decline in total LDH
activity, the relative proportions of LDH A and LDH B gene products changed
Primary cell lines demonstrated a decreased proportion of LDH B gene pro-
duct when compared with freshly isolated Kupffer cells. After transforma-
tion of adult or foetal Kupffer cells by SV40 the polypeptide coded by the LDH

B was not detected.

The variation in enzyme activities between primary Kupffer cell lines
of similar or identical origin is interpreted to be an example of epigenetic
variation arising as a result of each Kupffer cell's individual response to the
culture environment. The increase in enzyme activity variation between cell
lines after transformation by SV40 is suggested to be the result of a change
in the differentiated state, The phenotypes of primary adult, primary foetal
and SV40-transformed Kupffer cell lines are discussed in terms of the differ-

entiated state and in the light of the theory of foetalism in neoplasia.

The heterogeneity in enzyme activities was not paralleled by karyo-
typic variation. Although there was a gradual transition towards hetero-
ploidy, all cell lines, whether primary or transformed, possessed a diploid
karyotype during the stages when variation in enzyme activities was apparent
The normal karyotype possessed by cells which demonstrated properties of
transformation suggests that transformation by SV40 is not the result of kary
otypic change. '

Analysis of the data revealed quantitative correlations between severa
enzyme activities. Primary adult, primary foetal and SV40-transformed cell

lines demonstrated differences in the pattern of the quantitative correlations.



(iv)

The correlations provide evidence for the existence of a mechanism
which regulates the activity of two or more unrelated enzymes. Pos-
sible metabolic and regulatory bases for the enzyme activity correla-

tions are considered.
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SECTION 1

INTRODUCTION




1.1 Introductibn .

Multicellular differentiated organisms are characterized by
the presence of diverse cell types, which differ qualitatively and
guantitatively in their complement of structural and catalytic proteins.
These differences in protein complement reflect variable expression
of a constant genetic complement (Gelehrter, 1971; Gurdon, 1974).
It has become apparent that understanding the regulation of specific
gene expression is fundamental to an appreciation of differentiation
and development, and to the mechanisms by which a cell responds
to a variety of stimuli. The study of enzyme activities provides an
approach to the solution of these problems. Not only are enzymes
the products of gene expression, but also the catalytic proteins by
which structural and functional differentiationareachieved. Hence,
the study of enzyme activities is in part an effort to reduce the study
of differentiation to experimentally accessible dimensions (Paigen,
1971).

In recent years there have been increasing efforts to find
systems more amenable than the intact animal for examining the
regulatory events which maintain or change enzyme activity in the
mammalian cell. The work described herein was an attempt to
utilize the advantages of cell culture and dévelop a system which may
be of value in studying certain aspects of enzyme regulation and the
dogma which surrounds cell culture. Suffice it to mention at this
stage that the main sphere of interest was the phenotypic variation
and co-ordinate behaviour of enzyme activities when cells, presumed
to be genetically identical, were faced with the challenge of the
culture environment or transformation with Simian Virus 40. The

aims of this study are described in more detail in section 1. 7.

It is the purpose of section 1 to first introduce some of
the theories and concepts of enzyme regulation in the mammalian
cell, then to briefly introduce examples of environmental parameters

and mutations which affect enzyme activities in the intact animal.



With appreciation of these influences, we will then be in a position
to consider enzyme activities and phenotypic variation in mammalian
neoplasia and cell culture systems. In many areas, no attempt will
be made to provide a thorough survey or "in-depth! review of the
vast amount of literature on enzyme activities. The references
were selected to serve as illustrative examples of the concepts and
to focus attention on the subjects at hand, rather than to provide a

complete documentation or to establish priority of discovery.

1.2 The expression of an enzyme activity

Before examining the effects of external stimuli, mutations
or neoplasia on enzyme activities, it is necessary to consider the
molecular processes responsible for the expression of an enzyme
activity.

Two general patterns have been recognized whereby enzyme
regulation can be effected, one occuring on a time scale of seconds

or minutes, the other in hours or days.

(1) Changes in catalytic activity of enzymes present in the
cell. The activity of many enzymes can be increased or decreased
by interactions with substrates, intermediates and products so as to
permit control of enzyme activity depending on immediate cellular

demands (Wyngaarden, 1970).

(2) Changes in levels of enzyme protein. Such regulatory
phenomena involve alterations in the rate of synthesis of the enzyme
molecules as affected by stimuli, and the control of degradation rates

(Schimke and Doyle, 1970),

Distinction must thus be made between enzyme level and
enzyme activity. Enzyme level is determined by the number or
concentration of enzyme molecules present, which may or may not

possess full catalytic activity. KEnzyme activity is the physiological
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consequence of the protein molecules' catalytic activity and need not
necessarily be related to the number of enzyme molecules present.
Many studies use the term '"level' when in fact the measurement

was made by catalytic assay.

There will be no attempt to interpret each example of enzyme
regulation in terms of specific, moleculau; mechanisms. The fact
that in no case has an exact molecular mechanism been clearly estab-
lished ensures that for much of this consideration no real evidence
exists. The limitations of each system studied,including lack of
suitable mutants, differences in cell populations within a given tissue,
and complex inter -relationships between nutritional and hormonal
variables, have made formulations of mechanisms tentative and often
speculative, Potential mechanisms for regulation of synthesis or
c!egradation, with reference to specific examples only when they are

particularly germane, are discussed briefly,

Inasmuch as each of the events of protein synthesis and
metabolism may be catalyzed by multiple enzymes and may occur in
different cellular compartments, or even different cells, and at
different times, control of enzyme synthesis and activity could be
exerted at several levels. Figure 1.1 outlines the general sequence
of events involved in expression of an enzyme activity. The cul-
mination of all these events is the enzyme phenotype. Such a sequence

of processes has been termed enzyme realization (Paigen, 1971).

The primary potential sites for the regulation of expression
are at the level of mRNA synthesis, a (see Lewin, 1974) and of
enzyme synthesis, e (see Pitot et al., 1971). In addition, there
are a nurnber of other possible sites of regulation including messenger
transportation (b), the formation of actively translating polysomes (c),
the availability of ribosomes, tRNA and amino acids (d), and post~
translational events (f, g, h), i.e. conversion of an inactive enzyme
to an active form, the alteration of enzyme structure and the degrada-

tion of enzyme (Pitot et al., 1971). Enzyme activity may also be



affected by intéractions with other macromolecules (Paigen, 1971).

Ultimately, control of specific enzyme synthesis is depend-
ent on activation or inactivation of specific DNA segments to allow
for the synthesis of the appropriate RNA species. Explaining the
mechanisms whereby such control occurs is one of the central prob-
lems of molecular and developmental biolbgy. However, given
that a gene is capable of being transcribea there exists anumber of

possible mechanisms whereby enzyme synthesis can be increased,

Enzyme induction has been observed in mammalian cells,
but in relatively few systerns has there been convincing evidence
of an increase in the rate of synthesis of enzyme molecules, The
major established examples of enzyme induction in mammalian cells
are hepatic tyrosine aminotransferase (Gelehrter, 1971), alanine
aminotransferase (Segal and Yim, 1965), tryptophan pyrrolase
(Knox and Greengard, 1965) by glucocorticoids, microsomal aryl
hydroxylase by polycyclic hydrocarbons (see Gelehrter, 1971),
arginase by arginine (Schimke, 1963), alkaline phosphatase by
prednisolone (Griffin and Cox, 1966) and &-aminolevulinic acid
synthetase by steroids (Granick and Kappas, 1967).

There is considerable evidence that alterations of RNA
metabolism are involved in enzyme regulation in mammalian cells,
A majority of hormonal, drug and nutritionally induced increases
in enzyme activity, including those mentioned above, are prevented
by the administration of actinomycin D or other inhibitors of RNA
synthesis (Schimke, 1973). It seems likely that RNA synthesis is
necessary for the initiation of increased synthesis of specific protein,
bﬁt once that RNA synthesis is accomplished its utilization can take
place for some time (Schimke, 1973). Certainly, different classes
of genes are re gulafed independently at the transcriptional level during

development (Gurdon, 1974).

There have been several models proposed for mechanisms

of transcriptional control (Davidson and Britten, 1971



1973; Georgi€v et al., 1972). In general they have all been mod-
ifications of, or at least influenced by, the original model proposed
for bacteria by Jacob and Monod (1961). Crick (1971) and Paul
(1972) propose models not unlike those suggested previously but
which specifically consider the organization of eukaryote DNA. '
Although evidence to support these models, or test their predic-
tions is not yet forthcoming, they provide the framework for sub-

sequent enquiry.

Transcriptional control is obviously instrumental in dif-
ferentiation and the timing of developmental sequences. However,
it would appear that translational control is of great importance in
differentiated cells (Pitot et al., 1971). Translational control is
probably used to make quantitative adjustments to a pattern of protein
synthesis determined by the synthesis of new messages (Gurdon,
1974). Pitot et al. (1971) suggest a number of enzyme systems which
probably demonstrate control at the translational level. Strictly
speaking, '"translation control' in this context refers to "post~
transcriptional control'. Itis the finding of relatively long lives of
mRNA (see Tomkins et al., 1969) that has lead to a variety of pro-
posals that regulation can occur at one or more of the many steps
which occur subsequent to messenger synfhesis. For example, there
could be selective stabilization of certain messengers (Fuhr et al.,
1969), delayed translation (Newell, 1971), masking of messenger
use (Gurdon, 1974) or initiation control {Lingrel, 1974).

Regulation of ribosome function on the basis of variations
in transfer RNA acceptor properties (Maenpaa and Bernfield, 1970),
phosphorylation of ribosomal proteins (Kabat, 1971) or amino acid
availability may also regulate synthetic capacity. Munro (1968)
demonstrated the sensitivity of rat liver polysome profiles to amino
acid availability and the cyclic variations in tyrosine aminotransfer-
ase activity have been explained on the basis of amino acid availability

(Schimke and Doyle, 1970). Finally, control of protein synthesis at



the level of release of specific peptides has been suggested (Cline

and Bock, 1966).

Recent advances in the ability to isolate and utilize mam-
malian mRNA and specific polysomes (see Schimke, 1973; Paul
et al,, 1973; Lingrel, 1974) suggest that in the near future it may
be possible to examine in more detail the induction or repression
of specific enzyme synthesis and to identify the rate limiting step
for such a synthesis. Clearly, a number of sites in the sequence
of events leading to enzyme synthesis may be rate limiting for any
particular enzyme in any given circumstance. There is no reason
to consider that all agents and stimuli which alter the rate of specific

enzyme synthesis must do so by the same mechanism.,

The above discussion considers increases in enzyme activity.
The studies of repression in mammalian cells are hampered even
more by the diversity and many levels of comtrol in protein metabolism.
Hanninen (1971) has reviewed the field of repression of mammalian
enzyme synthesis. Although numerous examples are cited, to-date
there exists no evidence that this repression is at the level of gene
transcription. The only general case of repression would appear to
be that of long-term repression due to gene-packaging, a consequence

of developmental programming (Hanninen, 1971),

Structural modification of synthesized enzyme molecules
may also affect catalytic activity. Three separate mechanisms

have been discerned.

(1) Regulation through non-covalent changes (allosteric)
in’enzyme structure, e.g. aspartate transcarbamylase and glutamate

dehydrogenase (Yielding, 1971).

(2) Regula:tion through covalent changes in structure, e, g.

phosphorylase (Krebs and Fischer, 1962).

(3) Regulation through hydrolysis modification of structure,

e, g. activation of trypsinogen to trypsin (Ottersen, 1967).



7.

While allosteric regulation and hydrolysis provide for
rapid fluctuations in biological activity threugh changes in side
chain environment based on simple equilibia, covalent modifica-
tion of side chain function permits a slower and more sustained
response to regulatory signals. Reversal of this latter response

requires another enzyme (Yielding, 1971):

Control of specific enzyme degradation has been shown
to be important in regulating a number of emzyme levels (Rechcigl,
1971). An enzyme level is ultimately determined by the opposing
rates of synthesis and degradation (Schimke and Doyle, 1970). 1In
a steady étate the level of an enzyme is a function of both the rate
of synthesis and the rate constant of degradation, and analteration
in either rate can affect the level of the enzyme. The concept of
enzyme turnover is emerging as central to understanding enzyme
regulation in mammalian cells. In all systems studied, it has
been concluded that enzyme is synthesized at a constant rate while
a constant fraction of active enzyme molecules present in the tissue

is broken down per unit time (Rechcigl, 197L).

Grisolia (1964) and Pine (1967) suggest that enzyme mol-
ecules are individually available to a degradative process which is
present at all times, Shifting concentrat.io:ms of substrates and co-
factors which occur under various hormonal and physiological con-
ditions, would lead to a variety of effects om specific enzymes, either
to stabilize or labilize them. Although there appears to be consider -
able specificity in the degradation process it is unlikely that degrada-
tion of each enzyme requires a specific protein (Schimke, 1973).
Rather, the number of types of protease in mammalian cells (Hartley,
1960) performing different functions at different sites and times may

provide the necessary specificity,

The only exception to the concept of constant turnover of

enzyme molecules has been provided by the studies of Yagil and
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Feldman (1969). These workers observed that glucose-6-phosphate
dehydrogenase, maleate dehydrogenase and 6-phosphogluconate
dehydrogenase molecules were stable entities in cultured cells, and
have suggested that the steady-state model employed to describe
enzyme regulation in mammalian cells does not apply to these enzymes

in cultured cells.

The above brief introduction to some of the current theories
of enzyme regulation in mammalian cells suggests that while there
is no shortage of models, the specific molecular mechanisms of
regulation of enzyme levels and activities still remain unsolved. It
is most likely that, given any site at which control can be exerted,
examples will be found where such control is exerted. However,
the above aspects of enzyme regulation must be borne in mind when
we consider the effects of environmental stimuli and the main subject

of this dissertation, phenotypic variation of enzyme activities.

1.3 Environmental influences and enzyme activities in the intact

animal

A multitude of studies have shown that enzyme activities
in mammalian cells can be altered by a wide variety of physiologic,
nutritional and hormonal manipulations, administration of various
pharmacologic agents, and by circadian rhythms. The list of
enzymes so affected is large and includes examples from essentially
every major metabolic pathway in one or more tissues (Schimke
and Doyle, 1970; Schimke, 1973). Below is a brief consideration
of some of these environmental influences, giving examples from,

which most of our knowledge has been obtained.

1.3.1 Dietary factors and enzyme activity

Dietary change can result in alteration of a considerable

number of enzyme activities (see Freedland and Szepesi, 1971).
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The bulk of enzyme adaptations due to dietary factors are consistent
with deduced physiological requirements. After starvation,the activ-
ities of enzymes in the Embden-Meyerhof pathway, gluconeogenesis
and the Krebs cycle are increased or maintained with respect to

the activities of other enzymes (Freedland, 1967). When starved
rats are refed, a number of metabolic alterations occur, such as
hyperglycogenesis, the return of a number of enzyme activities to
normal and overshoot of normal activity by a number of other enzymes

(Freedland and Szepesi, 1971).
P

Protein restriction results in major changes of activity of
the rat hepatic enzymes xanthine oxidase, guanase, uricase, five
enzymes of the urea cycle, serine dehydratase and ornithine transi-
aminase (see Wyngaarden, 1970). The studies of Knox and Greengard
(1965) demonstrated a direct relationship between the level of many
liver enzymes concerned with the metabolism of amino acids and
the amount of protein in the diet. The regulafién of apoenzyme syn-
thesis de novo via increased transcription has been implicated in the
dietary alteration of xanthine oxidase, threonine dehydratase and
ornithine transaminase (see Wyngaarden, 1970). These studies
suggest that protein restriction and refeeding affects the rate of syn-

thesis of specific mRNA molecules.

There are a number of indications that during dietary induc-
tion of enzyme activity, the half-life of some enzymes is shortened,
and would facilitate reaching a steady-state in a shorter time (Freedland
and Szepesi, 1971). The pattern of independent regulation of synthesis
and degradation during dietary change has been especially studied in
relation to protein and arginase activity and fat-free diets and acetyl-

CoA -carboxylase activity (Schimke, 1973; Majerus and Kilburn, 1969).

Dietary changes can also produce a classical type of repres-
sion of enzyme synthesis. Glucose can repress threonine dehydratase
and ornithine transaminase synthesis by inhibiting the incorporation

of amino acids (Jost et al., 1968). This was the first case of catabolite
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repression in mammals and as such it resembles the bacterial
system, although, it appears that the repression is at the trans-

lational rather than the transcriptional level.

1.3.2 The effect of hormones on enzyme activities

In recent years rmany reports have appeared indicating
that hormones are capable of selectively stimulating or inhibiting
the de novo synthesis of specific enzymes. While all classes of
hormone have bheen shown tq affect some enzyme activity (Pitot and
Yatuin, 1973), the glucocorticoids, insulin, glucagon and thyroxine
have been the most intensively studied. Most contributions to our
understanding of the action of hormones in regulation of enzyme
level have come from relatively few enzyme systems. These include
tyrosine aminotransferase, tryptophan pyrrolase, serine.dehydratase
and alanine aminotransferase (see review, Rosen and Milholland,
1971). Although certain enzymes are found in several tissues other
than liver, it is only in this organ that they are hormone responsive
(Rosen et al., 1958). A possible explanation for this phenomenon
;s the existence of isoenzymes. Different forms of tyrosine amino-
transferase and serine dehydratase exist and failure to observe the
expected response to a hormone may merely reflect an atypical dis-

tribution of the isoenzymes (Rosen and Milholland, 1971),

The qualitative and quantitative enzjrmatic response to steroid
administration is markedly affected by the turnover rates of the enzymes
themselves (Berlin and Schimke, 1965; Rosen and Milholland, 1971),
the nature, dose, route and duration of administration, and by the
age, and hormonal and nutritional state of the recipient animal (Gelehrter,
1971). Thus, it is not surprising that an almost bewildering array
of observations have been reported concerning hormone induction of
enzymes in intact animals. However, some important observations
can be gleaned from, for example, the study of steroid induction of
tyrosine aminotransferase, which has been extensively studied as a

model of enzyme induction in mammalian cells.
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The administration of hydrocortisone to intact or adren-
alectomized rats results, after a lag period of 1 to 2 hours, in a
fapid 5-fold increase in the activity of hepatic tyrosine aminotrans-
ferase (TAT) which is maximal within about 6 hours and then declines
with a half-life of about 2.5 hours (Kenny et al., 1968). It has been
demonstrated immunochemically that the increase can be attributed
entirely to a steroid-mediated increase in the rate of synthesis
(Kenny et al., 1968). This steroid induction of TAT is prevented by
actinomycin D, and associated with increases in RNA polymerase activ-
ity and nuclear RNA labelling which preceeds the increase in TAT
activity (see Gelehrter, 1971). However, the magnitude of the increase
in RNA synthesis is too large to be interpreted as the increased syn-
thesis of mRNAs for the enzyme (Gelehrter, 1971). It is possible
that the increase in RNA synthesis is a sepawrate effect of the steroid
treatment, unrelated to enzyme induction. 'The fact that steroid
induction of TAT in cultured cells is not associated with any increase
in overall RNA synthesis suggests that ribosomal RNA synthesis is
not necessary for hormone action and that the regulation of TAT syn-
thesis occurs at some steps in protein synthesis after gene trans-

cription (Gelehrter and Tomkins, 1967).

The induction of TAT by steroids has been explained in a
model presented by Tomkins et al. (1969). In this model, the induc-
ing steroids have a single action— to antagomize a post-transcriptional
repressor which both inhibits messenger tramslation and promotes
messenger degradation. It is proposed that the mRNA for TAT is
stable, and that the mRNA for the repressor as well as the repressor
itself must turn over rapidly. It is interestimg to note that both insulin
and glucagon also increase the rate of synthesis of TAT (Kenny et al.,
1968). These two hormones are usually comwsidered to be physiological
antagonists, and Holt and Oliver (1969) have: :suggested that different

isoenzymes are induced by each hormone.
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Hornrones may also reduce enzyme activities. For
example, glutamic-pyruvic transaminase degradation rate was
i.ncreased by thyroxine, as was that for serine dehydratase
(Freedland and Szepesi, 1971). Insulin causes a decrease in
gluconeogenic enzyme levels while growth hormone prevents the

synthesis of TAT (Hanninen, 1971).

1.3.3 Chemical induced changes in enzyme levels

A vast literature exists on the effects of various compounds
on enzyme activities. However, several chemical compounds
have demonstrated specificity for certain enzyme activities and

have been used for studying enzyme regulation in mamrmalian cells.

More than 200 drugs, insecticides, carcinogens and other
chemicals are known to stimulate the activity of a variety of hepatic
microsomal drug-metabolizing enzymes (Gelehrter, 1971). The
induction of these enzymes is prevented by puromycin treatment
suggesting that the increase in activity reflects de novo synthesis
of the enzymes (Gelboin and Blackburn, 1964). Nebert and Gelboin
(1970) have shown that the initial phase of .microsomal oxygenase
induction appears to involve the accumulation of "induction-specific
RNA'" and that this RNA can accumulate in the absence of protein

synthesis.

New insight into the question of enzyme turnover has been
obtained through the use of two inhibitors. Allylisopropylacetamide
blocks the synthesis of new catalase without interfering with the activ-
ity of previously formed enzyme, while 3-~amino-1, 2, 4-triazole irrever -
sibly inhibits catalase enzyme without interfering with its resynthesis

(see Rechcigl, 1971).

Compounds known to produce experimental porphyria, such
as allylisopropylacetamide, have been shown to induce %$-amino-
levulinic acid synthetase to high levels (see Rechcigl, 1971). A

review by Granick and Sassa (1971) has considered the use of this
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system in detail.

1.3.4 Rhythmic changes in enzyme activity

Circadian rhythms have been detected for a number of
enzyme activities. In no case has the m-echanism been elucidated.
The rhythm of TAT activity is perhaps the most studied (Fuller,
1971). It appears that control by any single hormone does not
account for the TAT rhythm, nor is there evidence for direct or
indirect neural control (Fuller, 1971). Tryptophan pyrrolase
(Hardeland and Rensing, 1968), phosphoenol pyruvate carboxykinase
(Phillips and Berry, 1969) and hepatic drug-metabolizing enzymes
(Fuller, 1971) all demonstrate a circadian rhythm. 1In 1975,
Hardeland described a circadian rhythm in TAT activity in cultured
liver cells. Probably because of the physiological complexities,
the rhythm of enzyme activities is the least understood aspect of

enzyme regulation.

1.4 Mutations which affect enzyme levels

The lack of suitable mutations has limited the rate of progress
and depth of knowledge concerning the regulation of enzyme levels in
‘mammalian cells. A small number of mutations affecting enzyme
levels have been recognized, and utilized for the study of control of

enzyme levels.

%-Aminolevulinate dehydratase (see Doyle and Schimke,

1969). In mouse liver, the Liv locus has been shown to regulate
the rate of enzyme synthesis. Mouse strains homozygous for the
Ma allele have high liver enzyme activity, while strains homozygous
for the _I:iy_b allele have activities 1/3 that of the _I__,_\ia genotype. The

levulinate locus controls the amount and not the activity of $-amino-
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levulinate dehydratase. Doyle (1971) demonstrated that the enzymes
from both homozygous states were similar and suggested that the

mutation affecting the rate of synthesis is not a structural mutation,

Catalase (see Rechcigl, 1971). In mouse liver, the
Ce locus regulates the rate of catalase degradation. Due toa
reduction in the rate of degradation, mice which are Cece possess
twice the level of catalase. The mutation is relatively specific
for catalase among liver proteins, and no effect could be detected
on kidney catalase levels. In contrast to the mutation in humans,
the genetic factor regulating the degradation of mouse catalase is
probably distinct from the gene specifying the structure of this
enzyme. Ganschow and Schimke (1969) have described another
mutation in the mouse which appears to affect catalase structure.
Thus, in the mouse separate genes determine the structure and the

liver concentration of catalase,

B-Glucuronidase (sec Paigen et al., 1975). In mice,

the G locus controls the structure of B-glucuronidase, individuals
with genotype gg possess approximately 1/ 14 of the normal enzyme
activity. The E locus is distinct from the G locus and controls the
insertion of B-glucuronidase into endoplasmic reticulum. Mice
g0, 80

with genotype e have low levels of liver B-glucuronidase.

The Pd locus. Dagg et al. (1964) demonstrated that in

‘mice, the Pd gene controls the activities of three distinct enzymes -
dihydrouracil dehydrogrenase, dihydropyrimidase and 3-ureido-
propionase. E_gl_a animals possess between 1/8 and 1/3 of the normal
activities of these three enzymes. Although in some respects, the
Pd mutation resembles an operator gene mutation in bacteria, this
mutation did not attract attention until the studies of Sanno et al.
(1970). These workers found that only the last enzyme of the path-
way, ureidopropionase, is affected by the mutation. There exists

fragmentary evidence for a mutation in the mouse which may involve
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a regulatory gene controlling the levels of glucose-6-phosphatase
(Erickson et al., 1968).
‘ There are a number of examples of human genetic defects
with differences in enzyme levels as a result of altered rates of
synthesis or degradation. Sutton and Wagner (1975) have reviewed
aspects of mutation and enzyme function in humans. Mutations of
catalase (Matsubara et al., 1967) and glucose-6 -phosphate dehydro-
genase (Yoshida et al., 1967) also appear to indirectly affect the
rate of enzyme degradation by making it more labile in vivo. Another
interesting example is the elevated level of AMP -pyrophosphorylase
which occurs in the red cells of patients lacking the separate enzyme,
IMP -phosphorylase, a phenomenon resulting from stabilization of
the AMP -phosphorylase during red cellageing (Rubin et al., 1969).
Yoshida et al. (1970) described a patient with a markedly elevated
level of glucose-6 -phosphate dehydrogenase, which differs from
normal enzyme by one amino acid residue, and which is synthesized

at a rate approximately four times greater than the normal enzyme.

Krooth (1970) suggests that the rare recessive autosomal
defect resulting in orotic aciduria is the result of a mutation with
regulatory affect on two enzymes, orotidine-5'-monophosphate pyro-
phosphorylase and orotidine-5'-monophosphate decarboxylase.
Another example of a gene controlling an enzyme level wasobserved in the movie
by Shows and Ruddle (1968). These workefs presented evidence for
a regulatory function for a gene Ldr-1in controlling the lactate
dehydrogenase b subunit. Animals homozygous for one allele of
the Ldr -1 gene have subunits in their erythrocyte lactate dehydro-
genase and in the lactate dehydrogenase of other tissues. Animals
homozygous for the other Ldr-1 allele have b subunits in other
tissues, but lack b.subunits and have only a subunits in their erythro-

cyte lactate dehydrogenase.

That the number of mutations affecting enzyme levels seems

to be small is probably due more to limited study rather than to
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their infrequent occurrence. In the few cases where they have
been searched for systematically, such as the screening of 63
inbred mouse strains for variants of f-glucuronidase (see Paigen
et al., 1975), they have been found. More such efforts would
undoubtedly reveal other mutations affecting the level of specific

enzymes.

1.5 Engzyme activities and neoplasia

The appearance, maintenance and declipe of specific
enzyme activities as part of a developmental sequence and ageing,
have been the subject of several reviews (Hermann and Tootle,
1964; Greengard, 1971; Moog, 1971). Enzyme development has
also been reviewed in terms of the differentiation of metabolic
pathways (Papaconstantiou, 1967) and in relation to functional dif-
ferentiation (Moog, 1965). More general accounts of the control
of gene expression in animal development can be found in Davidson

(1968) and Gurdon (1974).

Although it is not proposed to present a semantic ar gument,
it is necessary to define in the context of this dissertation, the term,
"differentiation'. Differentiation may be considered to be a process
whereby cells develop specialized functions at the expense of other
potential functions, a process which is presumably irreversible and
heritable, breeding true through successive generations of cells.
The expression of selected enzyme activities is the matter of differ-
entiation; these enzymes are responsible for the specialized syn-

theses and functions of the differentiated cell.

The disruption or even apparent reversal of normal enzymic
differentiation which occurs in neoplasia has been the subject of
much attention., Normal enzymic differentiation leads to the character-

istic quantitative pattern of enzymes possessed by each adult tissue
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(Knox, 1972).- The widely different patterns of composition
characteristic of normal tissues are each changed in neoplasia,
more or less, and in different ways in particular tumours, but
possibly all in the direction toward the common pattern shared

by the most undifferentiated tumours from any origin., Itis
possible that a series of tumours could be classified in such a

way that their enzymic compositions form a convergent series
between the divergent patterns of the normal tis'sues and the con-
verged or common patterns of the most undifferentiated tumours.
Figure 1.2 illustrates the possible simplified relationship between
differentiation of foetal cells in the direction of normal adult
tissues and neoplastic change. The foetal tissues with similar
enzyme patterns differentiate from one another into adult tissues
that are dissimilar. In the process of neoplasia, this differentiated
state is altered and the emerged enzyme patterns tend to be tangential
to the direction of normal differentiation., While some tumours
appear undifferentiated with respect to their tissue of origin, others
occur in a series of intermediate tumours, less differentiated than
their tissue or origin, that converge in type on the most undifferen-
tiated fast-growing tumours (Knox, 1972, 1974). These converged
tumours exhibit certain aspects of gene expression and regulation
which appear identical to those in foetal tissues, but differ in many

other properties (Wu, 1973).

Figure 1.3 illustrates the relationships between the various
types of differentiation involved in regeneration or neoplasia in a
particular tissue. In the usual context, the developmental sequence
of a determined embryonic cell to produce a tissue with a character-
istic histotypic phenotype is considered to be differentiation. The
notion that a neoplasm should be considered as arising by differen-
tiation has, with few exceptions, escaped serious attention (Markert,
1968; Pierce, 1970). In all probability, we may have been mis-

directed by the lack of overt manifestation of histotypic differentiation



18.

of most tumouirs, which has lead to the doubtful concept of
"dedifferentiation'., In the sense that a neoplasm possesses

stable and heritable properties, it must qualify as a differentiated
tissue. ''Dedifferentiation' implies a ‘reversal of the differen-
tiation sequence, a phenomenon which occurs only to a limited
extent during regeneration and tissue repair, the cells involved
then redifferentiate along the sequence followed by the previous
differentiation (Coggin and Anderson, 1974). Neoplasia in all

its forms is a special expression of abnormal programming of

gene functions during cell differentiation (Markert, 1968; Weinhouse,
1974) and as such can be considered to be transdifferentiation.

Such a phenomenon has also been called by the more limiting terms
"derepressive dedifferentiation', 'retrogenic expression' (Anderson

and Coggin, 1971) and "retrodifferentiation' (Gold, 1971).

The phenomena of redifferentiation and transdifferentiation
need not be restricted to cells at the ultimate point in their differ-
entiation. The precursor cell of a neoplasm may arise from a
fully differentiated cell (Markert, 1968; Farber, 1973) or may arise
from a relatively undifferentiated stem cell (Pierce, 1970). Specify-
ing a cell as being "more' or '"less' differentiated is only with
reference to properties which can be recbgnized - the mere absence
of recognizable properties does not necessarily imply a lesser
degree of differentiation. However, in this dissertation, differen-
tiation will only be used in an operational sense where a neoplastic
cell which is less differentiated, or undifferentiated, is so only

with respect to the histotypic properties of the tissue of origin.

Coggin andAnderson (1974) suggest several principles of
differentiation which may be of relevance when considering neoplasia.
These are that (a) genes are turned on and off in sets (not necessarily
genetically linked), (b) a given gene may appear in more than one
gene set, (c) exclusion rules exist for certain genes or perhaps gene

sets which forbid cotemporal expression, and (d) the sequence of
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activation and inactivation can only proceed in one direction.
Pierce (1970) suggests that the normal genome contains all

lthe information necessary for the phenotypic expression of neo-
plasia, which occurs by activation of the appropriate parts of

the normal genome through removal of repressors.

The evolution of the tumour phehotype is in part assoc-
iated with varying degrees of suppression of the normal phenotype.
The sets of genes functional for specific differentiated properties
in the tissue of origin are apparently more or less randomly shut
off as the neoplastic process evolves. As exemplified by cases
of human neoplasia, e.g. insulinomas, melanomas and plasma-
cytomas, the tumour phenotype may exhibit a variety of levels,
reflecting the special characteristics of the cells at a given level
of repression (Busch, 1974 ). The loss of certain enzyme activ-
ities in neoplasia, however; may not be an entirely random process.
Knox (1967) believed that there exists a minimal enzyme pattern of
neoplasms and laterly (1972, 1974) suggested it to be the foetal

enzyme pattern for the tissue in question,

Greenstein (1956) was the first worker to‘suggest that
many neoplastic tissues possessed simila:r patterns of enzymes.
This generalization has been questioned by several workers, and
more recently by Pitot et al. (1974) who observed that individual
tumours of a given tissue exhibit a considerable degree of hetero-
| geneity in enzyme activities. These workers also noted that con-
siderable variation in enzyme patterns has been reported amongst
mammary carcinomas, myelomas and thyroid tumours. Bresnick
et al. (1971) and Reynolds et al. (1971) found that the enzymic pattern
‘or biochemical phenotype of both spontaneous and transplanted rod-
ent hepatomas is stable and unique to the particular lesion. Knox
(1972) has demonstrated that in the case of hepatomas, many enzyme
activities present in the tumour depend on growth-rate. Fast-

growing hepatomas contained foetal type enzymes and were deficient
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in the adult type enzymes. Slow-growing hepatomas also con-
tained foetal type enzymes but were less deficient in adult type
enzymes. Whilst Knox (1972) does not dispute uniqueness in
tumours, he has demonstrated by statistical analyses that there

is a tendency for convergence of enzymic properties in neoplasia.
Knox's (1972) conclusions are based on collation of data for 9
enzyme activities in 18 transplanted rat tumours and a larger col-
lation of data for 161 enzyme activities in 17 rat tissues and hep-
atomas. In addition, 22 non-enzymic components were considered.
An extended study (Knox, 1974) also supported the earlier con-
clusions. The difference in emphases taken by these two groups
(Knox, 1972; Pitot et al., 1974) can best be attributed to the level
of generality which they consider. While Knox (1967, 1972, 1974)
has attempted to construct a unifying theory of neoplasia based on
enzyme activity patterns in a large spectrum of tumours, Pitot

et al. (1974) have been mainly considering specific enz.ymé activities
in rat hepatomas and describing how these respond to external

stimuli (e. g. nutrition and hormone induction).

Weber and Lea (1967) and Weber (1974) have also considered
the phenotypic heterogeneity of rat hepatomas. In these studies
Weber has demonstrated a large number of biochemical alterations
that correlate with hepatoma growth-rate: included are discriminants
of carbohydrate, nucleic acid, protein amino acid and other aspects
of metabolism. The rodent hepatomas represent a class of diverse
tumours in which some deviate only slightly from normal hepatocytes,
while others are highly malignant. There exists a fine gradation
in metabolic pattern from near normal to very deviant. Underlying
‘the superficial heterogeneity in expression of malignancy and growth-
rate between hepatomas there exists the operation of ordered and
correlated expressions of morphological, biological and metabolic
behaviour (Weber and Lea, 1967). It must be emphasized that

the conclusions reached by Knox (1972) and Weber (1974) do not pre-
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clude the existence of phenotypic variation between neoplasms.

The basis for phenotypic variation between neoplasms
of similar origin is not understood. While tumours may produce
proteins or possess antigens which are not found in their tissue
of origin (Bower and Gordon, 1965; Gold, 1971; Hellstrom e_tlg._l_. ,
1971; Coggin and Anderson, 1974) and exhibit different enzyme
activities (Shonk and Boxer, 1967), evidence that this is the result

of a specific genetic alteration has not yet been forthcoming,

In neoplasia, antigens specific to the adult, differentiated
cells disappear, while new tumour-associated antigens appear; in
many instances these neo-antigens are also present in embryonic
tissue (Weinhouse, 1974). Foetal isoenzyme patterns also emerge
at the expense of adult patterns. Many well-differentiated hepa-
tomas have largely lost isoenzymes of the differentiated hepatocyte
but do not exhibit a resurgence of the foetal isocenzyme . ‘When
resurgence of the foetal form does occur, there is always a loss
of the normal hepatic isoenzyme (Weinhouse, 1974). These obser-
vations suggest that certain genes may have to be switched off
before others are switched on. However, in general the alterations
seem to be sporadic and unpredictable, and therefore suggest a
disordered rather than a programmed méchanism of gene activation.
The disorder in pattern of gene expression is well illustrated by the
number of reports of ectopic hormone production by non~-endocrine

tumours (Omenn, 1970).

In the light of the above observations, the view expressed
by Markert (1968), Pierce {1970) and Weinhouse (1974) that neo-
plasia is a disorder or aberration of normal differentiation appears
attractive, Neoplasia is the result of an impairment of a regulatory
mechanism respon;ible for the highly selective control of gene trans-
cription in normal differentiated tissue. Once the control is altered

or lost, many of the familiar patterns of neoplasia would inevitably

follow; chromosome disorder, loss of antigens, alterations in surface
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properties and all the other characteristics of tumour progression

”

could be envisioned to result from this initial injury.

Since we do not know which cells in a given tissue give rise
to a particular t@our, it has not been possible to trace the cellular
events leading to the development of a tumour. Pierce (1970) believes
that the target for neoplasia is the stem cells of normal tissues, and
what has been interpreted as ''dedifferentiation' is in reality an
abortive attempt at differentiation by the neoplast stem cell. Farber
(1973) has discussed aspects of cellular evolution in the development
of a tumour and stresses the possibility of selection acting on mixed

cell populations as being vital to the progression of the tumour.

At one time it was thought that disorders of the chromosomes
were responsible for the development of neoplastic disease. Cytogenetic
abnormalities do not totally explain either newoplasia or phenotypic
variation between tumours. There are numerous examples of normal
diploid karyotypes seen in neoplasms, both rodent and human, of
differing degrees of malignancy and differentiation (Nowell and
Hungerford, 1961; Sandberg et al., 1961; Stevens and Bunker, 1964;
Nowell et al., 1967; Mark, 1969; Nowell and Morris, 1969; Potter
et al., 1969; Tseng and Jones, 1969; Granberg, 1971; Mitelman et al.,
1975). Presumably in such cells, few if any changes had occurred in
the DNA, although point mutations and small re-arrangements cannot
be excluded, Thus, while it is true that most neoplasms exhibit
cytogenetic abnormalities (Sandberg and Sakurai, 1974) it appears that
the karyotypic changes are the result of neoplasia and not its cause.
Similarly, karyotypic changes may contribute towards, but do not appear

to be essential for phenotypic variation.

It appears that the major contributiem towards phenotypic varia-
tion between neoplasms of similar origin maay be from the translational
process. Pitot et al. (1974) demonstrated that enzyme mRNA template
lifetime was different between hepatomas awnd suggest that phenotypic

variability is the result of template lifetime wvariability. Previously,
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Table 1.1 Variations in selected enzyme activities in rat

hepatomas with slow or fast growth-rates

The activities are expressed as a percentage of that found in normal rat
liver. The slow growth-rate hepatomas were Reuker, H35, and Morris
5123D, 7800, H-35, 5123tc, 7299C, 7288B whilst the fast were Morris
3683, 3924A, Dunning, Novikoff and DAB-induced.

"References: (1) Weber, 1963; (2) Wuetal., 1965; (3) Levintow, 1954;
(4) Pitot et al., 1963; (5) Bottomley et al., 1963; (6) Otani and Morris, 1965;
(7) Bresnick, 1964; (8) Kizer and Chan, 1961; (9) Weinhouse, 1966.

Enzyme activity
% of normal liver
Enzyme
Slow Fast Reference

Glucose-6 ~-phosphatase <1-56 1
Fructose-1, 6-diphosphatase <1-57 1
Phosphoglucomutase 7-69 1
Glutamine synthetase 135 <15 2
Glutamine synthetase (mouse) 2-1,500° 3
Tyrosine aminotransferase 150-960 <10 4
Threonine dehydratase 0-1, 700 5
Aspartate aminotransferase 200 >20 6
Aspartate carbamoyl transferase 100-150 200-500 7
Hydroxy tryptophan decarboxylase 140 <2 8
Pyrroline-5-carboxylate reductase 31-310 4
Monoamine oxidase 83 17 8
Hexokinase i 5-261 9
Aldolase 25-133 9
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Moyer and Pitot (1972) had demonstrated that certain membrane
proteins of the endoplasmic reticulum from neoplasms have different
decay characteristics to the presumed homologous protein from
normal tissue. Thus, they proposed that these membrane protein
changes and phenotypic variability were associated with the stability
of the membron, the stable template complex with polysomes and

intracellular membrane (see Pitot et al., 1974; Shires et al., 1974).

While our present knowledge of molecular biology is rapidly
increasing, relatively little is known about what differentiates the
neoplastic cell from other cells and what is the basis for the pheno-
typic variation. With respect to enzyme activities, the variation has
only been described, with little indication as to the mechanism of this
variation. Although many neoplasms possess enzyme activities found
in the tissue of origin there may be considerable variation in activity
of specific enzymes in a given class of neoplasm (Shonk and Boxer, 1967).
Table 1.1 presents the variation of selected enzyme activities found in
rat hepatomas. These hepatomas have been divided into those with
either slow or fast growth-rates. Apart from a difference in enzyme
activities between slow and fast growth-rate hepatomas, there exists
for several enzymes a considerable range in activity for hepatomas of
a given classification, In a number of cases, enzyme activity was
elevated several fold above that found in normal rat liver., In other
cases there has been a dramatic reduction in enzyme activity below
that found in normal liver. Such phenotypic variation between rat
hepatomas is also demonstrated by the response of tryptophan pyrrolase
activity to induction by tryptophan (Dyer et al., 1964). The more
recent studies of Potter et al. (1969) also reveal several fold differences
in tyrosine amino-transferase, serine dehydratase, glucose-6-
'phosphate dehydrogenase and citrate cleavage enzyme activities between
Morris hepatomas. In earlier studies Pitot (1960), Potter et al.

(1960) and Rechcigl et al. (1962) demonstrated that in hepatoma 5123,
a number of enzymes whose activity had been previously very low or

absent in other Morris hepatomas were present at very high levels.
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The data in Table 1.2, extracted from Shonk and Boxer (1967),
present 15 enzyme activities in 10 human hepatomas relative to those
found in normal human liver. While Shonk and Boxer (1967) and
Bosmann and Hall (1974) have shown that human colon carcinomas
exhibit a uniform enzyme pattern, human hepatomas demonstrate
considerable variation in enzyme activitys, Data presented by Knox
(1972) suggest that rat mammary carcinomas are considerably less
variable than rat hepatomas. The enzyme activities which show greatest
alteration in the hepatomas are those which are involved in some of
the specialized functions of the liver. It appears likely that hepatomas
exist in diverse gradations and are considerably more variable than
most other néoplasrns. This may be partly due to a lack of cellular
uniformity of the developed hepatoma and variations between hepato-
cytes in the pre-neoplastic stage. Rappaport (1963) describes regional

differences in properties and functions in rat liver.

The phenotypic variation demonstrated amongst neoplasms rﬁay
be reduced or exaggerated by a number of environmental and physio-
logical factors. The enzyme patterns of neoplasms, and especially
hepatomas may be altered, depending on the time of day when the
animals were killed, in relation to fasting or feeding, by the level of
protein in the diet (Potter et al., 1969) or by the injection of hormones,

theophylline or adrenalectomy (Watanabe et al., 1969).

The above brief consideration of neoplasia and enzyme activities
indicates that while there is no shortage of descriptions of phenotypic
variation, the basis of this variation and in fact that of the neoplastic
transformation itself is not understood. Studies of neoplasia in the
intact animal have been hampered to a considerable extent by the fact
that the cells which give rise to the tumour cannot be recognized,and
that various physiological and environmental influences can greatly
affect the variation. The use of cell culture techniques makes it possible
to greatly reduce this environmental variation, as well as to study

the progeny of single cells,
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1.6 Enzyme activities in cultured cells

1.6.1 Cell cultures and enzyme regulation studies

Cultured cell systems offer many potential advantages over
the intact animal for studies of enzyme regulation. The investigator
can utilize single-cell species and isolate more effectively single
parameters for control, such as specific ‘nutrients, drugs and hormones,
and phases of cell growth. In addition, use of clonal cell populations
allows for the develop;nen'c of mutants, the use of which has been vital
in understanding enzyme regulation in microbial systems. Schimke
(1969) lists 20 enzymes whose levels can be altered in cell culture
and which have been the subject of enzyme regulation studies. The
types of stimuli that affect enzyme levels in these systems is highly
varied, ranging from viral infection to alterations in the cell or culture
cycle, oralterations in added nutrients and drugs (see Schimke and

Doyle, 1970).

Whether cell lines show histotypic differentiated properties or
are relatively undifferentiated, '‘fibroblast-like' cells, they have been
shown to exhibit a variety of enzyme regulatory phenomena., All the
systems studied in intact animals have been found in certain cell lines
and their study has contributed greatly to our knowledge. The use of
cell cultures in such studies has been considered by Schimke (1969)
and Rechcigl (1971). Apart from studies on regulation of enzyme activ-
ity, or induction and repression, a contribution of cell culture studies
has been to allow examination of enzyme activity variation during the

cell cycle,

In culture, the stage of both growth phase and cell replication
cycle influence a number of enzyme activities. The activities of
thymidine kinase, lactate dehydrogenase, glucose-6-phosphate dehydro-
genase and deoxyribonuclease show significant changes during the cell
cycle (see Schimke, 1969). Klevecz (1969) observed intermittent
changes in lactate dehydrogenase activity during the cell cycle and

attributed them to changes in synthesis with a relativly constant rate of
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degradation. ,Berg et al. (1975) found that lysosomal enzymes did

not show fluctuations of enzyme activity during the cell cycle. Amnother
interesting observation is the discovery that tyrosine aminotransfer -
ase is inducible at a certain stage of the cell cycle, whilst being con-

stitutive at other stages (see Gelehrter, 1971).

Certain enzyme activities tend to remain the same during the
phase of rapid and slow proliferation, while others tend to increase
significantly during the phase of slowed growth or confluence. In
human fibroblast cultures, the specific activities of glucose-6 -phosphate
dehydrogenase, galactose-l-phosphate uridyl transferase (see Mellman,
1971), catalase (Sun et al., 1975), galactosidase and glucosidase (Galjaard
et al.,1974a) and acid phosphatase (Ryan et al., 1972) increase as
mitotic activity of the culture decreases. Certain other enzymes tend
to show little or no difference in activity between pre-confluent and
early growth, but activity decreases as cells are allowed to remain in
post-confluent culture, Lactate dehydrogenase, hexokinase, phospho-
fructokinase and galactokinase appear to lose activity during the post-
confluent phase of the culture (Mellman, 1971). The precise mechanism
of this loss of activity is uncertain; instability of the enzyme molecule,
depletion of stabilizing substrates, or allosteric effects of metabolic

products are possibilities.

Although as yet there have been few studies which have exploited
cell cultures to examine this aspect of enzyme activity variation, the
future can be expected to see greater use being made of the advantages
of such a system. In existing studies, there is difficulty in the inter -
pretation of specific activity as a function of the time that cells have
proliferated undisturbed in a culture vessel. Miedema and Kruse (1965)
demonstrated that cell protein content may change during the culture
cycle, Thus, it is reasonable to suspect that some of the published
specific activity differences may not always correctly reflect the enzyme
content of cells, Cell cycle parameters also may change during the
period of exponential growth, and frequency of medium change greatly

influences these parameters (Kimball et al., 1974; Ryan et al., 1972).
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1.6.2 Loss of functions and enzyme activities in cultured cells

Most reviews on the use of cell culture systems begin with
lamentations on the well documented phenomenon of loss of enzyme
activities during explantation, or the extremely low, or absence of
many enzyme activities in cultured cells (see Tagle, 1965; Davidson,
1964; Schimke, 1969; Green and Todaro, i967). Loss of differ -
entiated functions characteristic of the tissue of origin has often been
noticed in cell culture (Davidson, 1964; Wigley, 1975), and the simil-
arity between many of the cell lines derived from normal tissue and‘
some tumour tissue noted. If we follow the loss of specialized
syntheses by cells in culture, we see that each of these I_unctions
may be lost at its own individual rate, in other words this loss of
expression of the differentiated state is not an all-or-none phenom-

enon (Terzi, 1974).

Probably the most extensive and detailed descriptive studies
of the process of transformation from tissue cell to cultured cell in
the literature are still those of Champy carried out mainly between
1912 and 1920 (see Champy, 1920). It was this worker who first applied
the term 'dedifferentiation’ to the events characteristically occurring
when a culture is initiated. The main contributions of the early
tissue/cell culture work were to establish that (a) loss of overt differ-
entiated form and function occur when a culture is initiated, (b) this
process occurs with extreme rapidity, sometimes even preceding
the initiation of mitotic activity, (c¢) at least in some cases the actual
parenchymal of other histotypic cells are the ones whose descendents
constitute the derived cell culture, though often being overgrown by

"fibroblast-like'" cells (see Champy, 1920; Davidson, 1964).

Three main hypotheses have been proposed to explain the loss
of overt differentiated functions and enzyme activities in cell culture.

These are:-

(1) Overgrowth in a heterogeneous population of the cell type
of interest by another cell type more suited to proliferation in the

culture environment (Schimke, 196 9).
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(2) Inadequate nutrition, accessary co-factors or environmental
stimuli may result in decline and loss of differentiated functions and
associated enzyme activities (Green and Todaro, 1967).

(3) There is a genuine decline in degree of differentiation
although environmental conditions are adequate for its expression.

Such an irreversible decline could be analogous to dedifferentiation in

regeneration or a transdifferentiation in neoplasia.

The cell's environment in vivo differs profoundly {rom that in
culture, in terms of spatial arrangements, extracellular factors and
even mechanical forces, and viewed in this light it is not surprising
that differentiated functions tend to be lost in culture (Terzi, 1974).
If these differentiated functions are dependent on the maintenance of
complex interactions they might frequently be lost in culture due to
lack of, or disruption of, the proper connections. HMHowever, in the
long term the patterns compatible with growth tend to be similar and,
in spite of the differences in tissue of origin, the cells tend to have

similar enzymic constitutions (Terzi, 1974).

Regardless of the tissue or species of origin, a "fibroblast-
like" cell type usually predominates when new cultures are isolated
from tissues, and it has been suggested that the specialized or differ-
entiated cells of the tissue are lost at an éarly stage (Sato et al., 1960;
Franks and Cooper, 1972). In studies on rat liver cells in culture,
Sato et al. (1960) concluded that the proliferating cells did not derive
from hepatocytes but from a minority population which was at an
advantage in culture conditions and hence outgrew the hepatocytes.
Franks and Cooper (1972) described the ultrastructural characteristics
of cell lines from variocus tissues of mice and suggested that the cell
lines were derived from primitive mesenchymal cells of vascular origin,
which may adopt either of two morphologies in culture and which
occasionally may express specific differentiated functions in culture.
The selection hypothesis does not exclude the fact that specialized cells
may lose their functional capacity during the time that they survive
culture conditions but suggests that they do not contribute to the rapidly

dividing population which eventually predominates.
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The selection hypothesis must account for the great diversity
of differentiated functions exhibited by a large number of established
cell lines (see Wigley, 1975). If this diversity is derived from cells
of identical origin (Franks and Cooper, 1972), then the cell culture
environment results in a great range of aberrant gene expressions and
ectopic production of a wide range of proteing e. g. fibroblasts may be

found that synthesise myosin (Terzi, 1974). Although this may be a
| satisfactory explanation, it simply begs more evidence before it can be
accepted as a general phenomenon., The great problem is that it is
impossible to estimate the proportion of cell lines which demonstrate
aberrant gene expression. The reported cases, although numerous
(Wigley, 1975), probably represent only a fraction of all cell lines
initiated. However, since no systematic survey has been conducted,

this guestion cannot be answered.

The problem of inadequate nutritional or environmental factors
is central to the techniques of cell culture. Recent years have seen
major developments in the composition of culture media, and this pro-
gress is demonstrated by the increasing success in culturing cells of
diverse origins and properties (see Wigley, 1975). However each cell
type is likely to have its own optimum conditions for maintenance and
growth, and thus there probably exists a number of unidentified factors
which are responsible for the maintenance and expression of differ -
entiated functions in the intact animal. Culture conditions constitute
an environment which is predictably inadequate for the maintenance of
the full range of differentiated cellular characteristics. It thus seems
attractive to consider that deficiencies in the culture conditions are
responsible for the loss of most differentiated functions and associated
enzyme activities. The loss of function can often be reversed when the
proper conditions are restored in culture (Cahn and Cahn, 1966; Coon
1966) or when the cells are restored to the animal (Priest and Priest,
1964; Finch and Ephrussi, 1967). Thus, in these examples the cells
appear to have retained their differentiated state but require an external

stimulus before this is expressed. Unless the culture conditions are
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known to be adequate for stable support of the expression of a differ-

entiated function, absence of the end product does not necessarily

signify any basic loss in specialization.

The third hypothesis that a genuine decline or loss of differ~
entiated function occurs when a cell is transferred to the culture environ-
ment, although attractive, is difficult to verify. The ability of mouse
fibroblasts to synthesise collagen or hyaluronic acid decreases with
age in culturé (Green and Todaro, 1967). However, the time span
involved in these observations, the many years that L cells have been
in culture, is different from the few days or weeks normally associated
with loss of differentiated function in culture. The reduction in collagen
and hyaluronic acid synthesis over many years in cultured L cells is
thus likely to be the result of some other phenomenon. The most con-
vincing evidence of a change in differentiated state is the fact that iso-
enzyme patterns of liver cells in culture are similar to those of poorly
differentiated tumours and foetal liver but vastly different from those of
liver cells in situ (Nitowsky and Soderman, 1964; Yasin and Goldberg,
1966; Weinhouse, 1974). However, before such observations can be
accepted as evidence of a change in the differentiated state of the cultured
cell, it is necessary to be sure of its identity. Hence, these observa-
tions do not distinguish between the selection hypothesis and genuine

changes in the differentiated state,

The main evidence to suggest that changes in differentiated fun-
ctions may occur in cultured cells is derived from experiments with
oncogenic viruses. Viral transformation of the cells in culture may
result in the loss (Green, 1970) or gain (Baluda, 1962) of differentiated
functions characteristic of a cell type as well as the emergence of other
specific properties (Green, 1970). Green and Todaro (1967) consider
it doubtful that spontaneous changes in the reverse direction of differ-
entiation occur in cultured cells, and consider that contamination by
other cell types may be the cause in reported changes. It should be
noted that the expression of differentiated function in cultured cells may
be inhibited by bromodeoxyuridine (Silagi and Bruce, 1970) or hybridiza-

tion with fibroblastic cells (Rintoul et al., 1973).
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An additional theory to explain loss of specific enzyme activities
and differentiated functions in cell culture proposes that the process of
mitotic proliferation is fundamentally antagonistic to the differentiated
state and/or function. This theory has been critically examined by
Davidson (1964). In recent years datalave been collected which show

that many types of differentiated cell divide in vivo, in situ and

in culture. However, proliferation of the differentiated cell may be
less rapid than that of less differentiated cells, and as a result, over-

growth will occur (Green and Todaro, 1967).

The available evidence makes it impossible to distinguish between
the hypotheses. However, it seems likely that no single hypothesis
will be universally true. Individual cases of loss of differentiated
function {or rather its expression), or specific enzyme activities will
have individual explanations which will depend on the circumstances,

cell type and function or activity considered,

1.6.3 Differentiated cells in culture

The relatively few cell lines in culture which have been shown

to be derived from a specialized cell of any type have usually originated
from tumour tissue (Wigley, 1975). Terzi (1974) asserts that if tumour
cells in vivo retain differentiated functions, they are more likely to
express these functions in culture than their normal counterparts. How-
ever, the problems of origin of cell lines in culture are also illustrated
by those derived from tumour tissue. Many tumour-derived cell lines
in culture in fact consist of normal stromal cells present in the original

cell inoculum which have been preferentially selected (Wigley, 1975).

The few examples of apparently normal, specialized mesenchymal
cells in culture have been listed by Wigley (1975). These include cell
lines of chondrocytes, myoblasts, osteoblasts and corneal epithelium.
Mesenchymal cells, like some tumour cells, appear to have an inherent

ability to survive and grow in tissue culture, a property not shared by
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most normal epithelial cells. Specialized mesenchymal cells are
subject to the same problems as all cell cultures in the potential over-
growth of the culture by less specialized 'fibroblast-like' cells. The
true fibroblast must be considered to be a specialized cell and is cap-
able of synthesizing collagen. Franks and Cooper (1972) suggest that
the cells responsible for overgrowth of cultures are not fibroblasts
but "primitive! cells with ''fibroblast-like'" appearance and probably

share many properties with tumour cells.

Cells derived from the epithelium, such as glandular parenchymal
cells, have been the most difficult to establish in culture., It has not
proved possible to isolate and propagate normal epithelium for any
reasonable length of time in culture. Those reports describing long-
term cell lines of supposedly epithelial origin usually put forward
inadequate criteria for their identification (Wigley, 1975). "Epithelium"
is used in this sense to describe cell types which cover or line surfaces
or glands, not in the misleading morphological sense often used in the
cell culture literature. This morphology is a contiguous pavement-like
sheet of polygonal cells and is often assumed to indicate a true epithelial
origin. Grisham et al. (1975) hold the view that normal, fully differen-
tiated hepatocytes with their myriads of functions have never been obtained
in proliferating culture. When hepatocytes are cultured they appear
structurally simple and maintain only some limited but specific properties
of hepatocytes in situ (Grisham et al., 1975). The fact that these
studies, and those of Chessebeuf et al. (1974, 1975) yield cells in culture,
isolated from liver cell suspensions, which simultaneously demonstrate
a number of hepatocyte specific functions, suggests that the cell lines
may have been derived from hepatocytes which subsequently lost some

of their in situ properties.

1.6.4 Phenotypic variation in cultured cells

The impression is often presented in the literature that cell lines

tend to possess similar enzymic constitutions (e.g. Davidson, 1964;
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Terzi, 1974). It is suggested that long-term patterns compatible with

growth in culture tend to be similar and thus the cell lines show con-
vergence of properties (Terzi, 1974). That such a view can be elevated
to generality is not possible. The variability which abounds between
normal cell lines catalogued by Wigley (1975) indicates that for many
cell lines, convergence of properties does not occur, even after con-
siderable periods in culture., Thus, while the cell lines discussed by
Wigley (1975) represent a class which shows considerable phenotypic
variability, it is not possible to estimate the extent of this phenomenon,
However, it is undoubtedly true that a large number of cell lines from
apparently different origins show convergence of their properties,

Such a situation is analogous to that described for tumours in the previous
section. While a pattern of convergence of properties may be evident,
considerable phenotypic variability can be discerned when specific

differentiated functions are considered,

In some ways the problem has been confounded by the introduction
of the concept of "household" and "luxury" functions (Ephrussi, 1972).
This concept distinguishes between '"ubiquitous" functions, i.e. metabolic
functions essential for the maintenance and growth of any cell, and
"differentiated'" functions which must be necessary for the survival of
the multicellular organism and of the species, but not for that of the cell.
It is doubtful whether any cell in culture has only '"ubiquitous'" or 'house-
hold" functions and by the considerations mentioned in the previous
section, cells in culture must be regarded as being differentiated in
some sense. The concept suggests that when differentiated cells are
explanted and placed in culture, selection operates and the specialized
syntheses become useless or even detrimental and thus tend to be lost
(Terzi, 1974). Such a phenomenon would result in cell lines possessing
only "ubiquitous' functions, i.e. their properties converge. Although
the concept may possess some theoretical value when considering prob-
lems of differentiation, at this stage evidence does not appear to enforce

an operational value,

The finding by Franksand Cooper (1972) that the same cell type

is established in culture from a number of tissues, suggests caution
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in interpreting data on convergence of cell line properties. If many
cell lines from separate tissues in fact come from the same cell type,
convergence of properties would be expected. However, with this in
mind the data reviewed by Davidson (1964) does suggest a striking
similarity in enzyme patterns between some long-term cell lines.

The pessimistic view that this similarity is the result of contamination
by one of the cell lines under study, e.g. Hela (see Lavappa et al.,
1976) should not be excluded. As with hepatomas, examples exist of
cell lines which show vastly different activities of the same enzyme.
The variations in enzyme activities in many of the neoplasms mentioned
in the previous section are often manifested when these neoplastic
cells are cultured (Aviv and Thompson, 1972; Kulka et al., 1972;
Richardson et al., 1974; Tashjian et al., 1975).

Non-neoplastic cells may also demonstrate phenotypic variability
(Cristofalo et al., 1967). For example, alkaline phosphatase activity
may vary 100-fold between human cell lines of diverse origins (Davidson,
1964). Various clones of a mouse liver cell line possess 20;200 times
the B-glucuronidase activity characteristic of normal liver cells (Kuff
and Evans, 1961) and induction of arginase by arginine shows consider-

able variation between certain human cell lines (Davidson, 1964).

Nitowsky and Herz (1961) demonstrated a large amount of intra~-
strain variation of alkaline phosphatase. activities in HeLa cell lines.
This variability was also apparent between clones derived from given
* strains (Bottomly et al., 1969). In these studies, Bottomly et al. (1969)
examined HeLa strains and observed a 200-fold variation in alkaline
phosphatase activity, 12-fold for glucose-6-phosphate dehydrogenase,

8 -fold for lactate dehydrogenase and 2-fold for 6 -phosphogluconate
dehydrogenase. In addition, 3 out of 7 strains possessed alkaline
phosphatase activities which were inducible by hydrocortisone. These
authors suggested that mutation and karyotypic variability were the

cause of this large variation in enzyme activities.
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Data collated by Davidson (1964) on variation between four
clones descended from one C3H mouse cell demonstrate considerable
phenotypic variability. In addition to karyotypic variability, the
activities of hexokinase, phosphogluconate dehydrogenase and glucose-
6 -phosphate dehydrogenase varied 4-fold, 9-fold and 6-fold respectively.
f-Glucuronidase and arginase activity also showed marked variation

from clone to clone in a larger study of 17 clones.

These early studies suggest that although derived from genetically
identical material, each clone is unique if all its properties are considered
together., Davidson (1964) believes that the divergence between clones
is the result of mutations affecting the functions considered. The data
could be viewed as a record of divergent population evolution under
identical environmental circumstances. Although Davidson (1964) cites
cases of mutation Whichvaffect enzyme activities and nutrient require-
ments of cultured cells, the evidence that the phenotypic variation of
clones of identical origin is the result of mutation is non-existent. As
in the case of phenotypic variability of neoplasms, recourse could be
made to explanations based on epigenetic variations. In 1960, Scott
et al. suggested that enzyme variations between C3H clones was due

to epigenetic variation.

The phenotypic variation of cell lines is also demonstrated by the
studies on those initiated from the same tissue sample. This variation
is not due to variation in enzyme assays, culture conditions or the stage
at which the cells are harvested. In a study of several cell lines from
one human skin biopsy, Milunsksy et al. (1972) observed a 60-500%
variation in the activities of five lysosomal enzymes. These workers
suggest that fibroblasts from the same individual exhibit considerable
heterogeneity in enzyme constitution. Such variability was previously
suggested by Felix and Demars (1971). There also exists a wide range
of propionyl CoA carboxylase (Gompertz et al., 1975) and acid hydrolase
(Hultberg et al., 1973; Young et al., 1975) activities in cell lines which
were initiated from the same human skin biopsy. Although epigenetic

variations in the same cell type may account for this variation, there
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are several studies which suggest that the variation may be the result

of comparing cell lines derived from different cell types.

Martin (1966) demonstrated a great variation in enzyme activities
between related clones of human skin fibroblasts. He suggested that
while the fibroblasts themselves may have been heterogeneous, it was
possible that very different types of cells occasionally become established
in culture and appear as non-specific "fibroblasts'. ~Such cells could
include smooth muscle cells, endothelial cells, hair follicle epithelial
cells, eccrine and apocrine epithelial cells, schwannian cells and fat
cells. Papayannopoulou and Martin (1966) demonstrated heterogeneity
of cells migrating from a human skin explant. Constitutive cells with
high activities of alkaline phosphatase were found at a frequency of
2 x 10~2. Recently, Martin et al. (1974) have demonstrated the emergence
of a number of cell types from a skin biopsy, and suggest that these con-
tribute to the heterogeneity found in cultures. Ammniotic fluid cells in
culture are probably derived from a heterogeneous population (Nadler,
1972). Melancon et al. (1971) demonstrated that histidase activity
in cells from the same sample of amniotic fluid was only found in those

with "epithelial' morphology and not cells with "fibroblast" morphology.

As in the case of neoplasia, chromosomal "disorder' has been
suggested to be the cause of both phenotypic variation and the loss of
specific functions in culture. Almost all established cell-lines are hetero-
ploid in karyotype, though diploidy may persist for a long period under
appropriate conditions (Hayflick, 1965). It is not clear whether chromo-
somal abnormalities occur as mitotic errors gradually accumulated in
culture as time goes on, or whether they appear suddenly in high frequency
after a certain period in culture has elapsed. The early observations
of Champy (1920) suggest that loss of differentiated status can occur
prior to the first mitotic division in culture, and as such is unlikely to
be the result of chromosome abnormalities occurring in culture. Since
there exist a number of both short-term (Davidson, 1964) and long-
term (Hayiflick, 1965) diploid cell lines, it appears that a normal karyo-

type is not incompatible with proliferation in culture., However, in a
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number of cases, mitotic irregularities and the development of
chromosomal '""disorder" occurs at nearly the same time as the

loss of differentiated cell characteristics (Davidson, 1964) although
there is no evidence to suspect a causal relationship. An interest-
ing idea has been entertained by Terzi (1972) who suggests that cells

in culture rapidly become cytogenetically polymorphic and that the
variation in karyotype represents a loss of selection which may operate
against many abnormal chromosome constitutions in vivo. Thus,
provided they do not affect viability in the relatively constant culture

environment, chromosome ''disorders'will be tolerated.

Human biopsy material maintains a stable chromosome com-
plement in culture (Hayflick, 1965). TUnless the original tissue was
chromosomally aneuploid, the cell culture that develops is essentially
diploid (Mellman, 1971). An interesting association between chromo-
somal variability and enzyme activity variation in human cells has been
suggested by Decarli et al. (1963). These workers found that alkaline
phosphatase activity was correlated with the number of small acrocentric
chromosomes in a heteroploid cell line. However, this observation has
not been confirmed in cells exhibiting trisomy-21 (Cox, 1965) and
Cristofalo et al. (1967) found that heteroploidy and cell morphology change
was not associated with alkaline phosphatase activity. The idea has
recently been resurrected by Nose and Katsuta (1975) in their studies
on constitutive variants for alkaline phosphatase in CHO cells. These
workers suggest that chromosomal change may have resulted in the con-
stitutive variants. The studies are, however, not strictly comparable
because Decarli et al. (1963) were studying a more-or-less continuous
distribution of activity whereas Nose and Katsuta (1975) studied rare
variants which demonstrated a 300-fold increase in activity, However,
it seems likely that certain chromosome '"disorders' render cells more

13

susceptible to neoplastic transformation (see Mellman, 1971).
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1.6.5 Phenotypic variation and medical diagnosis

Cultivated human cells are being used with increasing frequency
for the detection and investigation of familial metabolic disorders. Cell
culture methods for identifying individual heterozygotes for recessive
mutations are important in genetic counselling and also in testing amnio-
tic fluid cells of an early foetus threatened with a defined genetic disease.
This aspect of somatic cell genetics has been reviewed by Hsaia (1970),
Krooth and Sell (1970), Mellman (1971), Milunsky and Littlefield, (1972)
and Nadler (1972), and at present the enzyme defects characteristic of
various hereditary metabolic diseases of humans have now been observed
in skin fibroblasts in culture in over 50 different diseases. Nowhere is
phenotypic variability of cultured cells more apparent and important
than in the area of medical diagnosis. The use of cultured cells in
diagnosis assumes that the phenotype in culture reflects the phenotype

of the individual, from which the genotype is often deduced.

The causes of phenotypic variability in medical diagnosis are
the result of the factors discussed above. Accurate diagnosis requires
strict control of culture = and assay conditions, and the cells must
be taken from the same stage of the culture cycle. A few recent studies
have demonstrated that heterozygotes may not be detected for a number
of diseases. In a number of cases, the héterozygote is expected to
possess an enzyme activity intermediate between the normal and affected
homozygotes, but cannot be accurately diagnosed because of phenotypic
variability. Such cases include hypercholesterolemia (HMGA reductase;
Goldstein et al., 1974), Gaucher's disease (B-glucosidase; Beutler et al.,
1971), glycogen storage diseases (phosphorylase kinase; Migeon and
Huijing, 1974), infantile metachromatic leukodystrophy (aryl suphatase
A; Kaback and Howell, 1970} and combined immunodeficiency disease
(adenosine deaminase; Chen et al., 1975). Mellman (1971) considers
the cases where heterozygotes can be unambiguously identified. The
lower activity (Kaback and Howell, 1970) and considerable variation

(Gerbie et al., 1972) of many enzyme activities in cultured amniotic
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fluid cells makes diagnosis even more difficult. It is possible that
such difficulties may be overcome after identification of cell type,
and phenotypic variation has been described for each particular enzyme

activity considered.

1.7 Purpose of this study

The above considerations demonstrate that while several studies
have specifically considered phenotypic variation in normmal and neo-
plastic tissues, the extent and mechanism of this phenomenon is not under -
stood. Intact animal studies have often proved too complex and have
failed to dissect constitutive, epigenetic variation from environmental
effects. It is with this problem in mind that recourse was made to cell
culture systems for the study of phenotypic variation in normal and neo-

plastic cells.

Previous studies have been hampered by doubts as to the origin
and homogeneity of the material in question. These studies have been
based on cells whose determined and differentiated states before culture
or neoplastic transformation have been unidentified, It was the initial
purpose of this study to develop a system whereby cells of known identity
and differentiated potential can be isolated in culture. These cells,
Kupffer cells, were to be isolated from the Chinese hamster whose

distinctive diploid karyotype (2n = 22) facilitates cytogenetic study.

Once identified, cell lines possessing histotypic differentiated
functions would be suitable material with which to study phenotypic varia-
tion. The heterogeneity with respect to several enzyme activities was
to be studied in a large number of cell lines initiated from identical,
identified material. The aim of this approach was to yield insights into
the loss of differentiated functions and enzyme activity, and to investigate
the extent and distribution of enzyme activity variation. At present it
is not possible to distinguish whether the variation described in previous
studies was the result of a continuous distribution or the detection of

rarevariants, perhaps mutants, selected from a discontinuous distribution
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of enzyme activity. If the cited variation is in fact due to rare
variants, it would be possible to estimate their frequency and utilize
them for genetic regulation studies. FEnzyme activity variation was

also to be described in foetal Kupffer cell lines.

The previous sections have eluded to several factors in com-
mon between the neoplastic cell and the normal cell in culture. In
both types there is a suppression of the normal phenotype, alteration
in differentiated state, selection for proliferative capacity and the
emergence of common, often foetal, enzyme patterns. Thus, it may
be of value studying the normal cell in culture to give insight into the
possible regulatory changes which may occur in neoplasia. These
changes were to be compared with those in cultured normal cells which
had been transformed with an oncogenic virus and thus presumed to

possess malignant potential.

Section 1.5 has presented evidence to suggest that considerable
variation arises out of the neoplastic process, with the result that a
number of tumours and their derivative cell lines possess "anomalous"
enzyme activities. It is possible that neoplastic transformation of cells
in culture may increase phenotypic variation, and thus increase the
probability of isolating cell lines with "anomalous' or constitutive enzyme
activities. In this study it was proposed to transform Kupffer cells
with Simian Virus 40, examine the variation of a number of enzyme
activities, and to estimate the frequency of the "anomalous' enzyme

activities.

The final objective was to analyse enzyme activity data from
the primary, transformed and foetal cell lines with a view to examining
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