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Models of Neoplasia and Their Diagnostic Implications: A Historical Perspective

David M. Goldberg'-* and Eleftherios P. Diamandis®

In comparison with normal cells, cancer cells have an
enhanced ability to trap both nitrogen and energy; an
enhanced operation of the glycolytic and direct oxidative
pathways, leading to accumulation of lactate and in-
creased production of NADPH; and a greater content of
lysosomal hydrolases. These changes represent a repro-
gramming of gene expression, which, at its most specific,
is accompanied by the reappearance in the cell and ulti-
mately in the body fluids of oncodevelopmental proteins
not normally found in mature adult tissues. The most florid
stage of this reprogramming leads to the metastatic phe-
notype, which confers upon the cancer cell the ability to
stimulate angiogenesis, invade the bloodstream and lym-
phatic vessel, and arrest and proliferate in distant tissues.
The diagnostic implications of these phenotypic changes
are illustrated for cancer of the cervix uteri and cancer of
the colon. We also review the classical theories of neo-
plasia, including the cellular anoxia concept of Warburg,
the deletion hypothesis of Potter, and various other mech-
anisms emphasizing genomic derepression and impaired
immunity. The critical steps in chemical carcinogenesis
are described, and the Vogelstein—Lane model is pre-
sented, emphasizing the stepwise and cumulative ge-
nomic changes affecting chromosomes 5q, 17p, 18q, and
gene amplification of chromosome 12 as well as genomic
instability resulting from reduced DNA methylation. The
main consequences of these genomic alterations include
overexpression or activation of oncogenes such as c-myc
and k-ras, together with mutation or functional inactivation
of suppressor genes such as p53. Finally, the implications
of these findings for diagnosis and management are illus-
trated by reference to recent investigations in cancers of
the breast, colon, and bladder, in which these genomic
alterations can be detected by examination of appropriate
cellular material and by detection in serum of antibodies to
the p53 gene product.

Indexing Terms: cancer - metastasis - Ilysosomal hydrolases
- oncodevelopmental proteins - tumor markers - carcinogen-
esis - oncogenes - tumor-suppressor genes - acute-phase
proteins

The title of this review raises issues that can be fully
addressed only by a textbook or treatise. Therefore, for
practical purposes, we have had to very clearly define
our scope and intentions. In brief, we describe the na-

! Department of Clinical Biochemistry, University of Toronto,
Banting Institute, 100 College St., Toronto, Ontario, M5G 1L5,
and ? Department of Clinical Biochemistry, The Toronto Hospital
(Western Division), 399 Bathurst St., Toronto, Ontario, Canada
MS5T 2S8.

3 Address correspondence to this author, at the Banting Insti-
tute. Fax 416-978-5650.

Received March 16, 1993; accepted July 28, 1993.

2360 CLINICAL CHEMISTRY, Vol. 39, No. 11(B), 1993

ture of the cancer cell, how its presence may be recog-
nized, and how it comes to be what it is in the first place.
These three objectives can be roughly translated into
the following themes: the cancer phenotype; laboratory
diagnosis; and mechanisms of carcinogenesis. Because
these topics will form the basis of virtually every other
presentation at this conference, we will not attempt to
do more than to provide a background, which we hope
will render these presentations more comprehensible
and make it less necessary for succeeding authors to
dwell on fundamental and well-recognized concepts.

Features of the Cancer Phenotype

If the genotype of cancer is complex and confusing, the
phenotypic behavior and properties of cancer cells are
much more so. Among the dilemmas that obfuscate any
attempt at such a description is the fact that cancers
comprise a mixture of many different cell types. Even
those cells that are malignant may consist of several
different clones, although one will almost always domi-
nate a particular tumor. The behavior of cancer cells
growing in culture may be very different from that
which characterizes the same cells growing as a solid
tumor. The properties of metastases may differ from
those of the primary tumor because of the different en-
vironment in which the cells find themselves or because
the metastases may arise from clonal expansion within
the original tumor. Phenotypic modulation occurs in
response to the activation of defense mechanisms, of
which humoral and cell-mediated immunity are proba-
bly the most important. Finally, many of the features
attributed to cancer cells, especially those that have
traditionally been considered most useful in diagnosis,
are the result of even more complex and generalizable
tumor-host interactions mechanistically related to en-
docrine and nutritional functions (1). Table 1 lists some
of these features. The following text will elaborate on
the information provided in Table 1 and will also pre-
sent a brief account of three further aspects of the cancer
phenotype: reprogramming of gene expression, oncode-
velopmental gene expression, and phenotypic features
associated with metastatic potential.

Metabolic Features

Protein metabolism. Investigations in tumor-bearing
animals and in human cancer patients suggest that a
shift of nitrogen from normal to neoplastic tissues occurs
as a consequence of the ability of cancer cells to “trap”
nitrogen. Normal tissues become depleted, whereas the
cancer cells are able to ensure a continuing supply of
amino acids for protein synthesis and cell growth (2-5).
Insofar as this is a valid phenotypic feature of cancer
cells, it may be explained by enhanced activity of the



Table 1. Features of the Cancer Phenotype
Protein metabolism
The nitrogen trap
Carbohydrate metabolism
The energy trap—hypoglycemia
Insulin resistance—hyperglycemia
Respiratory lesion—mitochondrial damage
1. Low tricarboxylic acid cycle activity
2. High glycolysis—lactic acidosis
3. High hexose monophosphate shunt activity—NADPH
production
Lipid metabolism
The vanishing fat syndrome
Lysosomal hydrolases
The voracious appetite of the cancer cell
Preneoplastic changes
Histochemical markers—GGT
Oncodevelopmental gene expression
Tumor markers—CEA, a-fetoprotein, Regan isoenzyme, etc.

y-glutamyl cycle. This has been proposed as a mecha-
nism for the uptake of amino acids by cells (6). Believed
to be relatively unimportant in most normal tissues, it
could conceivably be a major device for the binding,
translocation, and intracellular transfer of amino acids
into cancer cells specifically, by virtue of the high con-
tent of the relevant enzymes such as y-glutamyltrans-
ferase (GGT), which these cells are known to possess
(see reference 7 for a review).

Carbohydrate metabolism. Hypoglycemia is a com-
mon feature of patients with advanced cancer. Energy
balance studies have demonstrated that cancer cells are
as successful in trapping energy as in the preferential
capture of amino acids (5).

A feature widely but not invariably found in cancer
cells is a block in the intracellular respiratory (electron
transfer) mechanism (8). This is frequently accompa-
nied by mitochondrial damage and a reduction in the
tricarboxylic acid cycle activity. To compensate for this,
two alternative pathways are exaggerated: glycolysis,
which is often high even under aerobic conditions, lead-
ing to high rates of lactic acid production (8, 9) and a fall
in the pH of the tumor tissue (10), and activity of the
direct oxidative pathway, otherwise known as the hex-
ose monophosphate shunt (11-13). The latter is impor-
tant in the economy of the cancer cell by contributing in
a major way to the production of NADPH, which is
necessary for nucleic acid synthesis.

Lipid metabolism. A dramatic reduction in body fat
content is invariably found in terminal cancer patients
(14). This, together with the effects of prolonged nega-
tive nitrogen balance and protein wasting, leads to the
clinical picture of cachexia. The factors that induce this
state are multiple and complex and involve endocrine
and nutritional mechanisms that operate at the level of
the host rather than of the cancer cell (15).

Lysosomal hydrolases. An excess of lysosomes is often
found in cancer cells (16). This confers a selective advan-
tage, in that intracellular digestion is enhanced, and is

likely to prove nutritionally beneficial to cancer cells.
These enzymes probably also play an important role in the
local spread of the tumor and in its ability to metastasize.

The Molecular Correlation Concept

This concept was proposed by George Weber on the
basis of a monumental series of investigations summa-
rized in his Clowes Memorial Lecture in 1983 (17). To
this day, it stands as the most comprehensive charac-
terization of the cancer cell in terms of its metabolic
behavior. Comparing normal tissues (mainly liver) with
a series of tumors of varying but defined growth rates
(mainly hepatomas), he recognized that certain key en-
zymes are tightly coupled with either neoplastic trans-
formation or with progression of the tumor by alter-
ations in their activity, concentration, or isoenzyme
profile. These key changes, shared in greater or lesser
measure by all cancer cells, depending on their grade of
malignancy, proliferative rate, and degree of differenti-
ation, could be distinguished from coincidental changes
in gene expression not strictly linked with neoplasia. An
example of this approach is illustrated in Figure 1. The
overall changes in gluconeogenic enzymes typical of
cancers are summarized in Table 2.

Although Weber was not successful in explaining the
mechanism leading to this reprogramming of gene ex-
pression at the molecular level, his concept is congruent
with what we now know about oncogene activation and
gene mutations. In fact, the metabolic patterns de-
scribed by Weber in such exquisite detail represent the
phenotypic exterior that reflects the sequential and cu-
mulative changes in the internal genetic machinery of
the cell as proposed by Vogelstein (discussed later).

The Oncodevelopmental Concept

This concept views cancer as an aberration of develop-
mental biology, central to which is the abnormal expres-
sion of normal genes. This abnormality is manifested by
the presence in neoplastic tissues of proteins that nor-
mally are produced during embryonic development but
are suppressed in mature differentiated tissues. The sem-
inal discoveries that led to this concept include the pres-
ence of a-fetoprotein in hepatic cancer (19), of carcinoem-
bryonic antigen (CEA) in colonic cancer (20), and of
placental alkaline phosphatase found by Fishman and
his colleagues (21, 22) in several different types of cancer.
This reexpression of normal developmental genes by neo-
plastic cells may potentially be explained by the view
that cells with this phenotype, characteristic of an earlier
stage of differentiation, randomly persist during neopla-
sia, a notion consistent with the cell rest theory of car-
cinogenesis (see below). Alternatively, such reexpression
may be a consequence of mutations or deletions in cells
that had completed the differentiation program and were
fully mature before these genomic alterations. It is un-
likely that the ability to synthesize an oncodevelopmen-
tal gene product is mechanistically related to neoplasia
or confers a selective advantage on cancer cells. More-
over, similar alterations in gene expression occur in cells
regenerating after injury, in line with the fact that this
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Fig. 1. Correlation of the activity ratios of opposing glycolytic (hexokinase and phosphofructokinase) and gluconeogenic (glucose-6-phos-
phatase and fructose-1,6-diphosphatase) enzymes with growth rates of various rat hepatomas

From: Weber (78). Reprinted with permission from Academic Press

Table 2. Carbohydrate Metabolism: Phenotypic
Evidence for Reprogramming of Gene Expression in
Neoplasia
Key gluconeogenic enzymes are
decreased

Glucose-6-phosphatase, fructose,
1,6-diphosphatase,
phosphoenolpyruvate carboxykinase,
pyruvate carboxylase

Key glycolytic enzymes are increased
Hexokinase, phosphofructokinase,
pyruvate kinase

Ratios of key glycolytic/key
gluconeogenic enzymes are increased

High K, isoenzymes are decreased
Glucokinase, liver-type pyruvate kinase

Low K., isoenzymes are increased
Hexokinase, muscle-type pyruvate
kinase

Alterations are covariant with growth rate,
a malignancy-linked imbalance

Imbalance in glycolytic/gluconeogenic
enzymes leads to increase in
glycolysis, isoenzyme shift leads to
decreased responsiveness to
physiological controls, both conferring
selective advantages to cancer cells

Source: Adapted from Weber (18).

Synthetic enzymes

Catabolic enzymes

Metabolic imbalance

Isoenzyme shift

Relation to malignancy

Biological role

regeneration during the recovery of tissues from injury
occurs as a consequence of the proliferation of undiffer-
entiated cells and of their entry into the differentiation
program that generates mature, phenotypically adult
cells. However, it is a statistically established generali-
zation that neoplasms expressing oncodevelopmental
proteins, being more primitive, are also more malignant
and tend to be more anaplastic than tumors in which the
majority of cells do not express these proteins. These
ideas have given rise to the application of tumor markers
for evaluating the grade of malignancy of tumors and the
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prognosis of those patients in whom they occur (23). The
most compelling exponent of the oncodevelopmental con-
cept and its implications, both biological and diagnostic,
is William H. Fishman. His contributions have pro-
foundly influenced the management of cancer patients,
and his work has provided a rigorous structure for the
biological basis of these marker proteins (Table 3).

The Metastatic Phenotype

This is the ultimate stage in the progression of a
cancer cell. It requires further mutational events be-
yond those necessary for the production of tumors that
are merely locally invasive. Cells with metastatic po-
tential grow and evolve from among cellularly diverse
subpopulations present in such tumors (24). To spread
to distant sites, such tumor cells have to enter the in-
terstitial stroma and invade the walls of blood vessels,
thereby entering the circulation. On reaching the target
organ, they adhere to the luminal surface of endothelial
cells, stimulating the latter to retract and expose the
underlying basement membrane, for which many tumor
cells possess cell-surface-matrix receptors. Using a va-
riety of proteases, tumor cells are able to digest the
basement membrane, exit the venule or capillary, and
invade the surrounding tissue.

Among the phenotypic features facilitating metasta-
sis are the following:

Angiogenesis. This is the ability to stimulate prolifer-
ation of small blood vessels through various growth
factors (25).

Invasion. This occurs by virtue of chemoattractants,
autocrine motility factors, receptors facilitating attach-
ment to blood and lymphatic vessels, and an adequate
complement of degradative enzymes.

Arrest and extravasation. This involves endothelial
exposure, followed by its retraction, dissolution of base-
ment membrane, and entry into the tissues as described



Table 3. Neoplasms of Counterpart Developmental
Tissues and Their Marker Proteins
Neoplasms Marker proteins
A. Gamete neoplasms (seminomas, a-Fetoprotein
germinal neoplasms)

Placental alkaline
phosphatase

B. Embryoblast tumors (embryonal  a-Fetoprotein

carcinoma)
Chorionic gonadotropin

C. Three-germ-layer tumors a-Fetoprotein

(teratocarcinoma)
Chorionic gonadotropin

Placental alkaline
phosphatase
D. Extraembryonic tumors
Trophoblastic neoplasms Chorionic gonadotropin
Placental lactogen

Placental alkaline
phosphatase
Pregnancy-specific
glycoprotein (SP,)
Placental protein 5 (PPg)
a,-Antitrypsin
a-Fetoprotein

Yolk sac neoplasms

E. One-germ-layer tumors
Ectodermal tumors
Prostate cancer
Breast carcinoma

Acid phosphatase
a-Lactalbumin
Casein

Estrogen receptor
Placental lactogen
Endodermal tumors

Colorectal and other CEA
gastrointestinal cancers

Mesodermal tumors

Skeletal muscle tumors Myoglobin
Smooth and skeletal muscle Myosin
tumors

Osteogenic sarcoma

Alkaline phosphatase

Endothelial cell tumors Factor Vlil-related antigen

Source: Adapted from Fishman (23). The scheme developed by Fishman
includes two further categories: F, endocrine tumors; G, specialized migratory
embryonic cell neoplasms, divided into further subclasses, including neural
crest cell tumors, gastrointestinal tract endocrine cell tumors, germ neoplasms,
and hematopoietic disorders.

above, the relevant factors for each of these processes
being listed in Table 4.

Formation of secondaries. Tissue receptors, growth
factors, and an ability to invade host defenses, as out-
lined in Table 4, contribute to this process.

Diagnostic Implications

The application of biochemical tests to cancer diagno-
sis has consumed the energies of a multitude of inves-
tigators, generated a voluminous literature, and sown
confusion and uncertainty on a scale that has made the
present Conference obligatory. The possibility that a
single diagnostic test for all forms of cancer exists and
simply awaits discovery was a cherished notion a few
decades ago. The more sober hope that a series of indi-
vidual tests for specific cancers might emerge seemed to
have a good prospect, and various groups of scientists
appeared to be on the verge of success in many in-
stances. Regrettably, these hopes have fallen upon dis-
appointment and frustration. Few, if any, of the many
so-called diagnostic tests for cancer have survived in
this role, and those that remain in the laboratory rep-
ertoire at this time are valued, if at all, for their poten-
tial usefulness in therapeutic monitoring and prognosis.
Rather than enter into a broad discussion of these tests,
we will focus on a historical perspective by illustrating
some of the biochemical procedures that have been ex-
plored for their utility in two specific forms of cancer,
and will relate these to the conceptual background al-
ready presented.

Cancer of the Cervix Uteri

Changes in biochemical constituents of blood and
urine are rare in cervical cancer, but its anatomic loca-
tion has led to the exploration of vaginal fluid as a
potential source of biochemical signals for this condi-
tion, with enzymes being the constituents most actively
investigated (26-32). Goldberg and associates con-
ducted an intensive study of this possibility for more
than a decade (33-38). Beginning with the character-
ization of enzymes in the tumor tissue in comparison
with normal cervical mucosa, they showed that high

Table 4. Tumor-Host Interactions during the Metastatic Cascade

Metastatic event
Angiogenesis
Invasion of local tissues, blood, and lymphatic vessels

Circulating tumor cell arrest and extravasation
Adherence to endothelium

Retraction of endothelium
Adhesion to basement membrane
Dissolution of basement membrane

Locomotion
Colony formation at secondary site
Evasion of host defenses and resistance to therapy

Source: adapted from Liotta and Stetler-Stevenson (24).

Possible mechanisms
Multiple angiogenesis factors including growth factors

Serum chemoattractants, autocrine motility factors, attachment
receptors, degradative enzymes

Tumor cell aggregation

Tumor cell interaction with fibrin, platelets, and clotting factors;
adhesion to RGD-type receptors

Platelet factors, tumor cell factors
Laminin receptor, thrombospondin receptor

Degradative proteases, type IV collagenase, heparanase,
cathepsins

Autocrine motility factors, chemotaxis factors
Receptors for local tissue growth factors, angiogenesis factors

Resistance to killing by host macrophages, natural killer cells,
and activated T-cells; amplification of drug-resistance genes
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concentrations of lysosomal enzymes such as ribonucle-
ase, deoxyribonuclease, and B-glucuronidase were char-
acteristic of these tumors (33, 34). Higher concentra-
tions of glycolytic enzymes, e.g., lactate dehydrogenase,
and of direct oxidative enzymes, e.g., phosphogluconate
dehydrogenase, were also present (35-38). Finally, an
increase in membrane-related enzymes was also a prom-
inent feature, as illustrated by GGT in Figure 2.
These differences were evident when the vaginal fluid
content of cancer patients was compared with that of
normal healthy women (Figure 3). Despite the fact that
these procedures were very accurate in diagnosing in-
vasive cancer, lent themselves to mechanization and
automation, and were relatively cheap to perform, they
never succeeded in reducing dependency on cytological
examination as the standard screening procedure for
diagnosis of cervical cancer. This could be attributed to
their poor sensitivity in detecting carcinoma in situ, a
preinvasive lesion believed in many cases to remain
localized and to have a more benign outcome and a
different natural history than invasive cervical cancer.

Cancer of the Colon

Many investigations have been conducted on tissue
removed at operation, and the results have given con-
siderable insight into the alterations in gene expression
that, if not quite causal, are important in the biology of
colonic cancer and frequently correlate with clinical as-
pects of the disease (Table 5). For example, tumors ex-
pressing steroid receptors tend, on the whole, to be more
responsive to therapy than those without, reminiscent
of the well-known behavior of breast cancers. Enzymes
of polyamine biosynthesis are greatly enriched in co-
lonic cancers, in dysplastic polyps, and even in the ad-
jacent apparently normal mucosa of individuals with
familial polyposis coli.

Altered expression of blood-group antigens is a prom-
inent feature of colon cancers. These changes are char-
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Fig. 2. Activities of various enzymes as U/g of cervical tissue in
biopsy samples of patients with invasive carcinoma of the cervix uteri
and in histologically normal samples from subjects with benign cer-
vical lesions

Number of samples for each enzyme as indicated at bars. Multiply y-axis units
by the factor indicated for each enzyme to obtain the true values as mean
+SE. Compiled from published and unpublished data of Goldberg et al.
(33-38). PGDH, 6-phosphogluconate dehydrogenase; LDH, lactate dehydro-
genase; p-Gase, B-glucuronidase
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Fig. 3. Activities of various enzymes, U/mg of protein, in vaginal fluid
samples collected from patients with invasive carcinoma of the cervix
uteri and from subjects with benign cervical lesions

Number of samples for each enzyme as indicated at bars, enzyme abbrevia-
tions as in Fig. 2. PGDH(A) and (B) refer to intracellular supernate and vaginal
fluid plasma (extracellular), respectively. RNase, p-Gase, and GGT were
assayed in homogenized cells sedimented from the vaginal fiuid by centrifu-
gation, and LDH was assayed in the intracellular supernate of these cells

acterized by the disappearance of antigens normally
expressed in mature adult tissue and the reappearance
of products expressed in the fetus, suggesting a reacti-
vation or derepression of fetal gene function. In addi-
tion, some blood-group glycolipids synthesized by tu-
mors are blocked at some point in the synthetic
pathway; these glycolipids therefore behave as incom-
patible blood-group antigens foreign to the host (77).

The synthesis of oncogene products as a result of ac-
tivation by different mechanisms such as gene amplifi-
cation and increased gene transcription and gene trans-
location, and the increased stability of the respective
oncogene products as a result of mutation or decreased
catabolism are being actively explored for all tumors,
and colon cancer is no exception. A more detailed ac-
count of the significance of these changes will be dis-
cussed in the next section.

Serum tests in patients with colonic cancer have been
dominated by assays of CEA. Table 5 summarizes some
of the earlier literature on the use of this marker. The
assertions of utility in Table 5 are far from unanimous.
The value of CEA in staging is limited (67). Its prog-
nostic accuracy appears to be relatively high only in
Dukes’ stage C disease (78, 79), and in a large series of
333 patients Lewi et al. (80) found no predictive rela-
tionship between preoperative CEA concentrations and
survival. Its role in “second-look surgery” is very con-
troversial, given the false-positive rate of ~15%, and,
although the true-positive rate approximates 80%, few
patients prove to have operable recurrences (65, 81-83).
CEA values are not helpful in assessing the response to
chemotherapy (84) or to radiation (85).

As with most other solid tumors, numerous enzymes
have been used to evaluate patients with colonic cancer,
mainly for the purpose of detecting spread to the liver
(see references 86-89 for review). Alkaline phosphatase
and GGT have been standard aids in this assessment;
measurement of their total serum activity usually suf-
fices, but some diagnostic improvement may follow the



Table 5. Biochemical Markers of Neoplasia in Tissue and Serum of Human Subjects with Colonic Cancer

Test
Tissue
Steroid receptors
Estrogen receptor
Androgen receptor
Polyamine biosynthesis
Ornithine decarboxylase

S-Adenosyl methionine
decarboxylase

Blood group antigens
A & B isoantigens

Lewis® antigen
Lewis® antigen

Lewis* antigen
Lewis¥ antigen

H antigen
Growth factors

TGF a¢and B
Oncogenes

ras

c-myc
Serum
Carcinoembryonic antigen

Enzymes
GGT
Lactate dehydrogenase
Alkaline phosphatase

Acute-phase proteins
a-Antiprotease
a4-Acid glycoprotein

Haptoglobin
Prealbumin
Serum hexose
C-reactive protein

Utility

Suggestive of better prognosis
None

Identifies benign lesions at greater risk of malignancy
As above

Loss from proximal colon in which normally expressed, reexpression
in distal colon in which normally absent

Decreased in poorly differentiated and metastatic cancers

Expressed in almost all colon cancers but only 20-45% of normal
tissues

Present in differentiated but not poorly differentiated cancers or
normal colonic tissues

Absent from adult colon; present in cancer and polyps, correlating
with dysplasia
Marker of dysplastic premalignant lesions

May stimulate stromal cell growth

Mutations present in 30-40% of colon cancers and 60% of colonic
adenomas >1 cm

Inversely related to dedifferentiation
Does not correlate with disease-free interval or overall survival

Useful in staging
Correlates with prognosis
Index of tumor burden
Predictive of recurrence

Detects hepatic metastases

Elevated in >50% of cases without metastases
Detects hepatic metastases

Predicts survival

Predicts metastases

Predicts metastases

Index of tissue fixation

Predicts recurrence

Nutritional index

Useful in diagnosis, predicts recurrence
Index of tissue fixation
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specific determination of high-molecular-mass forms of
these enzymes (71).

It may appear strange that acute-phase proteins,
which are produced by the host and not by the tumor,
should have exercised a fairly prominent role in the
management and evaluation of cancer patients. How-
ever, as is apparent from Table 5, some of these tests
give useful information about tumor—host interactions.
They also lend themselves to data massage in the form
of discriminant function analysis, and some useful diag-
nostic functions have been generated by this kind of
exercise (90).

Theories and Mechanisms of Neoplasia

The most influential view of cancer as a biological
process in the immediate post-World War II era was the

proposal, advocated by Jesse P. Greenstein, that the
cancer phenotype represented the progression of mature
differentiated cells towards a final common pathway
characterized by unrestrained growth, proliferation,
metastasis, and liberation from the constraints that nor-
mally prevent these processes from occurring. Viewed
as an intrinsic behavior to which all cells are naturally
prone as they age, the process could be accelerated by
many predisposing factors of a genetic or environmental
nature, including exposure to carcinogens, radiation,
viruses, and chronic tissue injury (91). Much as this
concept captured the imagination of cancer investiga-
tors, it did not easily lend itself to direct experimental
proof. Consequently, over the succeeding two decades,
various alternative hypotheses or embellishments of
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earlier theories were generated. In 1974, Busch (92)
summarized those that had dominated research in can-
cer up to that time (Table 6). We point out that these
approaches are by no means mutually exclusive and,
even if they are not generalizable, they may still be
valid for specific types of cancer. Nor can it be asserted
that current knowledge about the genetics of cancer has
rendered these concepts obsolete. In fact, the reverse is
the case. The more we discover about carcinogenesis,
the more perceptive these views become.

To deal with these theories in sequence, although
cellular anoxia is not a cause of cancer, it is a very
common consequence of neoplastic change. Chromo-
somal changes and point mutations are crucial events in
carcinogenesis and lie at the heart of all current ge-
nomic models. A failure to eliminate tumor cells,
whether as a consequence of impaired immunity or of a
failure in genomic policing (102), is a seminal element
of current cancer theory. Although Potter originally
proposed the “deletion hypothesis” with negative regu-
lators of DNA-synthesizing enzymes in mind (96), the
concept fits very well with the known effects of p53
suppressor gene mutation or deletion and the role of this
gene in carcinogenesis. “Activation of latent cancer
DNA” is simply a more primitive form of the phrase
“oncogene expression.” The notion that precancerous
cells are present in many tissues is central to the most
completely established model of carcinogenesis (103),
which we will further elaborate later. Insertion of viral
genomic material is a key mechanism in virus-induced
carcinogenesis, and what we currently know about on-
cogenes serves to elaborate rather than to disprove the
original concept. Pitot’s “membron” concept (101) is still
valid in the sense that membrane abnormalities are a
virtually constant feature of cancer cells, although not
the fundamental cause of the condition. Finally, ge-
nomic derepression and reprogramming are well-estab-
lished phenomena that, as mentioned earlier, account
for many of the phenotypic changes in cancer cells, even
though they are the consequences of events rooted at a

more profound level of the reproductive machinery of
the cell rather than the primary cause of cancer per se.
It is indeed quite remarkable that the more sophisti-
cated our molecular techniques have become, the more
accurate and valid these older observations and views
appear to be. Research in the past two decades has suc-
ceeded in providing a description and an explanation for
these postulated events at a level that merely serves to
reinterpret these concepts in contemporary terminology.
In the following sections, we look at two models of carcino-
genesis that are worthy of more detailed consideration.

Chemical Carcinogenesis

It is to James and Elizabeth Miller that we owe much
of our fundamental knowledge about this process (104),
although several investigators such as Nery (105), Pitot
(106, 107), and Farber (108, 109) also advanced our
knowledge of the relevant processes. Most of the exper-
imental observations stem from investigations per-
formed in laboratory animals, the commonest models
being hepatic and skin carcinogenesis in the rat and
mouse, respectively. Information from such models may
not be relevant to the commonest spontaneously occur-
ring tumors in humans, but they are obviously relevant
to those that have been established to arise as a conse-
quence of environmental insults such as cigarette smok-
ing (lung, and possibly bladder and breast cancer), ul-
traviolet radiation (skin cancer), and various industrial
cancers endemic to workers in the manufacture of dyes
and other chemicals (bladder and scrotum cancer). Some
of these factors are listed in Table 7, and the possible
mechanisms are presented in Table 8.

Experiments in this field have led to the recognition of
three distinct stages. The first, initiation, is irreversible,
and the initiated cells retain a “memory” characteristic
of the process. The resulting cell has the potential to
develop into a clone of neoplastic cells but will not nec-
essarily do so. The second stage, promotion, is distin-
guished from initiation by its reversibility. The exis-
tence of promoted cell populations depends on the

Table 6. Major Theories of Neoplasia

Concept
Abnormal cell respiration

Author (ref.)

Description

Somatic mutation theory
Defects in immune surveillance
Deletion hypothesis

Activation of latent cancer DNA

Cell rest theory

Viral genome insertion

Membron hypothesis

Source: Adapted from Busch (92).

Warburg, 1926 (93)
Boveri, 1929 (94)
Green, 1954 (95)
Potter, 1957 (96)
Busch, 1962 (97)
Cohnheim 1889
(98); Osgood, 1964
(99)

Temin, 1965 (700)

Pitot, 1969 (107)

Cancer may arise as a result of cellular anoxia, which causes
excessive glycolysis.

Chromosomal changes or point mutations cause alteration in cellular
function.

Carcinogenic substances alter the immune cell response to tumors,
with failure to eliminate tumor cells.

Cytoplasmic reactions may control cell division; carcinogens may cause

loss of these control reactions.

Cancer DNA present in all cells but normally repressed; various stimuli

result in expression of this DNA.

Precancerous or “resting” cells present in many tissues are activated
to cancer cells by oncogenic stimuli.

Whole viral DNA or DNA produced by RNA-dependent DNA
polymerase inserted into cell genome.

Messenger RNA is fixed to specific membrane sites that are abnormal

in cancer cells.
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Table 7. Factors and Agents Convincingly
Demonstrated to Be Associated with Predisposition to
Specific Forms of Cancer

Agent

Life-style factors
Alcoholic beverages

Betel chewing

Dietary factors (fat,
protein, calories)

Sexual promiscuity
Tobacco smoking
Occupational exposure

Arsenic

Asbestos

Aromatic amines
Cadmium

Nickel

Rubber industry
Soots, tars, and oils

Specific neoplasm

Esophagus, liver, pharynx
Mouth

Breast, colon, endometrium,
gallbladder

Cervix uteri
Mouth, pharynx, larynx, lung

Lung

Lung

Bladder

Lung

Lung

Leukemia, bladder
Skin, lung, bladder,

gastrointestinal tract

Medications
Inorganic arsenicals Skin, liver
Azathioprine Lymphoma, reticulum cell
sarcoma
Chloramphenicol Leukemia
Diethylstilbesterol Vagina
Phenacetin Renal pelvis

Source: Adapted from Pitot (107).

Table 8. Possible Mechanisms of Chemical
Carcinogenesis
Genetic mechanisms, which result in modifications of the DNA
genome
Direct modification of the DNA

Modification of RNA subsequently transcribed into DNA and
integrated into host DNA

Alterations of molecules other than DNA that decrease the
fidelity of DNA copying

Epigenetic mechanisms

Changes in DNA transcription (including integrated virus
genomes and oncogenes)

Proliferation and progression toward malignancy of previously
existing preneoplastic or neoplastic cells

Increased superoxide formation
Activation of protein kinase C

Source: Expanded from Miller and Miller (104).

continued administration of the promoting agent, but
the maximal effect depends on the number of cells al-
ready initiated, and therefore on the dose of the initiat-
ing agent. The final stage, progression, is irreversible
and is accompanied by clearly recognizable genomic al-
terations; at this stage, the formation of discrete tumors
(benign or malignant) becomes evident. Before this
point, initiated cells can be recognized only by subtle
phenotypic changes, such as a dramatic increase in GGT
content, as in the case of hepatic and thyroid carcino-
genesis (110-112). Some agents, termed complete car-
cinogens, are able to bring about all three stages; others,
termed incomplete carcinogens, act merely as initiating
agents. Some compounds that are complete carcinogens

at high doses are incomplete carcinogens at low doses.
Still others, such as urethane, are complete carcinogens
for certain tissues, but incomplete for others.

This model of carcinogenesis has been most effective
in explaining the development of tumors due to environ-
mental contaminants and radiation. Conceptually, how-
ever, it is linked very clearly to the next model.

The Vogelstein Model

This is the most recent model to be proposed concern-
ing the origin and development of cancer cells (103).
Unlike most of the earlier models, it is based on obser-
vations in human cancer, the best-documented being
cancer of the colon. In fact, the elements in this hypoth-
esis are really not new; what is novel is the specific
description of the events leading to cancer in human
tissues and the characterization of the various abnor-
malities that contribute to this process (Figure 4). As in
the instance of some of the earlier models, the hypoth-
esis provides a rational basis for the application of cer-
tain laboratory procedures in the diagnosis of cancer in
general and the evaluation of prognosis in particular
cases.

The background to this hypothesis has been provided
by the recognition of a range of genomic alterations
encountered in a high proportion (if not all) of human
cancer cells. The first of these, ras gene mutation, occurs
in 50% of colorectal carcinomas and in adenomas in the
same tissue >1 cm diameter, suggesting that such mu-
tations may be the initiating event in a subset of such
tumors (Figure 5). This observation also suggests that
adenomas with such mutations are more likely to be-
come malignant than those without.

The second series of events typically present in colonic
neoplasms is loss of tumor-suppressor genes (113, 114).
Those regions of the genome thus affected include chro-
mosome 5q (20-50% of colorectal carcinomas in patients
without polyposis), chromosome 17p (75% of colorectal
carcinomas, although very rarely in adenomas), and
chromosome 18q (>70% of carcinomas and 50% of late
adenomas). The significance of the 5q region is that this
is the locus linked to familial polyposis. Patients with
this condition only rarely have deletions of chromosome
5q; presumably mutations rather than allelic losses ac-
count for development of polyposis. The 17p region has
been identified as the locus containing the p53 gene. In
addition to allelic deletion, point mutations causing
amino acid substitutions in the p53 gene product occur
frequently in colorectal tumors. Unlike the wild-type
gene product, which appears to undergo very rapid ca-
tabolism and is undetectable in normal cells, the mu-
tant proteins accumulate and can be detected in the
affected cells by immunocytochemical or immunoassay
techniques. Although allelic loss and point mutations
are independent events, they have been found to coexist
not infrequently in colorectal carcinomas.

The 18q region encodes a candidate tumor-suppressor
gene termed DCC, the protein product of which is ho-
mologous with a family of cell adhesion molecules. Al-
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Fig. 4. Genetic model for colorectal tumorigenesis

Tumorigenesis proceeds through a series of genetic alterations involving oncogenes (ras) and tumor-suppressor genes (particularly those on chromosomes 5q,
17p, and 18q). Patients with familial adenomatous polyposis (FAP) inherit a mutation on chromosome 5q, an alteration that may be responsible for the

hyperproliferative epithelium in these patients. In tumors arising in patients without
stage of tumorigenesis. Hypomethylation is present in very small adenomas in patients with or without
in the loss of suppressor gene alleles. ras gene mutation appears to occur in one cell of a

polyposis, the same region may also be lost and (or) mutated at a relatively early
polyposis, an alteration that may lead to aneuploidy, resulting
preexisting small adenoma and, through clonal expansion, produces

a larger and more dysplastic tumor. The chromosomes most frequently deleted include 5q, 17p, and 18q; the putative target of the loss event (i.e., the
tumor-suppressor gene) on each chromosome is indicated as well as the relative timing of the chromosome loss event. The order of these changes is not invariant,
and accumulation of these changes, rather than their order with respect to one another, seems most important. From: Fearon and Vogelstein (703). Reprinted with

permission from the authors and Cell Press
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Fig. 5. Frequency of ras gene mutations and chromosome 17p
deletions in colorectal tumors

From: Fearon and Vogelstein (7103). Reprinted with permission from the au-
thors and Cell Press

tered expression of this gene may therefore be expected
to interfere with cell—cell or cell-matrix interactions.

Gene amplification of chromosome 12 results in over-
expression of a protein, MDM2, which is able to complex
with p53 and inactivate its tumor-suppressing activity.
Similar inactivation occurs when p53 binds with a num-
ber of viral products and oncoproteins such as simian
virus 40 T (SV40 T), adenovirus Elb, and papilloma
virus E6 antigens.

A range of somatic alterations have been found with
high frequency in colorectal tumors. Reduced DNA
methylation causes genomic instability, reduced chro-
mosome condensation leading to mitotic nondisjunction,
and allelic losses. Overexpression of c-myc and in-
creased tyrosine kinase activities are also encountered
frequently in colorectal carcinomas.

The Vogelstein hypothesis incorporates the following
proposals:

1. Most, if not all, colorectal carcinomas arise from
preexisting benign adenomas.
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2. Colorectal tumors arise from activation of onco-
genes coupled with inactivation of tumor-suppressor
genes, both of which occur as a result of mutational
events.

3. Most carcinomas require at least five or more ge-
netic alterations, whereas adenomas arise subsequent
to fewer mutations. This multistep process is analogous
to the three steps of initiation, promotion, and progres-
sion described earlier. An example of the necessity for
multiple genetic alterations in the genesis of adenomas
and their progression to cancer is provided in Figure 6,
in which ras gene mutations and allelic deletions of
chromosomes 5q, 17p, and 18q were studied in 53 carci-
nomas, 27 early adenomas, 12 intermediate adenomas,
and 14 late-stage adenomas (103). '

4. The total accumulation of changes rather than
their precise sequence with respect to one another de-
termines whether tumorigenesis occurs and whether it
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Fig. 6. Number of genetic alterations in colorectal tumors

Four genetic alterations (ras gene mutations and allelic deletions of chromo-
somes 5q, 17p, and 18q) were studied in each colorectal tumor; thus, each
tumor could have had none, one, two, three, or all four of these alterations. The
tumors included 53 carcinomas, 14 late-stage adenomas, 12 intermediate
adenomas, and 27 early adenomas. From: Fearon and Vogelstein (703).
Reprinted with permission from the authors and Cell Press



will be benign or malignant. However, certain changes
do have a tendency to appear in a sequential order.
Thus, as shown in Figure 5, ras mutation tended to
occur earlier than loss of p53 suppressor activity, as
determined by chromosome 17p deletions.

5. The hypothesis emphasizes the primacy of tumor-
suppressor gene inactivation, which, even in the hetero-
zygous state, is able to exert a “dominant negative”
effect. This aspect of the hypothesis has been strongly
emphasized by Lane (102), who refers to p53 protein as
the “guardian of the genome.”

To better understand these concepts, a word of expla-
nation is necessary. p53 is believed to function as a
tetramer that binds to p53-specific genomic sites to
stimulate the expression of genes that inhibit growth
and (or) invasion (Figure 7). Loss of one or both p53

alleles may occur in some tumors by chromosomal de-
fects or deletions (Figure 7-1). Truncation of p53 by a
“nonsense” mutation may cause loss of the oligomeriza-
tion domain and prevent the formation of tetramers
(Figure 7-2). This will reduce the number of functional
tetramers by about half. Paradoxically, a “missense”
mutation allows the abnormal peptide to participate in
the formation of tetramers; however, these tetramers
will be nonfunctional and will result in a much greater
impairment of growth regulation, because mutant wild-
type tetramers do not function normally. This dominant
negative effect may be enhanced by the greater stability
of the mutant protein, which will therefore attain a
higher intracellular concentration than the wild-type
protein will (Figure 7-3). As already mentioned, a mis-
sense mutation of one p53 allele often coexists with
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Fig. 7. p53 inactivation mechanisms
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p53 is postulated to bind as a tetramer to a p53-binding site (PBS) and activate the expression of adjacent genes that inhibit growth and (or) invasion. Deletion
of one or both p53 alleles reduces the expression of tetramers, resulting in decreased expression of these genes (mechanism 1). Mutations that truncate the protein
do not allow oligomerization, thus resulting in a similar reduction of p53 tetramers (mechanism 2). Missense mutations resulting in dominant negative effects result
in an even greater reduction of functionally active tetramers (mechanism 3). By binding to p53, the expression of E6 (mechanism 4) and increased expression of
MDM2 (mechanism 5) result in functional inactivation of p53. It is not known whether E6—p53 and MDM2-p53 complexes inhibit binding to p53-binding sites, or
whether they allow binding to p53-binding sites but inhibit transcriptional activation. E6 may also degrade p53 through ubiquitin-mediated proteolysis. HPV, human
papillomavirus. From: Vogelstein and Kinzler (774). Reprinted with permission from the authors and Cell Press
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deletion of the other; consequently, there is a complete
absence of any wild-type p53 tetramers in such tumors.
Finally, the overexpression of gene products such as E6
and MDM2, which form strong complexes with p53,
prevents its growth-inhibitory function, either by block-
ing its binding to the specific regulatory sites on the
genome, or by inhibiting transcriptional activation after
binding occurs (Figure 7-4 and -5).

It is now known that p53 mediates the arrest of the
cell cycle at G, phase. According to Lane’s proposal
(102), if DNA is damaged, the p53 accumulates, blocks
replication, and allows time for repair to take place; if
this repair fails to happen, p53 may initiate cell death.
This process does not occur in tumor cells, in which p53
is absent or inactivated (by mutation of the gene or by
binding to host or viral proteins). These cells, which are
genetically less stable, will develop mutations and chro-
mosomal rearrangements, proliferating by clonal ex-
pansion. DNA viruses must inactivate p53 (the police-
man) if they wish to replicate their DNA after damaging
the cell, because this replication occurs in S phase,
which will not be reached if p53 function is intact.

Implications of the Vogelstein/Lane Model

Given that the predisposition to form colorectal tu-
mors can be inherited, identification of individuals with
defective tumor-suppressor genes on (e.g.) chromosomes
5q, 17p, and 18q may enable preventative surgery to be
carried out, or at least lead to an informed selection of
those subjects in whom surgery is more imperative than
others. Before rushing to embrace this notion, one
should recall that we already have, in ornithine decar-
boxylase, a marker for enhanced likelihood of malig-
nancy in patients with polyposis coli (43, 44). There is as
yet no evidence that these chromosomal alterations are
as frequent as increases in ornithine decarboxylase ac-
tivity or as accurate a predictor of malignancy; nor have
the relative costs of both procedures been ascertained.

As mentioned above, mutant p53 protein accumulates
in tumors, whereas the normal wild-type protein does not.
Several studies have evaluated p53 as a prognostic index
in cancer patients. Thor et al. (115) have recently shown,
by analysis of nearly 500 tissue samples taken from pa-
tients with invasive ductal carcinoma of the breast, that at
every stage (lymph node-negative, lymph node-positive,
ete.), positivity for p53 mutation reduced both metastasis-
free and overall survival (Figure 8). Similar results have
been described in prostatic carcinoma (116). Enthusiasm
for these findings has to be tempered by the realization
that for many tumors (e.g., those of lung and colon), high
concentrations of serum CEA are associated with similar
or even greater reductions in survival rates, as is also the
case for a number of other easily measurable tumor mark-
ers. Aside from the issue of cost, standardization of these
earlier serum assays is well advanced, and interlaboratory
reproducibility has been steadily improving. As yet, the
immunocytochemical techniques used to test for p53 mu-
tations are technically unsatisfactory, poorly standard-
ized, and not reproducible between laboratories (117).
New quantitative immunological techniques for measur-
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Fig. 8. Kaplan—Meier survival curves by lymph node (LN) and p53
protein status

The number of patients represented by each curve is as follows: (A) metasta-
sis-free survival: lymph node (LN)—, p53— (n = 96); LN—, p53+ (n = 31);
LN+, p53— (n = 98); LN+, p53+ (n = 28). (B) Overall survival: LN—, p53—
(n = 96); LN—, p53+ (n = 32); LN+, p53— (n = 102); LN+, p53+ (n = 29).
P values are for pairwise comparison of survival curves based on the Cox—
Mantel test. Symbols on dropping portions of lines represent failures (i.e.,
metastasis or death); each symbol represents one patient. From: Thor AD, et
al. (7115). Reprinted with permission

ing p53 protein in tumor extracts are now evolving (118).
Using such procedures, investigators have found a strong
negative association between the presence of mutant p53
and the absence of steroid hormone receptors in breast
tumor tissue. Although these and other reports suggest
that p53 may be an independent breast cancer prognostic
indicator, with the likelihood of being introduced into clin-
ical practice in the next 1-2 years (119), investigators will
have to clearly demonstrate that the test provides addi-
tional information rather than merely being an expensive
alternative to steroid receptor analysis.

Optimistic pronouncements have been made to the
effect that new therapeutic agents might be developed to
selectively inactivate mutated gene products, (e.g., ras)
or to restore the normal action of defective suppressor
genes (see reference 120 for a review). However, imple-
mentation of such therapies is nowhere near the prog-
ress already made with readily available anticancer
drugs. Considerable excitement has accompanied at-
tempts to exploit for diagnostic purposes the informa-
tion implicit in the Vogelstein model, employing sophis-
ticated molecular genetic techniques. It is well to put
these into a meaningful perspective and to carefully
weigh their practical utility.

Ras oncogene mutations. Recently, an important re-
port was published describing identification of the ras



mutation in DNA extracted from the stool in eight of
nine cases with colonic neoplasms (121). In evaluating
the practical significance of this announcement, one
should be aware that two of the positive results were
found in patients with adenomas, whereas the false-
negative subject was the only early carcinoma (Duke
stage A) among the nine. The six positive results in
carcinoma subjects were from three Duke B and three
Duke C patients. More worryisome is the fact that the 9
tumors with ras gene mutation were drawn from among
24 tumor patients examined, in 15 of whom this muta-
tion was absent in the tumor and therefore not sought in
the stool. Although these observations have the poten-
tial to lead to the development of diagnostic tests, real-
ity is a long way off.

p53 gene mutation. A year earlier, Sidransky et al.
(122) published the results of an investigation in 18
patients with bladder cancer, 11 of whom had mutations
of the p53 gene. Using the polymerase chain reaction
and oligomer-specific hybridization, they identified
equivalent mutations in a few percent of the cells pre-
sent in urinary sediment of three patients tested. Why
were only 3 of the 11 subjects tested? The report offers
no explanation for this reticence. Is the test more sen-
sitive and more efficient than cytological examination?
We do not know the answer. Future research must focus
on issues of this nature if the results are to lead to the
introduction of practically useful and enduring labora-
tory procedures.

Antibodies to p53 gene product. The above two ap-
proaches depend on analysis of cellular material that is
not always accessible, particularly in solid tumors that
do not drain to the exterior the way those of tissues
forming the gastrointestinal and urinary tracts do. A
conceptual advance has therefore been the realization
that antibodies to p53 protein may be found in the
circulation in some cancer patients. This was first de-
scribed for breast cancer, being present in 15% of such
patients, predominantly in those with high histological

grade, absence of hormone receptors, and therefore a
particularly unfavorable prognosis (123). A subse-
quent study involving a more widely applicable tech-
nique reported a somewhat lower incidence (124).
Newer studies on p53 antibody concentrations in var-
ious groups of cancer patients reveal that certain can-
cers (e.g., ovarian, colon, breast) have much higher
incidences of these antibodies than do others (125). It
remains to be seen whether this serological test for
cancer has any potential for screening or diagnosis of
some types of tumors.

Conclusion

Cancer research has never been so exciting as at the
present time. New concepts and the explosive growth in
knowledge of the human genome and how it functions
have spawned an array of molecular procedures whose
potential is awesome but which at present are of limited
practical utility. Table 9, which lists some of the com-
moner oncogenes and the tumors with which they are
most frequently associated, indicates the scope of what
lies in store for future exploitation and evaluation in
this field. Science has never been immune to the spell of
novelty. However, only when the new becomes mun-
dane will its role in the management of cancer patients
have earned an honorable place in the ongoing history
of oncology. To conclude on an optimistic note, we em-
phasize that the current understanding of cancer patho-
genesis at the molecular level will, in the foreseeable
future, give rise to new ways for cancer prevention,
diagnosis, treatment, and monitoring. Currently, how-
ever, the major advances in molecular biology have not
as yet significantly helped the cancer patient. Small
battles have been won, but the war is not over.

References

1. Bodansky O. Biochemistry of human cancer. New York: Aca-
demic Press, 1975:1-32.

2. Mider GB. Some aspects of nitrogen and energy metabolism in
cancerous subjects. Cancer Res 1951;11:821-9.

Table 9. Representative Examples of Oncogenes with Potential Clinical Application

Tumor Locus Applicable feature Application
Acute lymphocytic leukemia ber-abl Distinctive translocation Distinguish from chronic myelogenous leukemia
Adenocarcinoma of lung K-ras Point mutations Prognosis
Chronic myelogenous leukemia ber-abl Translocation breakpoint Diagnosis in absence of Philadelphia
chromosome
Carcinoma of bladder p53 Point mutations Diagnosis
Carcinoma of breast erbB-1 Overexpression Prognosis
neu Amplification Prognosis
11q13 Amplification Prognosis
11p Deletion Prognosis
myc Amplification Prognosis
p53 Point mutations Prognosis
Carcinoma of colon K-ras Point mutations Diagnosis
APC Point mutations Diagnosis
Myelodysplasia N-ras/K-ras Point mutations Prognosis and selection of therapy
Neuroblastoma N-myc Amplification Prognosis and selection of therapy
Retinoblastoma Rb1 Loss or damage Detection of predisposition

APC, adenomatous polyposis coli gene.

CLINICAL CHEMISTRY, Vol. 39, No. 11(B), 1993 2371



3. Terepka AR, Waterhouse C. Metabolic observations during the
forced feeding of patients with cancer. Am J Med 1956;20:225-38.
4. Wiseman G, Ghadially FN. A biochemical concept of tumor
growth, infiltration and cachexia. Br Med J 1958;ii:18-21.

5. Shapot VS. Some biochemical aspects of the relationship be-
tween the tumor and the host. Adv Cancer Res 1972;15:253-86.
6. Meister A. On the enzymology of amino acid transport. Science
1973;180:33-9.

7. Goldberg DM. Structural, functional and clinical aspects of
gamma-glutamyltransferase [Review]. Crit Rev Clin Lab Sci 1980;
12:1-58.

8. Warburg O. On the origin of cancer cells. Science 1956;123:309—
14.

9. Racker E, Spector M. Warburg effect revisited: merger of
biochemistry and molecular biology. Science 1981;213:303—7.

10. Mordon S, Maunoury V, Devoisselle JM, Abbas Y, Coustaud
D. Characterization of tumorous and normal tissue using a pH-
sensitive fluorescence indicator (5,6-carboxyfluorescein) in vivo. J
Photochem Photobiol B 1992;13:307—14.

11. Abraham S, Hill R, Chaikoff IL. Concerning pathways of
glucose utilization in mouse liver and hepatoma. Cancer Res
1955;15:177-80.

12. Kit S. The role of the hexose monophosphate shunt in tumors
and lymphatic tissues. Cancer Res 1956;16:70-6.

13. Chayen J, Bitensky L, Aves EK, Jones GRN, Silcox AA,
Cunningham GJ. Histochemical demonstration of 6-phosphoglu-
conate dehydrogenase in proliferating and malignant cells. Nature
1962;195:715-5.

14. Mays ET. Serum lipids in human cancer. J Surg Res 1969;9:
273-17.

15. DeWys W. Working conference on anorexia and cachexia of
neoplastic disease. Cancer Res 1970;30:2816-8.

16. Allison AC. The possible role of lysosomes in carcinogenesis.
Proc R Soc Med 1966;59:868-71.

17. Weber G. Biochemical strategy of cancer cells and the design
of chemotherapy: G.H.A. Clowes memorial lecture. Cancer Res
1983;43:3466-92.

18. Weber G. The molecular correlation concept: recent advances
and implications. In: Busch H, ed. The molecular biology of cancer.
New York: Academic Press, 1974:487-521.

19. Abelev GI. Alpha-fetoprotein in ontogenesis and its associa-
tion with malignant tumors. Adv Cancer Res 1971;14:295-358.
20. Gold P, Freedman SO. Specific carcinoembryonic antigens of
the human digestive system. J Exp Med 1965;122:467-81.

21. Fishman WH, Inglis NR, Green S, et al. Immunology and
biochemistry of Regan isoenzyme of alkaline phosphatase in hu-
man cancer. Nature 1968;219:697-9.

22. Fishman WH. Oncotrophoblast gene expression: placental
alkaline phosphatase. Adv Cancer Res 1987;48:1-35.

23. Fishman WH. Oncodevelopmental markers. Biologic, diagnos-
tic and monitoring aspects. New York: Academic Press, 1983.

24. Liotta LA, Stetler-Stevenson WG. Principles of molecular cell
biology of cancer: cancer metastasis. In: DeVita VT Jr, Hellman S,
Rosenberg SA, eds. Cancer: principles and practice of oncology,
Vol. 1, 3rd ed. Philadelphia: Lippincott, 1989:98-115.

25. Liotta LA, Steeg PS, Stetler-Stevenson WG. Cancer metasta-
sis and angiogenesis: an imbalance of positive and negative regu-
lation. Cell 1991;64:327-36.

26. Odell LD, Burt JC. New diagnostic adjunct for uterine cancer.
J Am Med Assoc 1950;142:226-30.

27. Kasdon SC, Fishman WH, Homburger F. Beta-glucuronidase
studies in women. II. Cancer of the cervix uteri. J Am Med Assoc
1950;144:892-6.

28. Kasdon SC, Homburger F, Yorshis E, Fishman WH. Beta-
glucuronidase studies in women. VI. Premenopausal vaginal fluid
values in relation to invasive cervical cancer. Surg Gynecol Obstet
1953;97:579-83.

29. Lawson JG. Vaginal fluid B-glucuronidase with special refer-
ence to cancer of the cervix. J Obstet Gynaecol Br Commonw
1959;66:946-53.

30. Bonham DG, Gibbs DF. A new test for gynaecological cancer—
6-phosphogluconate dehydrogenase activity in vaginal fluid. Br
Med J 1962;ii:8234.

31. Hatzimichael A. Comparison of vaginal and cervical beta-
glucuronidase in relation to cancer of the cervix and uterus. Am J
Obstet Gynecol 1962;84:94-7.

2372 CLINICAL CHEMISTRY, Vol. 39, No. 11(B), 1993

32. Hoffman RL, Merritt JW. 6-Phosphogluconate dehydrogenase
in uterine cancer detection. Am J Obstet Gynecol 1965;92:650—7.
33. Goldberg DM. Enzyme of the human cervix uteri. Comparison
of nucleases and adenosine deaminase in malignant and non-
malignant tissue samples. Br J Cancer 1967;21:729-42.

34. Watts C, Goldberg DM. New observations on beta-glucuroni-
dase in human cervical cancer. Eur J Cancer 1969;5:465-73.

35. Ayre HA, Goldberg DM. Enzymes of the human cervix uteri.
Comparison of dehydrogenases of lactate, isocitrate, and phospho-
gluconate in malignant and non-malignant tissue samples. Br J
Cancer 1966;20:743-50.

36. Goldberg DM. Enzymology of uterine cancer. In: Burlina A
ed. Proc. 6th Int. Symp. on Clinical Enzymology, Venice. Milan:
Kurtis, 1976:235-53.

37. Marshall MJ, Goldberg DM, Neal FE, Millar DR. Enzymes of
glucose metabolism in carcinoma of the cervix and endometrium of
the human uterus. Br J Cancer 1978;37:990-1001.

38. Marshall MdJ, Goldberg DM, Neal FE, Millar DR. Properties of
glycolytic and related enzymes of normal and malignant human
uterine tissues studied to optimise assay conditions. Enzyme
1978;23:295-306.

39. McClendon JE, Appleby D, Dann B, et al. Colonic neoplasms—
tissue estrogen receptor and carcinoembryonic antigen. Arch Surg
1977;185:240-1.

40. Alford TC, Do H-M, Geelhoed GW, Tsangaris NT, Lippman
ME. Steroid hormone receptors in human colon cancers. Cancer
1979;43:9804.

41. Geelhoed GW, Alford C, Lippman ME. Biologic implications of
steroid hormone receptors in cancers of the colon. South Med J
1985;78:2524.

42. Stebbings WSL, Farthing MJG, Vinson GP, Northover JMA,
Wood RFM. Androgen receptors in rectal and colonic cancer. Dis
Colon Rectum 1986;29:95-8.

43. Luk GD, Baylin SB. Ornithine decarboxylase as a biologic
marker in familial colonic polyposis. N Engl J Med 1984;331:80-3.
44. Porter CW, Herrera-Ornelas L, Pera P, Petrelli NF, Mittel-
man A. Polyamine biosynthetic activity in normal and neoplastic
human colorectal tissues. Cancer 1987;60:1275-81.

45. Ernst C, Thurin J, Atkinson B, et al. Monoclonal antibody
localization of A and B isoantigens in normal and malignant fixed
human tissues. Am J Pathol 1984;117:451-61.

46. Itzkowitz SH, Yuan M, Ferrell LD, Palekar A, Kim YS.
Cancer-associated alterations of blood group antigen expression in
human colorectal polyps. Cancer Res 1986;46:5976-84.

47. Schoentag R, Primus FJ, Kuhns W. ABH and Lewis blood
group expression in colorectal carcinoma. Cancer Res 1987;47:
1695-700.

48. Sakamoto J, Furukawa K, Cordon-Cardo C, et al. Expression
of Lewis®, Lewis®, X, and Y blood group antigens in human colonic
tumors and normal tissue and in human tumor-derived cell lines.
Cancer Res 1986;46:1553-61.

49. Itzkowitz SH, Yuan M, Fukushi Y, et al. Lewis* and sialylated
Lewis*-related antigen expression in human malignant and non-
malignant colonic tissues. Cancer Res 1986;46:2627—32.

50. Abe K, Hakomori S-I, Ohshiba S. Differential expression of
difucosyl type 2 chain (Le¥) defined by monoclonal antibody AH6
in different locations of colonic epithelia, various histological types
of colonic polyps, and adenocarcinomas. Cancer Res 1986;46:2639—
44,

51. Compton C, Wyatt R, Konugres A, Ehrenthal D, Durda P.
Immunohistochemical studies of blood group substance H in colo-
rectal tumors using a monoclonal antibody. Cancer 1987;59:118—
217.

52. Coffey RJ Jr, Shipley GD, Moses HL. Production of transform-
ing growth factors by human colon cancer lines. Cancer Res
1986;46:1164-9.

53. Hanauske AR, Buchok J, Scheithauer W, Von Hoff DD.
Human colon cancer cell lines secrete a TGF-like activity. Br J
Cancer 1987;55:57-9.

54. Thor A, Hand PH, Wunderlich D, Caruso A, Muraro R, Schlom
J. Monoclonal antibodies define differential ras gene expression in
malignant and benign colonic diseases. Nature 1984;311:562-5.
55. Spandidos DA, Kerr IB. Elevated expression of the human ras
oncogene family in premalignant and malignant tumors of the
colorectum. Br J Cancer 1984;49:681-8.



56. Bos JL, Fearon ER, Hamilton SR, et al. Prevalence of ras gene
mutations in human colorectal cancers. Nature 1987;327:293-7.
57. Forrester K, Almoguera C, Han K, Grizzle WE, Perucho M.
Detection of high incidence of K-ras oncogenes during human
colon tumorigenesis. Nature 1987;327:298-303.

58. Smiths A, Bos JL. Genetic alterations during colorectal-tumor
development. N Engl J Med 1988;319:525-32.

59. Stewart J, Evan G, Watson J, Sikora K. Detection of the c-myc
oncogene product in colonic polyps and carcinomas. Br J Cancer
1986;53:1-6.

60. Sikora K, Chan S, Evan G, et al. c-myc oncogene expression in
colorectal cancer. Cancer 1987;59:1289-95.

61. Bos JL. ras oncogenes in human cancers: a review. Cancer Res
1989;49:4682-9.

62. Erisman MD, Litwin S, Keidan RD, Comis RL, Astrin SM.
Noncorrelation of the expression of the c-myc oncogene in colorec-
tal carcinoma with recurrence of disease or patient survival.
Cancer Res 1988;48:1350-5.

63. Szymendera JJ, Nowacki MP, Swawlowski AW, Kaminska
JA. Predictive value of plasma CEA levels: preoperative prognosis
and postoperative monitoring of patients with colorectal carci-
noma. Dis Colon Rectum 1982;25:46-52.

64. Lo Gerfo P, Herter FP. Carcinoembryonic antigen and prog-
nosis in patients with colon cancer. Ann Surg 1975;181:81-4.

65. Kohler JP, Simonowitz D, Paloyan D. Preoperative CEA level:
a prognostic test in patients with colorectal carcinoma. Am Surg
1980;46:449-52.

66. Staab HJ, Anderer FA, Briimmendorf T, Stumpf E, Fischer R.
Prognostic value of preoperative serum CEA level compared to
clinical staging. I. Colorectal carcinoma. Br J Cancer 1981;44:652—
62.

67. Blake KE, Dalbow MH, Concannon JP, et al. Clinical signif-
icance of the preoperative plasma carcinoembryonic antigen (CEA)
level in patients with carcinoma of the large bowel. Dis Colon
Rectum 1982;25:24-32.

68. Wanebo HJ, Rao B, Pinsky CM, et al. Preoperative carcino-
embryonic antigen level as a prognostic indicator in colorectal
cancer. N Engl J Med 1978;299:448-51.

69. Cooper EH, Turner R, Steele L, Neville AM, Mackay AM. The
contribution of serum enzymes and carcinoembryonic antigen to
the early diagnosis of metastatic colorectal cancer. Br J Cancer
1975;31:111-7.

70. Beck PR, Belfield A, Spooner RJ, Blumgart LH, Wood CB.
Serum enzymes in colorectal cancer. Cancer 1979;43:1772-6.

71. Traynor OJ, Wood CB, Echetebu ZO, Whitaker KB, Moss DW.
Measurement of high molecular weight forms of enzymes in serum
in the detection of hepatic metastases of colorectal cancer. Br J
Cancer 1986;53:483-7.

72. Lahr CJ, Soong S-J, Cloud G, Smith JW, Urist MM, Balch CM.
A multifactorial analysis of prognostic factors in patients with
liver metastases from colorectal carcinoma. J Clin Oncol 1983;1:
720-6.

73. Aabo K, Pedersen H, Kjaer M. Carcinoembryonic antigen
(CEA) and alkaline phosphatase in progressive colorectal cancer
with special reference to patient survival. Eur J Cancer Clin Oncol
1986;22:211-7.

74. Ward AM, Cooper EH, Turner R, Anderson JA, Neville AM.
Acute-phase reactant protein profiles: an aid to monitoring large
bowel cancer by CEA and serum enzymes. Br J Cancer 1977;35:
170-77.

75. Walker C, Gray BN. Acute-phase reactant proteins and carci-
noembryonic antigen in cancer of the colon and rectum. Cancer
1983;52:150-4.

76. Durdey P, Williams NS, Brown DA. Serum carcinoembryonic
antigen and acute phase reactant proteins in the pre-operative
detection of fixation of colorectal tumours. Br J Surg 1984;71:
8814.

77. Hakomori S-I. Philip Levine Award Lecture. Blood group
glycolipid antigens and their modifications as human cancer anti-
gens. Am J Clin Pathol 1984;82:635-48.

78. Goslin R, Steele G, MacIntyre J, et al. The use of preoperative
plasma CEA levels for the stratification of patients after curative
resection of colorectal cancers. Ann Surg 1980;192:747-51.

79. Steele G, Ellenberg S, Ramming K, et al. CEA monitoring
among patients in multi-institutional adjuvant G.I. therapy pro-
tocols. Ann Surg 1982;196:162-9.

80. Lewi H, Blumgart LH, Carter DC, et al. Pre-operative carcino-
embryonic antigen and survival in patients with colorectal cancer.
Br J Surg 1984;71:206-8.

81. Herrera MA, Chu TM, Holyoke ED. Carcinoembryonic anti-
gen (CEA) as a prognostic and monitoring test in clinically
complete resection of colorectal carcinoma. Ann Surg 1976;183:
5-9.

82. Evans JT, Mittelman A, Chu M, Holyoke ED. Pre- and
postoperative uses of CEA. Cancer 1978;42:1419-21.

83. Mach J-P, Vienny H, Jaeger P, Haldemann B, Egely R,
Pettavel J. Long-term follow-up of colorectal carcinoma patients
by repeated CEA radioimmunoassay. Cancer 1978;42:1439-47.
84. Mayer RJ, Garnick MB, Steele GD, Zamcheck N. Carcinoem-
bryonic antigen (CEA) as a monitor of chemotherapy in dissemi-
nated colorectal cancer. Cancer 1978;42:1428-33.

85. Sugarbaker PH, Bloomer WD, Corbett ED, Chaffey JT. Car-
cinoembryonic antigen (CEA): its role as a monitor of radiation
therapy for colorectal cancer. Cancer 1978;42:1434-6.

86. Schwartz MK. Laboratory aids to diagnosis—enzymes [Re-
view]. Cancer 1976;37:542-8.

87. Goldberg DM. Enzymes in human cancer: from the specific to
the more general. In: Wolf PL, ed. Tumor associated markers. The
importance of identification in clinical medicine. New York: Mas-
son, 1979:81-98.

88. Goldberg DM. A perspective of diagnostic cancer biochemistry
with special reference to enzymes. In: Kaiser E, Gabl F, Muller
MM, Gayer M, eds. Proc., XI Int. Congress of Clinical Chemistry.
Berlin: Walter de Gruyter, 1982:383-94.

89. Stefanini M. Enzymes, isozymes, and enzyme variants in the
diagnosis of cancer [Review]. Cancer 1985;55:1931-6.

90. de Mello J, Struthers L, Turner R, Cooper EH, Giles GR.
Multivariate analyses as aids to diagnosis and assessment of
prognosis in gastrointestinal cancer. Br J Cancer 1983;48:341-8.
91. Greenstein JP. Biochemistry of cancer. New York: Academic
Press, 1947.

92. Busch H. The molecular biology of cancer. New York: Aca-
demic Press, 1974.

93. Warburg O. Uber den stoffwechsel der tumoren. Berlin:
Springer, 1926.

94. Boveri T. The origin of malignant tumors. Baltimore: Wil-
liams and Wilkins, 1929.

95. Green HN. An immunological concept of cancer: a preliminary
report. Br Med J 1954;ii:1374-80.

96. Potter V. The present status of the deletion hypothesis. Univ
Mich Med Bull 1957;23:400-12.

97. Busch H. An introduction to the biochemistry of the cancer
cell. New York: Academic Press, 1962.

98. Cohnheim J. Lectures on general pathology. London: New
Sydenham Society, 1889;2:789.

99. Osgood EE. The etiology of leukemias, lymphomas, and can-
cers. A unifying concept and its relation to the aging process.
Geriatrics 1964;19:208-21.

100. Temin HM. The mechanism of carcinogenesis by avian sar-
coma viruses. 1. Cell multiplication and differentiation. J Natl
Cancer Inst 1965;35:679-93.

101. Pitot HC. Endoplasmic reticulum and phenotypic variability
in normal and neoplastic liver. Arch Pathol 1969;87:212-22.

102. Lane DP. p53, guardian of the genome. Nature 1992;358:
15-6.

103. Fearon ER, Vogelstein B. A genetic model for colorectal
tumorigenesis. Cell 1990;61:759-67.

104. Miller EC, Miller JA. Biochemical mechanisms of chemical
carcinogenesis. In: Busch H, ed. The molecular biology of cancer.
New York: Academic Press 1974:377—402.

105. Nery R. Carcinogenic mechanisms: a critical review and a
suggestion that oncogenesis may be adaptive ontogenesis. Chem
Biol Interact 1976;12:145-69.

106. Pitot HC. Biological and enzymatic events in chemical car-
cinogenesis. Annu Rev Med 1979;39:25-39.

107. Pitot HC. Principles of carcinogenesis: chemical. In: DeVita
VT, Hellman S, Rosenberg SA, eds. Cancer: principles and practice
of oncology, Vol 1, 3rd ed. Philadelphia: Lippincott, 1989:116-35.
108. Farber E. The sequential analysis of liver cancer induction.
Biochim Biophys Acta 1980;605:149-66.

109. Farber E. Chemical carcinogenesis. N Engl J Med 1981;305:
1379-89.

CLINICAL CHEMISTRY, Vol. 39, No. 11(B), 1993 2373



110. Cheng S, Nassar K, Levy D. y-Glutamyltranspeptidase ac-
tivity in normal, regenerating and malignant hepatocytes. FEBS
Lett 1978;85:310-2. '

111. Cameron R, Kellen J, Kolin A, Malkin A, Farber E. y-Glu-
tamyltransferase in putative premalignant liver cell populations
during hepatocarcinogenesis. Cancer Res 1978;38:823-9.

112. Moriyama S, Kawaoi A, Hirota N. Gamma-glutamyl trans-
peptidase in putative precancerous thyroid lesions of rats treated
with diisopropanolnitrosamine. Br J Cancer 1983;47:299-301.
113. Marshall CJ. Tumor suppressor genes. Cell 1991;64:313-26.
114. Vogelstein B, Kinzler KW. p53 function and dysfunction.
Cell 1992;70:523-6.

115. Thor AD, Moore DH II, Edgerton SM, et al. Accumulation of
p53 tumor suppressor gene protein: an independent marker of
prognosis in breast cancers. J Natl Cancer Inst 1992;84:845-55.
116. Visakorpi T, Kallioniemi O-P, Heikkinen A, Koivula T, Isola
J. Small subgroup of aggressive, highly proliferative prostatic
carcinomas defined by p53 accumulation. J Natl Cancer Inst
1992;84:883-7.

117. Wynford-Thomas D. p53 in tumour pathology: can we trust
immunocytochemistry? J Pathol 1992;166:329-30.

118. Hassapoglidou S, Diamandis EP, Sutherland DJA. Quanti-
tation of p53 protein in tumor cell lines, breast tissue extracts and

2374 CLINICAL CHEMISTRY, Vol. 39, No. 11(B), 1993

serum with time-resolved immunofluorometry. Oncogene 1993;
8:1501-9.

119. Callahan R. p53 mutations, another breast cancer prognostic
factor. J Natl Cancer Inst 1992;84:826-7.

120. Diamandis EP. Oncogenes and tumor suppressor genes: new
biochemical tests [Review]. Crit Rev Clin Lab Sci 1992;29:269—
305.

121. Sidransky D, Tokino T, Hamilton SR, et al. Identification of
ras oncogene mutations in the stool of patients with curable
colorectal tumors. Science 1992;256:102—-5.

122. Sidransky D, Von Eschenbach A, Tsai YC, et al. Identifica-
tion of p53 gene mutations in bladder cancers and urine samples.
Science 1991;252:706-9.

123. Schlichtholz B, Legros Y, Gillet D, et al. The immune
response to p53 in breast cancer patients is directed against
immunodominant epitopes unrelated to the mutational hot spot.
Cancer Res 1992;52:6380—4.

124. Hassapoglidou S, Diamandis EP. Antibodies to the p53 tu-
mor suppressor gene product quantified in cancer patient serum
with a time-resolved immunofluorometric technique. Clin Bio-
chem 1992;25:445-9.

125. Angelopoulou K, Diamandis EP, Kellen J, Bunting P, Suth-
erland D. Prevalence of antibodies against p53 protein in various
cancers. Clin Biochem 1993;26:128-9.



