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There is no need to review the elegant reports by Shanma
and Bomek (7) on the role of methylation of tRNA in gene
regulation. It will be sufficient to reiterate that they pointed
out: (a) the bewildering variety of modifications of tRNA,
with a multitude of attendant enzymes; (b) the peculiarities
of tRNA methylation in cancer; (c) the possibility of utilizing
the urinary excretion of methylated purines for diagnosis of
or for following the efficacy of treatment of cancer; (d) the
complexities of competing and sequential enzymatic reac
tions involved in the formation and transfer of methyl
groups; and (e) the possibility that some of these may be
promising sites for tumor therapy.

These presentations attest to a growing recognition that
methylation of macromolecules is a factor in the regulation
of protein synthesis. Paralleling the methylation of the nu
cleic acids is a host of protein methylations. It is becoming
increasingly clear that many proteins contain methylated
amino acids. Paik and Kim (6), among others, have identi
fied enzymes that catalyze the posttranslational methylation
of amino groups of lysine, arginine, and histidine, as well as
the carboxyl group of glutamic acid, in various proteins.
The presence of methyl groups in histones, and the fact that
histones are good substrates for the pnotein-methylating
enzymes, add further to the possible significance of methyl
ation as a regulatory factor in transcription of genes.

A common thread that unifies the many diverse cellular
abnormalities that go under the name â€œcancerâ€•is a mispro
gramming of gene expression. By some as yet unknown
mechanism, the rigid exclusionary process which allows
the expression of only those genes that are appropriate for
the functions of the adult differentiated tissue becomes
â€œunlocked' â€˜ to allow expression of genes that were active

during fetal stages.
One of the most striking examples of this phenomenon of

oncodevelopmental gene expression is the appearance of
fetal isozymes in cancer. Fishman and Singer (1) described
the occurrence of a placental isozyme of alkaline phospha
tase in human tumors. This is but 1 enzyme among many
that exhibits a switch toward fetal isozyme expression in
cancer; and since this subject has not been covered exten
sively at this Conference, I might take a few mm to describe
a general pattern that has been observed by us and other
investigators, based largely on work with the Morris hepa
tomas.

This abnormality of isozyme expression is illustrated dia
grammatically in Chart 1. Primordial isozymes, that appear
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in early fetal stages and that represent the sole species in all
fetal organs, disappear to varying degress during normal
organ differentiation and are replaced by the normal adult
isozymes. In tumors the process is reversed; the adult iso
zymes are lost and the primordial isozymes appear. The
fetal isozyme pattern does not occur invariably with the
neoplastic transformation, but represents an end-stage of
tumor dedifferentiation. Just as embryonic development oc
curs in discrete stages, the reversal in tumors is also a
stepwise process. However, the reversal is sporadic and
unpredictable, with no orderly patternâ€”a disordered dedif
ferentiation that has been aptly termed disdifferentiation by
Sugimuma (9).

This pattern of oncofetal isozyme expression is revealed
from our own experiments, with a series of transplantable
rat hepatomas, on such enzymes as the hexokinases, aldol
ases, pymuvate kinases, adenylate kinases, and glycogen
phosphorylases; but others have also found that, in various
hepatomas, the fetal isozymes of glutaminase, thymidine
kinase, alcohol dehydnogenase, and glucosamine 6-phos
phate synthetase replace the respective adult liver forms (5).
It is important to note that the appearance of fetal isozymes
is accompanied by losses of adult isozymes. Not only are
fetal genes activated, but adult genes are inactivated.

Since enzymes are the machinery of the cell, the switches
in the isozyme pattern are bound to have deep functional
significance. The isozymes that are lost in hepatomas are
under host control and are involved in physiological func
tions of the adult organ, whereas those that appear in
poorly differentiated hepatomas are not under such control
and are geared for the efficient utilization of substrates. It is
not difficult, therefore, to envision this switch in gene
expression as the molecular basis for the loss of control of
cell proliferation in cancer.

I will cite an example of how a marked change in isozyme
composition of 1 enzyme, namely pyruvate kinase, might
explain a hitherto baffling metabolic anomaly, namely, the
high aerobic glycolysis of tumors. This is a key enzyme that
acts at an important branch point in the metabolism of
glucose. The adult liver isozyme is highly allostenic, being
powerfully stimulated by fructose diphosphate and strongly
inhibited by ATP. It is also under regulation by dietary
carbohydrate and insulin. The tumor or fetal isozyme, in
contrast, is not under the same host or allostenic regulation
and is present in very high activity. Since pyruvate kinase
requires ADP as a substrate, this enzyme can compete for
the available ADP with mitochondnial oxidative phosphoryl
ation. Since respiration is tightly coupled with phosphoryla
tion of ADP to ATP, glycolysis, which depends on pyruvate
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Chart 1. Diagrammatic representation of fetal isozyme expression in can
cer.

kinase, would be decreased under aerobic conditions, thus
giving rise to the Pasteur effect. Moreover, a high activity of
the tumor isozyme of pynuvate kinase could on the same
basis conceivably compete successfully for the available
ADP and thereby account for the high aerobic glycolysis of
tumors.

In collaboration with Gosalvez et a!. (2), this hypothesis
was tested in model experimental systems in which the
relative activities of pymuvate kinase and respiratory activi
ties could be manipulated. The results of these studies
demonstrated that the Pasteur effect as well as its converse,
the so-called Cnabtnee effect (a decrease of respiration on
addition of glucose to respiring cells) can be attributable to
competition between pyruvate kinase and respiration for
the available ADP. This admittedly oversimplified concep
tion does not exclude other regulatory sites. Glycolytic meg
ulation is as yet far too complex for categorical assump
tions; but if further work confirms a regulatory mole for
pyruvate kinase in glycolysis and the Pasteur effect, a long
standing, controversial issue will be resolved. At any rate, it
appears now that the high glycolytic activity of fast-grow
ing, poorly differentiated tumors is not an initiating factor in
neoplasia, but rather may represent a functional expression
of an oncodevelopmental alteration of isozyme composi
tion.

Another example of misprogrammed protein synthesis,
already mentioned briefly by Sherman et a!. (8), is the ec
topic production of polypeptide hormones by various non
endocrine human tumors. This bizarre, so-called â€œparaneo
plastic syndrome' â€˜is common in clinical oncology and may
often be an early indication of neoplasia. In a recent issue of
Anna!s of the New York Academy of Sciences that was
devoted to paraneoplastic syndromes, Nathanson and Hall
(4) suggested that this phenomenon may also have an em
bryogenic origin, and Levine and Metz (3) pointed out that
hormone-producing tumors may be classified in 2 groups,
according to whether the tissue of origin arises embryologi
cally from the ectoderm, endoderm, on mesoderm. Here

again, we see in human tumors the reexpression of poten
tialities of common embryological ancestors of the normal
adult tissues.

It is now clear, therefore, that by whatever functional
means that we use for the identification of proteins, tumors
are found to express proteins that have been suppressed
during normal tissue differentiation. One can speculate that
we haveobservedso fanonlythe tip of an icebergand that
many of the properties of the neoplastically transformed cell
may well be due to a massive alteration of protein composi
tion.

Working at the periphery of this growing field of oncode
velopmental gene expression in cancer, namely, at the phe
notypic end of the spectrum, I am deeply impressed by this
Conference about how much has been accomplished to
ward the unraveling of gene transcription and translation in
eukaryotic cells, despite the mind-boggling complexity of
the process. Further knowledge of the mechanisms of the
selective repression and derepression of genes that under
lie normal differentiation is what is obviously required for a
better understanding of the impairment of this process in
cancer.

Finally, I wish to thank Dr. Fishman, Dr. and Mrs. Robert
Kroc, and Dr. Peter Amachen for the splendid arrangements
and hospitality that contributed to a most pleasant occa
sion.
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