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Molecular Genetics in the Cancer Clinic
THE INCORPORATION OF modern molecular approaches into
research on clinical problems is now extensive. Indeed, one
can hardly read a medical journal these days without at least a
general understanding of the various techniques in molecular
biology. This is arguably as true for investigations of the
neoplastic diseases as it is anywhere, perhaps reflecting a
relatively early appreciation that malignant neoplasms are, in
essence, genetic disorders. Many results of "basic" research
on the molecular mechanisms of oncogenesis are rapidly
approaching the point of clinical application in the diagnosis
and management of human cancer. This work is thus of more
than passing concern to physicians who care for patients in
their practice with cancer. The literature in this discipline is
vast and often minutely focused, however, and so is not al-
ways readily accessible to interested clinicians. In this issue
of the journal, Koeffler and colleagues have distilled from
this mass of information a usefully concise and current sum-
mary of the genetic lesions that have been identified in human
tumors.' They also touch on many of the ideas that these
findings have prompted regarding molecular mechanisms in
the pathogenesis of cancer. Several of the models that the
authors discuss are particularly useful in their generality. I
wish to illustrate this point by reviewing some important
related findings published too recently for inclusion in their
article.

Chromosomal Translocations in Oncogenesis
The finding of a given chromosomal translocation (at the

cytogenetic level) in multiple independent specimens of the
same tumor type is strong circumstantial evidence for partici-
pation of the associated genes in the origin or progression
phase of tumorigenesis. Molecular analysis of such recurrent
translocations is a venerable, and still fruitful, approach to
the isolation of novel genes involved in oncogenesis. This has
been particularly true for the lymphoid neoplasms, where
one partner in the translocation is frequently an immunoglo-
bulin or T-cell receptor (TCR) gene. These can serve as a
toehold from which it is possible to "walk" across a cloned
translocation break point to the candidate proto-oncogene.

Translocations with gene deregulation. As noted by Koef-

fler and associates, juxtaposition of the c-myc locus with the
immunoglobulin heavy chain(IGH) gene (as in Burkitt's
lymphoma) may be regarded as the prototype of situations in
which proto-oncogenes suffer deregulation as a consequence
of translocation.' In instances such as these, the cognate
oncoprotein gene products are inappropriately expressed,
but they are not physically altered. Several recently described
cases of this pathogenic mechanism have made for interesting
additions to the list of cellular functions that are apparently
oncogenic when corrupted in this context. For example,
BCL2-a gene "activated" by translocation to the IGH locus
in most follicular malignant lymphomas-encodes a mito-
chondrial protein somehow involved in governing B-
lymphocyte lifespan2'3; overexpression of BCL2 protein in
association with the translocation seems to block pro-
grammed cell death in this lineage. This leads in turn to a
pathologically expanded B-cell population by decreased at-
trition rather than increased proliferation.23

The BCLI gene, yet another gene sometimes juxtaposed
with the IGH locus in lymphoid malignant diseases, codes
for a member of the cyclin protein family.4 Several of the
cyclins are known to be intimately connected with the regula-
tion of cell-cycle progression in eukaryotes. The BCLI locus
is also amplified (without known translocation) in a number
of nonlymphoid tumor types.4 The exact role of BCLI dereg-
ulation in tumorigenesis is by no means clear at present. It is
an intuitively appealing notion, however, that cyclin function
could sustain derangement in neoplastic cells, leading to the
loss of a normal control of proliferation.

A recurrent translocation of T-cell acute leukemia situ-
ates a 7CR locus adjacent to a so-called homeobox (HOX)
protein gene.5 The many HOX family proteins appear to fig-
ure prominently in regulating cell type-specific differentia-
tion during development. Here, too, nothing is certain
regarding detailed pathogenic mechanisms of tumorigenesis
supported by the translocation. It is interesting to suggest,
though, that this is a case where the abrogation of normal
differentiation (perhaps an interfering effect of the inappro-
priately expressed HOX protein), rather than a loss of prolif-
eration control per se, is the root cause of neoplasia.3 6

Translocation with protein alteration. Chromosomal
translocation can also lead to the synthesis of a functionally
abnormal and pathogenic fusion protein; the BCR/ABL prod-
ucts in acute lymphocytic and chronic myelogenous leuke-
mias'are discussed by Koeffler and co-workers as models for
this mechanism of neoplastic change. ' As another example,
the breakpoint of the t(15; 17) translocation of acute pro-
myelocytic leukemia occurs in the retinoic acid-receptor-a
locus (RAR).3 8 This is intriguing because retinoic acid and
its analogues are known to be potent inducers of differentia-
tion in primitive myeloid cells.38 The translocation event
leads to the formation of a protein in which aminoterminal
sequences of RAR are replaced with those of a previously
undescribed gene designated MYL.8 While the MYL/RAR
fusion protein, like the parent RAR protein, can mediate the
regulation of gene expression by retinoic acid, its function in
this respect is clearly abnormal.8 It is possible that the MYLI
RAR fusion protein acts in an inhibitory way in promyelocytic
leukemia cells by outcompeting normal RAR molecules. The
latter would otherwise affect progress along the myeloid
differentiation pathway.38 It has recently been found that
administering all-trans-retinoic acid induces complete re-
mission in a large proportion of patients with acute pro-
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myelocytic leukemia who have the MYL/RAR translocation.9
It remains to be determined whether this reflects augmented
in vivo function of MYL/RAR protein, of normal RAR pro-
tein, or neither of these.

Tumor Suppressor Genes
Retinoblastoma. Koeffler and associates discuss retino-

blastoma (RB) as a paradigm for the isolation of tumor sup-
pressor genes connected with an inherited susceptibility to
cancer. The genetic basis of familial retinoblastoma was un-
derstood first at the clinicoepidemiologic level, next at the
cytogenetic level, and finally, with the cloning of the RB
gene, at the molecular level.6 Subsequent studies of this dis-
order have led to a key realization: a tumor suppressor gene
involved in a heritable cancer-prone diathesis can also be
important in sporadic (nonfamilial) tumorigenesis. This
result is of considerable practical importance because spo-
radic cancers are much more common than familial ones.
Interestingly, these sporadic tumors are often of histologic
types different from those found in the inherited cases.

Neurofibromatosis andfamilial adenomatous polyposis.
Two additions have been made to the list of cloned human
tumor suppressor genes provided in the article1: NFI, associ-
ated with type I neurofibromatosis,0I"' and APC, associated
with adenomatous polyposis coli (also known as familial
adenomatous polyposis). 12.13 Each ofthese disorders confers
heritable susceptibility to specific tumors. In contrast to RB,
where the position ofthe gene could be inferred initially from
karyotypic studies, the NFI gene chromosome assignment
(17q1 1.2) was educed by genetic linkage analysis of affected
families (subsequent identification ofpatients with transloca-
tions in this area further refined the localization) (reviewed
by Marshall6). The finding ofmutations in exonic (messenger
RNA-encoding) gene sequences in this region in patients
with neurofibromatosis, but not in normal subjects, posi-
tively identified the NFI gene.6 Sequence analysis revealed
that the NFl gene product has significant structural homol-
ogy to gap-the ras-associated guanosine triphosphatase-
activating protein discussed in the article.1 Models proposed
for the function of NFI and for its dysfunction in neuro-
fibromatosis-associated tumors' are analogous for those
noted for gap.'

Previous cytogenetic and linkage analyses had localized
the gene for susceptibility to familial adenomatous polyposis
(APC) to chromosome 5 at band q21.6 This chromosomal
locus was noted by Koeffler and colleagues in two connec-
tions': heterozygosity at 5q21 in sporadic colorectal carcino-
mas is frequently lost, and this is the location of the putative
colorectal tumor suppressor gene MCC. It had been cau-
tiously suggested that MCC might itself be the gene (APC)
associated with familial adenomatous polyposis. It is now
evident, however, that APC is distinct from (but closely adja-
cent to) MCC. 12.13 It appears that, while both of these genes
can be altered in sporadic colorectal carcinomas, onlyAPC is
abnormal in the germ line of families with familial adenoma-
tous polyposis. Nothing is yet known about the functions of
these genes.

p53 Tumor suppressor gene andfamilial cancer. The p53
locus has provided an interesting twist to studies on the genet-
ics of heritable neoplasia: here it was the understanding of a
gene that prompted the search for a disease, rather than the
reverse. A number of results-reviewed by Koeffler and
colleagues'-had strongly indicated that the normal p53 gene

product functions as a tumor suppressor. By analogy with
retinoblastoma, it was therefore reasonable to postulate that
inherited mutations in the p53 gene are the basis of other
familial cancer-prone disorders. This has been found to be
the case. In two studies, families fitting the clinical criteria
for the Li-Fraumeni syndrome-a rare but well-described
condition predisposing to certain tumors including breast
carcinoma, sarcoma, and glioma-were shown to carry
germ-line mutations in p53.'4"5 In a third study, germ-line
mutation of p53 was found in a boy with an ependymoma
who was from a cancer-prone family. This tumor and those of
several ofhis relatives had not been strongly associated previ-
ously with the Li-Fraumeni syndrome.'6 To reconcile these
results, it is tempting to speculate that the various mutant p53
alleles present in different cancer-prone families might pre-
dispose to distinct tumor types. It is also interesting to con-
sider the possibility that some germ-line mutations of p53
(and other tumor suppressor genes as well) may have less
severe phenotypic effects than others. Such a situation might
account for families wherein cancer seems to be frequent or
to strike the relatively young but not so dramatically as in
the prototypic cancer-prone diseases noted earlier. Recent
laboratory evidence supports this concept of mutation-
specific differences in the biologic properties of different p53
alleles. 'I

Future Prospects
For information about tumor genetics to be most useful in

clinical practice, the respective molecular analyses would
ideally be done with the speed and reliability of present hos-
pital laboratory tests (or nearly so). Recent technologic ad-
vances and the development of molecular diagnostics as a
clinical specialty make this goal conceivable. The poly-
merase chain reaction method-discussed by Koeffler and
colleagues in connection with tumor ras gene mutations-is
especially noteworthy in this regard as it has decreased the
time scale of some manipulations from days or weeks to
hours. As a current example, by using the polymerase chain
reaction, the presence of the Philadelphia translocation in a
specimen can now be assessed overnight; this is sufficiently
rapid to permit inclusion ofthe result in the selection of initial
therapy for a newly diagnosed case of acute lymphoblastic
leukemia.'8 Other breakthroughs are likely to follow in the
foreseeable future. As readers of the article will appreciate,
this is indeed a time when both oncologists and basic molecu-
lar biologists can share in the excitement and optimism as the
genetic mechanisms of cancer become better understood.
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