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A Turning Point in 
Cancer Research: 
Sequencing A the Human 
Genome 

0 NE OF THE GOALS OF CANCER RESEARCH IS TO ASCERTAIN 

the mechanisms of cancer. Efforts in this direction have 
been made by using model systems of limited complexity, 

such as cancer cells in vitro and oncogenic viruses. The use of cell 
cultures avoided the complexity of the whole animal but not the 
complexity of the animal genome. The use of oncogenic viruses 
seemed to circumvent this complexity by replacing it with the 
extraordinary simplicity of the viral genome. This simplicity made 
the study of viruses very productive. The persistence of the trans- 
formed state in a cell clone could be explained by the persistence of 
the viral genome in cells (1); genetic and molecular results showed 
that transformation is the consequence of the expression of one or a 
few viral genes. Finally, the viral transforming genes, or "onco- 
genes," and the proteins they specify were identified. The crowning 
development was the demonstration that in retroviruses the onco- 
genes are picked up from the cellular genome during the viruses' 
most recent history (2). As a result of these studies, cancer seemed to 
be locked to the expression of some viral gene; the possibility of a 
"hit-and-run" mechanism, in which the virus alters the cell and then 
vanishes, seemed excluded. Two types of oncogenes were identified: 
some which immortalize cells, and others which make them tumori- 
genic (3). In most cases oncogenes of both types are needed to cause 
a continuously growing tumor. 

Subsequent work, however, blurred the distinction between 
immortalizing and transforming oncogenes by showing that their 
effects differ in primary cultures or permanent lines and in cells of 
different species (4). These findings suggested that the state of the 
cellular genes is important for the effect of oncogenes, in agreement 
with the great differences in cancer incidence and in the effects of 
chemical or viral carcinogens in different species. 

These studies dealt with the initial cancer events. But natural 
cancers evolve slowly toward malignancy through many definable 
stages in a process called "progression" (5), which is the least 
understood but probably the most crucial phase in the generation of 
malignancy. Progression generates the marked heterogeneity of 
cancers (6) and their many chromosomal abnormalities (7); it must 
be differentiated from the initial action of oncogenes (8). Progres- 
sion is observed in cells transformed by viruses. This is the case, for 
instance, of bursa1 lymphomas induced by avian leukosis viruses (9) ,  
of viral T-cell lymphomas in mice ( lo) ,  and of leukemogenesis by 
Friend leukemia virus in cultures of mouse bone marrow cells (1 1).  
Stepwise transformation is observed also with DNA viruses (12). 
Fibroblastic cells from a variety of organs of a transgenic mouse 

expressing SV40 T antigen, were normal but became gadudly 
transformed upon cultivation (13). In all these cases cellular changes 
occurring during culture growth determined full transformation. 
The "hit-and-run" hypothesis of viral transformation must be 
reconsidered. 

A clue as to what these changes are is obtained by examining the 
heterogeneity of chemically induced rat mammary carcinomas with 
respect to several well-characterized markers. The expression of the 
markers is altered in different ways in different parts of the same 
cancer; the alterations seem to be clonal, being uniform in small 
parts of a tumor but different in adjacent parts (14). The closeness of 
the parts makes it unlikely that the differences are due to the 
environment; it is more likely that they are caused by structural 
changes of the genes, as is also suggested by the chromosomal 
rearrangements observed in cancers (15) and by the finding that 
each chemically or radiation-induced mouse sarcoma expresses a 
different class I major histocompatibility antigen, probably pro- 
duced through gene rearrangement (1 6). 

A major gap in our understanding of cancer is how the activity of 
an oncogene is related to the events of progression. But the first task 
is to ascertain whether the DNA of an advanced cancer is as 
heterogeneous as the phenotype of its cells. If it is so, a new field of 
cancer research opens up, possibly leading to the discovery of the 
genes whose activity or inactivity is responsible for infiltration and 
metastasis. 

We are at a turning point in the study of tumor virology and 
cancer in general. If we wish to learn more about cancer, we must 
now concentrate on the cellular genome. We are back to where 
cancer research started, but the situation is drastically different 
because we have new knowledge and crucial tools, such as DNA 
cloning. We have two options: either to try to discover the genes 
important in malignancy by a piecemeal approach, or to sequence 
the whole genome of a selected animal species. The former approach 
seems less formidable, but it will still require a vast investment of 
research, especially if the important genes differ in cancers of 
different organs and if they encode regulatory proteins. A major 
difficulty for conventional approaches is the heterogeneity of tumors 
and the lack of cultures representative of the various cell types 
present in a cancer. I think that it will be far more useful to begin by 
sequencing the cellular genome. The sequence will make it possible 
to prepare probes for all the genes and to classify them for their 
expression in various cell types at the level of individual cells by 
means of cytological hybridization. The classification of the genes 
will facilitate the identification of those involved in progression. 

In which species should this effort be made? If we wish to 
understand human cancer, it should be made in humans because the 
genetic control of cancer seems to be different in different species. 
Research on human cancer would receive a major boost from the 
detailed knowledge of DNA. Humans would become the preferred 
experimental species for cancer research with cells in culture or in 
immunodeficient mice. Because cancer could be defined in molecu- 
lar terms, the agents capable of inducing cancer in humans could be 
identified by the combination of in vitro and epidemiological 
studies. Knowledge of the genes involved in progression would 
open new therapeutic approaches, which might lead to a general 
cancer cure if progression has common features in all cancers. 

Knowledge of the genome and availability of probes for any gene 
would also be crucial for progress in human physiology and 
pathology outside cancer; for instance, for learning about the 
regulation of individual genes in various cell types. Many fields of 
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research, such as the study of development and of the organization 
of the nervous system, would benefit. The identification and 
diagnosis of hereditary diseases or of hereditary propensity to 
disease would be greatly facilitated. The knowledge would rapidly 
reflect on therapeutic applications in many fields. 

An effort of this kind could not be undertaken by any single 
group: it would have to be a national effort. Its significance would 
be comparable to that of the effort that led to the conquest of space, 
and it should be carried out with the same spirit. Even more 
appealing would be to make it an international undertaking, because 
the sequence of the human DNA is the reality of our species, and 
everything that happens in the world depends on those sequences. 

Many practical and technical problems would have to be solved. A 
considerable improvement in the technology would be needed in 
order to shorten the time required. Increasing by 50-fold the present 
rate of sequencing would make it possible to complete the main task 
in perhaps 5 years with adequate manpower. 

In one generation we have come a long way in our efforts to 
understand cancer. The next generation can look forward to exciting 
new tasks that may lead to a completion of our knowledge about 
cancer, closing one of the most challenging chapters in biological 
research. 
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AAAS-Philip Hauge Abelson Prize 
To Be Awarded to a Public Servant or Scientist 

The AAAS-Philip Hauge Abelson Prize of $2500, which was Chicago. Each nomination must be seconded by at least two 
established by the AAAS Board of Directors in 1985, is awarded other AAAS members. 
annually either to: Nominations should be typed and should include the follow- 

(a) a public servant, in recognition of sustained exceptional ing information: nominee's name, institutional affiliation and 
contributions to advancing science, or title, address, and biographical resume; statement of justification 

(b) a scientist whose career has been distinguished both for for nomination; and names, identification, and signatures of the 
scientific achievement and for other notable services to the three or more sponsors. Nominations should be submitted to the 
scientific community. AAAS Executive Office, 1333 H Street, NW, Washington, DC 

AAAS members are invited to submit nominations now for the 20005, for receipt on or before 25 August 1986. 
1986 prize, to be awarded at the 1987 Annual Meeting in The winner will be selected by a seven-member panel appoint- 

ed by the Board. 
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