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Abstract 

Molecular genetics is a new and rapidly advancing discipline with major 
implications for clinical practice. The medical implementation of fundamen
tal scientific advances in this field occurs rapidly because of its interdiscipli
nary nature and clear immediate impact. This provides contrasts with, and 
models for, other areas of medical research. 

Introduction 

The relationship between scientific advance and clinical applications is never 
simpIe. There is of ten a failure of understanding between the scientist who 
wishes to see the rapid application of exciting findings, the clinician who is 
concemed with better treatment of patients, the sufferer who looks with 
hope on any new development (particularly for chronic disease), and the 
public who want maximum safety yet maximum speed. These differences 
are particularly evident for new fields such as molecular genetics. In spite of 
this, human molecular genetics has been a rare success story in terms of the 
speed of application of fundamental research in clinical practice, with a lag of 
at most one to two years. Why is this? 

Human molecular genetics is a new discipline, more important than many 
other scientific subjects which underpin medicine, primarily because it 
includes many enabling technologies within its remit. It is rather like anato
my or pharmacology; it provides a basis for all disciplines as much as being 
a discipline of its own. The techno logies require little expensive equipment, 
and are broadly applicable to many clinical areas; the combination of viral, 
bacterial and human approaches has led to a speed of scientific advance 
which can only be described in superlatives. It is also by its nature interdisci
plinary: those who 'made' the field came from many different subjects, from 
mathematics, from chemistry and genetics, from medicine, and there was no 
pre-existing hierarchy or strllcture. We were all students together. There are 
still few University courses in human molecular genetics, and persons who 
presently work in this area are mostly self-taught. 
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The scientific research itself demanded that molecular geneticists had access 
to patient material. It was not possible to conduct research without it. 
Therefore, collaboration was built integrally into the research from the start. 
So too was a humanistic commitment to the patients and their families, from 
most of those involved. There was little separation of the lab, the clinic and 
the social environment. From this positive experience, some lessons can 
perhaps be taken. 

First, there must be effective communication between those responsible 
for the science and those responsible for the patients; this occurs rather 
better in human molecular genetics than many fields, but still is not optimal 
(and becomes less optimal as one moves from West to East and from North 
to South within Europe). Second, funding must be available quite speci
fically to facilitate development as weIl as pure research. Third, European 
pharmaceutical companies should be encouraged to show the same initiative 
and excitement at working with University and Hospita! teams as their 
counterparts in the U.S.A. and Japan. Fourth, training in the new genetics 
should be seen as essential for all scientists and doctors (and indeed all 
thinking people). Finally, there must be a defence of the concept of the 
centre of excellence, not for its elitism but for its ability to carry out work of 
international importance for human health for all. 

Human molecular genetics - an enabling technology 

Human molecular genetics only began in the late 1970s, when gene cloning 
became possible. Not only does cloning allow the isolation of large amounts 
of completely pure gene sequences from human cells Cby inserting the DNA 
into rapidly replicating bacterial viruses), it also allows the analysis of human 
genes from a single person. The importance of the ability to analyse DNA in 
a person-specific way was not immediately appreciated, although Ellen 
Solomon and Wal ter Bodmer (1979) pointed out the value of the isolated 
variants for genome mapping, and several groups began to use the new 
technology to define mutations, particularly for diseases where the protein 
defect was already defined (such as the thalassaemias and phenylketonuria). 

Let us consider specific examples of the revolutionary clinical applications 
which became possible, and those that did not, and attempt to analyse the 
reasons. When we began to analyse the human globin gene cluster, we 
demonstrated that - thalassaemia is due to a gene deletion (Ottolenghi et al., 
1974). It took Sergio Ottolenghi nine months in that pre-cloning era to 
make enough globin gene-specific probe to carry out the analysis on two 
patient samples of DNA. Now it can be done in a matter of hours for any 
gene, not only those like globin which are expressed at high levels. When we 
first mapped the loci responsible for Duchenne and Becker muscular dys
trophies (Murray et al., 1982) and for cystic fibrosis (Wainwright et al., 
1985) it took teams of scientists several years; now, thanks to highly infor-
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mative micro-repeat sequences, first found in many copies in the human 
genome by Litt and Luty (1989) and by Weber and May (1989), it only 
takes a matter of weeks, as we recently demonstrated for a rare form of 
cerebellar ataxia (Twells et al., 1993). The genome mapping project will 
speed up these exercises even more, as markers, then sequences, are placed 
into data bases which are universally accessible and internationally linked to 
clinical findings. 

Many single gene defects are now understood 

There are about 4000 single gene defects listed in McKusick's OMIM 
catalogue, and for most of the important ones the causative genetic mutation 
has been identified by positional cloning (or reverse genetics) (Collins, 
1992). Huntington's disease is the latest to be added to the list (Huntington's 
Disease Collaborative Research Group, 1993), a full ten years af ter it was the 
second disease to be localised by random markers (Gusella et al., 1983). The 
identification of the genes which are mutated in cystic fibrosis (fsui, 1989), 
Duchenne muscular dystrophy (Kunkel et al., 1985) and familial colon 
cancer (KinzIer et al., 1991) must stand as tributes to the power of scientific 
human molecular genetics. 

The questions posed by the new genetics 

But what of the key questions this symposium will examine: Will this be of 
value to the community for prevention of handicap? Will it be of value to 

patients with inherited disease? Will it have consequentes for more common 
diseases affecting persons in later life, such as heart disease or cancer in 
general ? What are the implications for medical, scientific and community 
education? Are there any ethical considerations which are new and different 
from those which have existed in any area of clinical and scientific advance? 
Perhaps most important, are there cultural, financial or educational reasons 
over which we have some measure of control which block the rapid transiti
on from the laboratory to the clinic, and which we might attempt to alter? 

The value of gene probes for clinical and prenatal dia gnosis 

At first, variabIe DNA sequences (alleles) which neighbour mutations 
causing disease were used to track pathology through a family, but this is 
imprecise since recombination during meiosis can break the link between 
marker and disease. Now it is more usual to analyse the gene itself, and 
of ten the mutation, using gene amplification. Such an approach can be used 
for diagnosis, whether of the patient or prenatally, whether of homozygotes 
or carriers of a mutation. Direct analysis tells the clinical scientist whether 
one or both chromosomes carry the mutant gene. 
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Since amplification can be carried out on the DNA from a single cell, it is 
possible to do prenatal diagnosis before fertilisation (on the polar body from 
the egg), before implantation, at from 8-10 weeks of pregnancy by chorion 
villus sampling, or at 12-20 weeks by amniocentesis. This increase in range 
of choices (each technique has its own advantages and disadvantages, and in 
general the tradeoff for increased acceptability at early stages is greater risk 
to the pregnancy) is generally welcomed by couples at high risk of having a 
severely handicapped child, and has usually been implemented within 
months of the discovery of a gene for severe mono genie Mendelian disor
ders. It is always regarded as ironie, and perhaps a bit threatening, that the 
first application of molecular genetics for any inherited disease is usually for 
prenatal diagnosis and the termination of affected pregnancies, but this 
reflects the accuracy of diagnostic technology as compared to intervention 
for therapy. 

The value of gene probes for prevention via community screening 

A fully penetrant dominant disease almost always manifests af ter reproduc
tion, and the incidence of carriers equals the number of those affected. 
Therefore, screening allows prevention (in theory) in a single generation, if 
all those having children choose to abort affected pregnancies. Since scree
ning, diagnosis of affected individuals and prenatal diagnosis are all mixed in 
together, there are sharp personal issues, but every case can be dealt with 
using intensive but non-directive counselling, and usually the family is 
familiar with the disease and able to make a decision in accordance with 
their beliefs. 

Recessive conditions pose quite a different problem; there are many more 
carriers than affected persons, and the carriers have no health problems. For 
cystic fibrosis, carrier screening in the wider community has raised few 
problems, when carried out either on autonomous individuals or on women 
early in pregnancy, provided that mouthwash procedures were used to 
obtain DNA, and that full counselling was available before and af ter testing 
(Williamson, 1993). The laboratory test is very cheap, provided that paten
ting of the sequence and procedure will not result in heavy charges on the 
screening laboratory or the individual being tested. 

Molecular genetics and its use for gene therapy 

It is necessary to know the gene (and the mutation) before even thinking of 
gene therapy. Clearly it will of ten be easier to treat a recessive disease using 
gene therapy than a dominant one, since it is only necessary to introduce the 
normal gene, not to remove the mutated copy. However, even this breaks 
down in some cases where it is the do sage of a gene product that is critical
for instance, in the form of hypercholesterolaemia due to an LDL receptor 
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defect, the pathology is quantitative, and introducing a normal gene may 
improve prognosis even in adults where the disease is dominant. 

The RNA tumour viruses have been studied extensively as gene therapy 
vehicles, and have been used to carry the human ADA gene successfully into 
children with severe combined immunodeficiency. They are small and can 
only carry a smal I amount of human DNA (which substitutes for some of 
the viral gen ome, providing additional safety as weIl as more space), and 
only infect dividing cells. They also always deliver their package of genes 
into the host chromosome, integrating more or less at random. Another 
favoured delivery system, or vector, is adenovirus: this is a bit bigger, and 
enters the cell via specific receptors. The adenovirus coat proteins seem to 
provide some protection from breakdown of the nucleic acid once inside the 
human cello However, adenovirus rarely integrates and cannot divide in the 
cell, so it would only be effective as long as the human cell into which it 
enters survives. 

Are these viruses, which in their unmodified form can cause anything 
from colds (adenovirus) to cancer (mammary tumour virus), safe? Probably 
yes, but no one can be certain of safety in this context; the field is too new, 
and since treatment may have to be repeated many times, even an unlikely 
event may eventually happen. The viruses are inactivated by removing most 
of their pathogenic sequences, but they can recombine with wild type 
viruses in the environment. It is not clear whether anything worse than the 
natural virus might result. Clearly, until these questions are answered, gene 
therapy will be reserved for life-threatening diseases. 

Other approaches, such as the use of human minichromosomes, and the 
combination of the best features of the different viral and biochemical 
approaches, are under study, and may offer the best long term prospects. 
And it must be remembered that access to a tissue is of ten the least weIl 
thought out part of aproposal; there are many neurological conditions 
where gene therapy would be attractive if parts of the CNSwere selectively 
accessible. 

The common polygene tic diseases: prospectSfor therapy 

Gene therapy is coming, and soon, for serious disease. It is here already for 
severe combined immunodeficiency, where the gene is cloned, the affected 
cell is easy to access, and the biochemistry is weIl understood (Blaese et al., 
1990; Hoogerbrugge et al., 1992). Other single gene disorders, such as cystic 
fibrosis and haemophilia B, will follow relatively quickly, certainly by the 
end of the decade. But the true excitement will be in the novel use of the 
technology to enable treatment of the common multifactorial diseases, even 
those not primarily due to a genetic defect, by genetic means at the somatic 
level. 
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The obvious examples are hypercholesterolaemia, cancer of the colon and 
auto immune disease; the time to begin thinking of these approaches is now. 
And while the ethical concerns are real enough, they are not novel in medi
cine, and are worm confronting for the benents that will come to our 
patients and the community. In future, targeting (to stem ceIls, as weIl as 
specinc neuronal populations, and so on) will be possible systemically in 
vivo. The genes to be delivered will be under nne con trol, of ten the same as 
that which also controls the normal gene in vivo. Through the human 
genome project, we wiIl know how several genes (and the environment) 
interact to cause pathologies, and which gen es (or which environmental 
parameter) needs to be changed to improve prognosis. This wiIl permit the 
use of the powerful technology of molecular genetics to determine the 
interactions between the environment and our inherited predispositions to 
specinc disease, of ten with the aim of modifying the environment to make it 
safer for the individual. 

An intermedia te answer 

We trust that the reader will be convinced that the new advances in human 
molecular genetics have the potential to make key advances to the communi
ty in the prevention and treatment of single gene and multifactorial diseases. 
Will it happen? 

An educated community? 

Education in most countries has become very orientated to training for 
specinc care ers; in the U.K. children make their choice of 'educational 
stream' at about 14 years of age. Of ten they have little, if any, science 
education before that age, and none at all afterwards. For those who go on 
to University to read an arts subject, there is no incentive to study science 
courses; while Britain is particularly bad in disregarding science as part of 
the general culture required by a thinking man and woman, other European 
countries are not much better. Those in government (whether politicians or 
civil servants) usually come from arts or legal backgrounds, as do journalists. 
One major barrier to the rapid and balanced acceptance of new technologies 
in medicine, as elsewhere, is the fact that most of the community has neither 
the education nor the inclination to accept science as part of our general 
cultural milieu. 

The training and education of clinicians 

There is one group for which genetic education is particularly important, as 
they will be the purveyors of the technology to the community. Clinical 
education is not orientated to an appreciation of the intellectual si de of 
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science, nor are there many easy ways for practising doctors to leam new 
techniques and to discuss their wider implications and applications. 

When discussing genetics, it is important to emphasise the general nature 
of both the diseases we are considering and the approaches that may be 
indicated. Already, the St Mary's groups have worked as molecular geneti
cists with paediatricians (muscular dystrophy), adult chest physicians (cystic 
fibrosis), surgeons (cleft palate), neurologists (ataxias), haematologists 
(thalassaemias), psychiatrists (Alzheimer's disease) and those in community 
medicine (carrier screening). EVERY doctor, nurse, midwife and health care 
worker has to be conversant with the language and techniques of molecular 
genetics, and there should be schemes which encourage direct exchange 
between laboratory and clinic using professional and financial incentives. 

As for any new discipline, there is a danger it will be 'hijacked' by small 
groups of 'experts' (such as clinical geneticists, or for that matter those like 
ourselves who work as consultant molecular geneticists in a clinical setting). 
While there should continue to be strong Departments of Human Genetics, 
and of Clinical Genetics, and centres of excellence in Molecular Genetics 
and Gene Therapy, this should not become the major mechanism for 'sprea
ding the field' throughout clinical medicine, however tempting this may be 
to the practitioners of the new discipline (for obvious reasons of vested 
interest). 

The languages have to be learned by all sides. Contacts across cultures 
must be made, which takes time and money. Of ten it is easy to find funding 
for research, and easier still for proven clinical approaches to the treatment 
of disease, yet almost impossible to find 'development money' or money for 
education, whether within the profession or for the community. One 
possible way to encourage this would be to widen the numbers of those 
who are involved beyond the medical research community, and to see this as 
a matter requiring joint action with educational and industrial groups as weIl 
as scientists and doctors. 

The clinical and scientmc centre of excellence 

During the past few years, the concept of the centre of excellence has been 
under attack, particularly at the boundaries of clinical science where rapid 
developments are taking place. The reasons for this are complex; in part the 
anack comes from the 'right', which sees science as an irrelevance which 
cannot be costed by Thatcherite economists, in part from the 'len', who see 
it as somehow insuIting to notional concepts of equality. This attack must be 
resisted if advances in clinical science are to be implemented at areasonabIe 
pace, for the centre of excellence is not only the place where the discoveries 
are made, it is also the source of the expertise which allows it to be explai
ned, understood and applied in practice. The worst feature of the new 
British N.H.S. funding system is that it is now almost impossible to main-
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taÎn a first rate clinical department which is making new initiatives linked to 
the best available basic research. Both nationally and internationally, it is 
important that bodies and meetings such as this explain to governments that, 
however 'time-consuming and expensive and inefficient', the centres of 
excellence are central to our ability to carry out international class applied 
research, and we lose that ability if they are destroyed. 

The international dimension and the third world 

Molecular genetics is a cheap technology. This cannot be said too of ten. The 
cost of two or three heart-Iung transplants for cystic fibrosis is more than 
the cost of the entire gene therapy programme in Europe. Polymerase chain 
reaction has a basic cost of less than $2 per test, before patents and suchlike 
are paid. Moreover, it is a simple technology conceptually, at least to the 
level required by the average clinician or clinical scientist. It requires little 
specialised equipment or training; we have trained those from over 40 
countries (at all developmental standards) to carry out gene amplification for 
cystic fibrosis. Both gene analysis and gene therapy are easy to convey 
educationally to the public, and when it is put over weIl, the response is very 
positive. The technology requires little more than a clean lab and a small 
contaÎnment facility (although a few centres of excellence are required to 
provide training). What it does need is trained staff and determination. 

Are there any ethical issues that are new? 

Ethical issues, in general, have to involve society at large; usually a problem 
which affects one individual does not pose major ethical questions unless it 
can be generalised (a view encapsulated in the English phrase 'hard cases 
make bad law'). Some ethical questions may be raised by molecular genetics, 
and there are associated recent shifts in attitude which can be detected. For 
instance, the acceptability of prenatal diagnosis by a society differs depend
ing upon when it is offered: in general, almost everyone approves of avoid
ing severe handicap prior to fertilisation or very early in pregnancy, and 
most people would find it unacceptable to terminate any pregnancy as late 
as (for instance) seven months. As the technology allows earlier diagnosis 
and intervention, attitudes change. But there are few if any new issues 
involved in what we do, provided that attempts are not made to alter the 
germ line of an individual. Since that is currently illegal, and in any case is 
seen as unacceptable, and since no one is trying it, perhaps we can rest 
assured that the mechanisms for assessing ethics which have been tested for 
many years in most European countries will continue to be effective in this 
area as in others. 

That is not to say that the system cannot be abused, either by govern
ments or by individuals. Science was abused in Nazi Germany, but the 
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major abuses that occurred did not require the panoply of scientific know
led ge. The protection against abuse is an informed public operating through 
a democratic and legal government, with adequate ethics committees to 
discuss and con trol any public or private forces which attempt the unaccep
tabIe. Stopping science cannot be an acceptable method of dealing with 
worries about misuse - the essential advances which wiU lead to better 
community health are too intimately linked to the knowledge of the genome 
in which we aU want to share. 

Conclusions 

The major implications of the new genetics are not scientific at all, but in 
clinical practice. The new genetics wiU be of particular value in two areas. 
The first is predictive medicine (including public health), where it will be 
possible to state in general terms which severe diseases of early onset (e.g., 
cystic fibrosis) and which common diseases of late ons et (e.g., cancer and 
heart disease) are most likely to affect an individual. Predictive gene tics will 
come (in spite of real and imagined concerns about ethics, insurance and so 
on) because it will be so closely related to our ability to prevent severe 
disease in many cases. The second will be gene therapy. I find it baffling that 
discussions of gene therapy have been biased primarily to the rare, severe, 
single gene disorders such as ADA deficiency and CF. The import will be 
for heart disease and cancer and allergy and mental iUness, where the techni
que wiU be used as a method for effective physiological con trol of patholo
gy, even when the underlying disease is primarily environmental in aetiolo
gy rather than genetic. The major problems are no longer scientific ones, but 
have more to do with education (within and outside the profession), the 
promotion of cross-cultural interactions, and the discussion in a sensible 
way of the social and ethical implications of what we do. Perhaps the single 
most important advance would occur if both doctors and scientists made the 
effort to learn one another's languages, and also the languages spoken by the 
media and in the community. We have an obligation to communicate 
widely, for if we do not, we should not complain if we feel misunderstood. 
It will be our own doing. 

References 

Blaese, R.M., Kulver, K. W. and Anderson, w.F. (1990); 'The ADA Human 
gene transfer protocol'. Human Gene Therapy 1: 331-362 

CoUins, F. S. (1992a); 'Positional Cloning - Let's not call it Reverse Anymo
re'. Nature Genetics 1: 3-7. 

GuseUa, J.F., Wexler, N.S., ConneaUy, P.M., Naylor, S.L., Anderson, M.A, 
Tanzi, R.E., Watkins, P.c., Ottina, K., Wallace, M.R., Sakaguchi, AY., 
Young, AB., Shoulson, 1., Bonilla, E. and Martin, J.B. (1983); 'A poly-

THE DISCIPLINE OF MEDICINE 155 



morphic DNA marker genetically linked to Huntingdon's disease'. 
Nature 306: 234-238. 

Hoogerbrugge, P.M., Vossen, J.M., V-Beusecgem, v.w. and Valerio, D. 
(1992); Clinical protocol. 'Treatment of severe combined immunodefi
ciency due to the absence of Adenosine deaminase (ADA) by autologous 
transplantaion of genetically modified bone marrow'. Human Gene 
Therapy 3: 553-558. 

Huntingtons Disease Collaborative Research Group (1993); 'A Novel gene 
containing a trinucleotide repeat that is expended and unstable on Hun
tington Disease Chromosomes'. Cell72: 971-983 

Kinzier, K.w., Nilbert, M.C., Su, L.K., Vogelstein, B., Bryan, T.M., Levy, 
D.B., Smith, K.]. Preisinger, AC., Hedge, P. and McKechnie, D. (1991); 
'Identification of FAP locus genes from chromosome 5q21'. Science 253: 
661-665. 

Kunkel, L.M., Monaco, AP. Middlesworth, H.D., Ocho, S.A Latt (1985); 
'Specific cloning of DNA fragments absent trom the DNA of a male 
patient with an X chromsome deletion'. Proc. Nat!. Acad. Sci. USA 82: 
4778-4782 

Litt, M and Luty, J.A (1989); 'A hypervariabie microsatellite revealed by in 
vitro amplification of a dinucleotide repeat within cardiac muscle actin 
gene.' Am.]. Hum Genet 44: 397-401 

Murray, J.M., Davies, K.E., Harper, P.S., Meredith, L., Muller, C. and 
Williamson, R. (1982); 'Linkage relationship of a cloned DNA sequence 
on a short arm of the X chromosome to Duchenne muscular dystrophy' 
Nature 300: 69-71. Nature 273: 640-643 

Ottolenghi, S., Paul, J., Lanyon, G.W., Williamson, R., Weatheral, D.J., 
Clegg, J.B., Pritchard, J., Pootrakui, S., and Wong Hock Boon (1974); 
'Gene Deletion as the cause of thalassaemia.' Nature 251: 389-398 

Solomon, E. and Bodmer, W.F. (1979); 'Evolution of the Sickie Variant 
Gene.' Lancet i: 923 

Kerem, B., Rommens, ].M., Buchanan, J.A., Markiewicz, D., Cox, T.K., 
Chakravarti, A, Buchwald, M., Tsui, L.c. (1989); 'Identification of the 
Cystic Fibrosis Gene: Genetic analysis.' Scienee 245: 1073-1080 

Twells, R., Weber, J., Allotey, R., Hillerman, R., Orozco Diaz, G., Farrall, 
M., Williamson, R., Heredero-Baute, L. and Chamberlain, S. (1993); 
'Chromosomal Assignment of a second locus for Olivo-Ponto-Cerebel
lar Atrophy (SCA2) to chromosome 12q23-24.' Nature Genetics (in 
press). 

Wainwright, B.J., Scambler, P.]., Schmidtke, ]., Watson, E.K., Law, H-Y., 
Farrall, J., Cooke, H.J., Eiberg, H. and Williamson, R. (1985); 'Localisati
on of cystic fibrosis locus to human chromosome 7cen-q2.' Nature 318: 
384-385. 

156 R. WILLIAMSON AND C. COUTELLE 



Weber,J.L. and May, P. (1989); 'Abundant class of human DNA polymorp
hisms which can be typed using polymerase chain reaction.' Am. J. Hum. 
Genet. 44: 388-396. 

Williamson, R. (1993); 'Universal community carrier screening for cystic 
fibrosis.' Nature Genetics 3: 195-201. 

Not referenced in paper 

Anderson, W.F. (1992); 'Human Gene Therapy.' Scienee 256: 808-813 
Clothier, C. (1992); 'Report of the Committee on the Ethics of Gene Thera-

py.' H.M. Stationary OfficeJSBN 0-10117882-4, London, U.K. 
Collins, F. S. (1992b); 'Cystic Fibrosis: Molecular Biology and Therapeutic 

Implications.' Science 256: 774-779 
Little, P.F., Curtis, P., Coutelle, c., Van den Berg, J., Dalgleish, R., Mal

colm, S., Courtney, M., Westaway, D., and Williamson, R. (1978); 'Isola
tion and Partial Sequence of Recombinant Plasmids containing alpha-, 
beta- and gamma-globin cDNA Fragments.' 

THE DISCIPLINE OF MEDICINE 157 




