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Abstract

‘TheRoslin Ingtitute nea Edinburgh is one of theworld’ sleading centres for
research onfarm animals. Its main expertiseis in animal genetics, with the
results benefiting the livestock breading and production industries in
particular. Its work was, however, little known to the general public. A single
lamb changed dl that. Dr Harry Griffin, Assistant Diredor at the Institute,
explans.....

Dally was the first mammal cloned from a cdl from an adult animal. She was derived from cdls that had been
taken from the udder of a 6-year old Finn Dorset ewe and cultured for several weeksin thelaboratory. Individual
cdlswere then fused with unfertilised eggs from which the genetic material had been removed. Two hundred and
seventy seven d these ‘remnstructed eggs' - each now with a diploid nucleus from the adult animal - were
cultured for 6 daysintemporary redpients. Twenty nine of the eggs that appeared to have developed normally
to the blastocyst stage wereimplanted into surrogate Scottish Blackface ewes. One gaveriseto livelamb, Dally,
some 148days later.

DOLL YMANIA

Dolly was born on 5July 1996. It took lan Wilmut and his colleagues afew weeks to compl ete the experimental
work and several more months before they had written a paper and hed it accepted by Nature. Publication was
confirmed for 27 February, 1997and by then plans were well advanced to handethe expeded mediainterest.
We knew that Nature was featuring Dolly in the weekly pressrelease that it distributes each Friday. The
informationin these releases is ‘ embargoed’ urtil 7 o’ clock onthe Wednesday evening before publication and
thisisintended to providejournali sts time to research their stories more arefully before gangto press. However,
ideas of areaxing weekend were shattered by two phore calls late on Saturday warning us that the Observer
would be runring the story the next day.

A quick visit to the newsagents first thing onSunday confirmed ou story was onthe front page. The
Observer’s giencewriter Robin McKie had resisted taking a sensationa line but he had raised fears about
human doning. Our main am then was to ensure that the other papers have some solid facts to report. Two of
the team at Roslin and four at our PR agency De facto’s officein Basingstoke worked throughot the day to
answer callsfrom around theworld and set up schedules for reporters, TV crews and photographers desperate
to visit Roglin.

On Monday, Dally provided amagjor story in most of the papers and Rodlin was besieged by reporters
and TV crewsfrom al over theworld. ABC, NBC, CNN and CBS al beamed live interviews aaoss the Atlantic
via satdllite vansin the @r park. Phores rangincessantly and extra spokesmen were drafted into help. Dally
quickly became the most phatographed sheeo of all time and was invited to appear on a chat show in the US.
Astrologers asked for her date of birth and the shares of our collaborators PA. rose sharply. President Bill
Clinton called on his bioethics commisgonto report on the ehical impli cations within 90 days and lan Wil mut
was invited to testify to both the UK House of Commons and the US Congess Doally Parton said she was
‘honoued’ that we had called ou sheeo after her.



https://core.ac.uk/display/25293133?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Inthefirst week after the story broke, we estimated that together the Rodlin Ingtitute, PPL and De Facto
answered more than 2000 tdephone @ls, tdked at length to dose on 100 reporters and provided awess to Dolly
to 16 film crews and more than 50 phatographers from all over the world. After all this, the actual publication
of the paper in Nature on Thursday 27 February seemed an anticlimax.

‘Science Breakthrough of the Year’

For devdopmenta biologists, Dolly’s existence dalenges one of the fundamental tenets of developmental
biology. Most scientists had though that diff erentiation - the gradual processof spedalisation that all ows the
fertili sed eggto develop into the hundreds of cdl types that make up the whde animal- was irreversible. After
al, even over a90 year lifespan aliver remains aliver, anerve cdl anerve cdl. The produwction d alivelamb
from acdl taken from the udder of a 6-year old ewe demonstrated that diff erentiated cdls are nat immutable:
it was possibleto take adifferentiated cdl and turn its biological clock badk to zero. To start itslife all over again.
And for this, Dolly was voted ‘ Science Breakthrough ¢ 1997 by the alitors of the prestigious US journa
Science ahead of NASA'’s Pathfinder missonto Mars and advances in cyclotron design.

At first Dolly was a clone aone, but in recent months clones of adult micehave been reported from Hawaii and
cloned calves from both New Zealand and Japan. These additional reports demonstrate that Dally is not an
‘aneddote’ andthat it shoud be posdbleto clone from avariety of different cdl types and spedes.

Cloning of humans

Theintense mediainterest was not with sheg. Theimmediate assumptionwas that cloning of humans was just
aroundthe @rner and that seemed to trigger an explosion (at least in the media) of fears about the future.

However, in contrast to the barrage of cdls from the press the rlatively small sizeof our postbag suggested that
the general public was much more sanguine. They seemed to knaw that the scenarios that the media were
imagining were unlikely to berealised and could, as a consequence, be enjoyed in safety. Just like ‘the X files'.

Much of the media speculation was based on sciencefiction rather than good sense, with the Times and
aDr Patrick Dixontaking aur award for the most outrageouslist of ‘reasons’ for cloning humans. A common
misunderstanding was that clones would be somehow lessthan human. However, most of us have already met
ahuman clone - an identicd twin - and no orewould seriously suggest that we should produce twinsto order as
sources of spare parts. Others seamed to believe that cloning would producean identical phatocopy, rather than
achild that would grow up with a personality and behaviour al of its own.

Thaose speculating abou potential uses in humans need to recognise that the techndogy is very muchin
itsinfancy. Our experimentsin sheep produced several lambs with deve opmental abnormalities that died in late
pregnancy or soon after being ban. A clonewill inherit somatic mutations from the donar and this in turn may
lead to premature ageing a a higher incidence of cancer later in life. These risks alone mean that it would be
grossly unethicd to perform similar experiments in women now, however desperate they might beto have achild.

Experiencewith cloningin farm animals may identify ways of reducingrisk but thisis likely to take
many years. Inthe meantime, society as awhade hastimeto contemplate which uses of the techndogy might
be acceptable and which would nd. Views will i nevitable dhange over time: the first test tube baby, Louise
Brown, was born in 1979and in vitro fertili sation is now commonplace Attitudes will also vary between
courtries: many feared cloningwould be exploited by megalomaniacs but in ou view it is far more likely that
the eéhical boundaries will betested by thein vitro fertili sation clinicsin the US or the Far East.



Nuclear transfer

Cloning by nuclear transfer is nat itself novel. Thetednique was first reported in frogsin 1953and has been
used widdly sincein amphibians to study early development. This work showed that thefirst few cdl divisions
after fertilisation produce cdlls that aretotipotent (i.e. they cen devedopinto dl of the cdl types that make up the
whdeanimal). Asthe enbryo develops further, the cdlls lose this property and the successof nuclear transfer
rapidly dedines. Some nuclear transfer experiments using cell s from aduit frogs produced viable ambryos, but
these never devel oped beyondthe tadpole stage.

Nuclear transfer in mammals proved to be more difficult. The doning d miceusing nwcle from very
early embryos was reported in 1977 hut this work was not repeatable and interest among cevelopmental
biologists waned. Research on nudea transfer in cattle mntinued, stimulated by the potentialy large ommercia
benefits of multiplying dite enbryos. Artificid insemination alows ead bull to have thousands of offspring but
each cow can anly produce 5 or 6 calvesin alifetime.  Multi ple ovulation embryo transfer (MOET) and cloning
by embryo splitting have been used to partially redressthisimbalance, but these techniques have limited potentia
for further devdopment. By contrast, nuclear transfer has, at least in principle, the aility to produce an wnli mited
number of identical animals.

By themidde of the 1980s severd research groups from aroundthe world had produced cloned sheep
and cattle by transferring nucle diredly from early embryos.  1n 1985 Steen Will esden in the US had produce
live calves by nuclear transfer from embryos that had progressed to the 64- and 128-cdl stage and this was the
first suggestionthat nuclear transfer in mammals was possble from at least partialy diff erentiated cdls.

In the ealy 1980's the then Animal Breeding Research Organisation initiated a programme designed to
produce transgenic sheep and cattle that would secrete human proteinsin their milk. Using the beta- lactoglobulin
promoter, John Clark and colleagues were ableto direct expression o the transgene to the mammary gland. This
successled to the setting yp in 1987of PAL Therapeutics andin 1989the production d Tracy, atransgenic
sheep that secreted 35 g of ahuman protein- dphea-1-antitrypsin- in her milk. Over the same period ather groups
had developed aher transgenic livestock, including genetically modified pigs for use as sources of organs for
transplantationto human patients.

At thistime the only way of producing transgenic livestock was by pro-nuclear injection. This procedure
involves theintroduction of 200-300 copies of the transgeneinto a recently fertilised egg which is then implanted
in asurrogate mother. Only 2-3% of eggs give rise to transgenic off spring and orly asmall proportion d these
expressthe added gene at sufficiently high leves to be of commercial interest. It was also only possbleto add
genes.

If animals can be derived from cdlsin culture, then it is possible to carry out much more specific genetic
modifications, including the removal or substitution d spedfic genes. This has been achieved in mice using
embryo stem (ES) cellsbut to dete no ore has yet succeeaded in obtaining ES cell s from cattle, sheep o pigs. After
learning d Will esden’s success lan Wilmut thougtht that nuclear transfer might provide an alternative.

Themajor bredthrough camein 1995 when Keth Campbell, lan Wilmut and colleagues produced live
lambs - Megan and Maorag - by nudear transfer from cdls from early embryos that had been cultured for severa
monthsin thelaboratory. The key dement in this successwas the induction d quiescencein the dona cdls.
However, a this gagethey did not know if they had also stumbled on a particular amenable cdll type smply by
chance

Additional experiments were performed to test if successful nucdea transfer technique was restricted to
embryo-derived cdls or could be arried out with awider range of cdl types. Nuclear transfer was carried ou



from embryo-derived cdls, foeta fibroblasts and - in coll aboration with PPL Therapeutics - cells from an adult
ewe. Four lambs were born from embryo cdls, two from the foetal cdls and ore, subsequently named Dally,
from an adult cdl. Their identity was confirmed by DNA testing and the results published in Nature on 27
February 1997

Practical applications of cloning

The ability (via nuclear transfer) to derive live animals from cultured cdls provides an aternative way of
prodwcing transgenic farm animals. Moreover, the abili ty to manipulate many milli ons of cdls at once opens
up the possibility of much more specific genetic modifications, including the ddetion a substitution of spedfic
genes or theintroduction d the single letter changes in the whoe of the genetic aode that are tharacteristic of
many human genetic diseases.

human therapeutic proteins

Human proteins arein great demand for thetreament of avariety of diseases. Whereas some @n be purified from
blood thisisexpensive and runstherisk of contamination by AIDS or hepatitis C. Proteins can be produced
in human cell culture but costs are very high and ouput smdl. Much larger quantiti es can be produced in baderia
or yeast but the proteins produced can be difficult to purify and they lack the appropriate post-translational
modifications that are needed for efficacy in vivo.

By contrast, human proteins that have appropriate post-translational modifications can be produced in
the milk of transgenic shee, goats and cattle. Output can be as high as 40 g per litre of milk and costs are
relatively low. PR Therapeutics, one of the leadersin this field, recently annourced that alpha-1-antitrypsin
prodwed from a transgenic flock is now being wsed to treat cystic fibrosis patients in phase 2 clinicdl trias. In
the US, Genzyme Transgenics have focussed on goats and their lead product, tissue plasminogen adivator, isaso
inclinical trials.

Animmediate advantage of producing transgenic animals by nudea transfer is that it uses less than half
of the experimental animals than does pronuclear injection. It is also possible to specify the sex of the offspring
and thereby substantially reduce the time taken to generate a production flock. PPL and the Roslin Ingtitute have
arealy used this approadc to produce Polly and Mally, two transgeni ¢ sheep that secrete the human bload dotting
factor IX intheir milk.

At present such transgenic animals produce a human protein in addition to the normal complement of
milk proteins. This restricts yield and with some proteins there would be a mgjor advantage in removing one or
more of the exdogenous milk proteins. Thisisthe caewith serum albumin where thetotal demand for treatment
of burns and aher traumais estimated at over 600tonres each year. In this case production would be in cattle
andthe aim would be to replacethe bovine albumin gene with its human equivalent.

nutraceuticals

There are anumber of potential opportunities for altering the nutritional content of milk. For example, cow’'s
milk isided for cdves but nat for premature infants. Gene targeting using nuclear transfer will allow milk to be
prodweed in which ore or more of the normal cow’ s proteins have been replaced by human proteins, thereby
improving its nutritional quality for these special ‘ consumers'. Other people have aimmune response to specific
proteinsin milk or areintolerant of lactose and gene targeting would all ow the aeation d herds of cows that
prodwced milk lacking the problem components.

xenotransplantation



Over the past 20 years transplantation of hearts and kidneys has become almost routine. Thereisan shortage
of suitable organs for transplant (abou 5000each year in the UK) and many patients have to suffer prolonged
diaysis and/or die as aresult. Transgenic pigs are being developed as urces of organs to med the shortfall.

The pigs produced so far have an added human protein such as compliment inhibitory factor that coats the pig
tisaues andisintended to prevent immediate rgjedion d the transplanted heart or kidney.

The ability to remove genes could have a mgjor impact on the success of such xenatransplants.
Surprisingly, most of the antibodies in ou bloodthat would the react against a pig organs remgrise asingle
carbohydrate linkage, galactose alpha (1,3) galactose. This sugar residue does nat appear to be functionaly
important becauseit isnat present in humans and monkeys. Elimination d the glycosyltransferase resporsible
for attaching this sugar residue by targeting the relevant gene in pigs is therefore expeded to greatly reduce
hyperacute rgedion d transplanted argans.

animal models of disease

Miceinwhich spedfic mutations have been deliberately introduced have often proved very useful as modelsfor
studying human genetic diseases. In some @ses, diff erences between mice and humans meansthat the dfeds
of theintroduced mutation are nat the same as in the human genetic disease. This is the @se for the g/stic
fibrosis mutation, where diff erences in chloride dnannel mean that the knock out experiment in mice has little
effed on lungphysiology.

Nuclear transfer will extend the range of spedes in which genetargeting will be posdble and thereby
provide better modelsto test treatments for human diseases. Lungphysiology in sheg and humans is very
similar andthe gene targeting to introduce the gystic fibrosis mutation in shegp would be expected to producea
similar phenatypein homozygous animals to that in man. The ddiberate aeation o agenetic disessein alarge
animal raise puldic concerns and the ethicd justification of creation of such amode would need to bewdl argued.

cdl therapy

Intact cdls are already used to treat patients suffering from a number of diseases, including leukemia and
Parkinson's disease. In most cases these cdls have to be obtained from close relatives to avoid problems of
immune rejedion.

Thefact that Dolly was cloned from a cdl taken from an adult ewe shows that even dff erentiated cdls
can be ‘reprogrammed’ into al the dl types that make up an intact animal. The only way that we @n perform
this dedifferentiation step now isby ‘incubating’ cdls in the o/toplasm of an unfertilised egg but when we know
more about the mechanisms invaved, then it may be possble that human cdls can be reprogrammed withou
the use of ahuman egg. Thiswould all ow the patient’s own cdlsto beusedin cdl therapies, thereby avoiding
the time, expensiveand urcertainty o tissuematching. Cellswould removed from the patient, converted into
the desired cdl typein the laboratory and then reintroduced into same patient for treatment.

cloningin farmanimal production
In additionto providing aroute to gene targetingin livestock, nuclear transfer coud be used to deliver what is
the popular image of cloning: that isthe production d, at least in principle, unlimited numbers of genetically

identical animals.

There are major practical hurdles to overcome before this could be a routine procedure in livestock



production. Wefirst need to show the technigues can be used in cattle and pigs sinceit is probably only in these
spedes that the benefits are likdy to justify the wst. Non-surgical means would be needed for embryo transfer
and successrates would have to be dramatically improved. Previous experiencewith new techndogies such as
artificia insemination and multiple ovulation embryo transfer suggest that it may be 10-20 yeas before this could
be posdble

Nevertheless, the main advantage of cloning would not bein sdection programmes but in the more rapid
dissemination d genetic progress from dite herds to the commercial farmer. At present thisis achieved through
artificia insemination - which supplies only half the genes- and by limited use of embryo transfer. This process
isnat that efficient andin dairy cattle, the performance of the average cow is probably some 10 years behind
the best. With cloning, it would be possble to remove this difference  Farmers who could afford it would
receive enbryos that would be dones of the most productive mws of dite herds and thereby lift the performance
of their herdsto that of the very best within ore generation. This would be a one-off gain, since from then on
the rate of genetic progresswould return to that of the dite herds.

In this scenario, breeding companies would sell cloned embryosin much the same way as they now sell
semen. Farmers would choose doned embryos for high merit bed bulls or dairy cows from catalogues that
described the genetic merit for a series of economically important traits, including fertilit y, health and longevity.
The doned embryo woud be delivered to the farm much in the same way as semen straws are today, perhaps
from breeders oversess.

A major risk would belossof genetic diversity but this could be avoided by systems that ensured that
breading companies produced alimited number of clones of each genatype and restricted the number of each of
the clones that could be sold to any one producer.  Although the herds of some producers might consist entirely
of cloned animds, the fact that they were clones of different dite animals may actually increase genetic diversity
onsome farms.

genetic conservation

Althoudh cloning is associated in most people s minds with aloss of genetic diversity, the techniques that were
used to produce Doally will aso provide new approachesto genetic conservation.  With increasing commercial
presaures, many indigenous breals adapted to local conditions are under threat from imported breeads that are
beingreaed in intensive farming systems. Thelocal breeds may contain va uable genesthat confer hea tolerance
or disease resistance and there is an urgent need to prevent their extinction. Current methods of conservation
involve storage of frozen semen a embryos but aretime consuming and costly. As a consequence, the future of
only asmall proportion d endangered brealsis being addresed.

The new techniques developed at Roslin may provide much simpler and more dfedive means of
conserving breeds. Blood samples, skin biopsies or even hair folli cles might be suitable sources of cdls that
could be grown briefly in the laboratory and then frozen in liquid ritrogen for longterm storage or transfer to
other endangered populations.

To some these apgications sam rmuch lessglamorous thanthe prosped of the doning d human
beings. In reality, they have the potential to provide radical new treatments for a wide \ariety of serious
diseases that affea many milli ons of people world-wide. By contrast, the doning o human beings- if and
when it happens- islikdy to remain amarginal activity with littl e impact on society beyondthe immrediate
participarts.

Further information oncloning, including references to work cited, is available on the Institute’ s web site on



www.ri.bbsrc.ac.uk



