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Over the years, clones and cloning have meant different things to different people. Gardeners have al-
ways known that their vegetatively propagated plants formed a clone, but this only hit the headlines 
when all the plants of a well-known raspberry clone, distributed all over the world, started dying off at 
the same time. There was a brief flmy of excitement in the 1970swhen John Gurdon's spectacular 
photograph of 30 little albino frogs, cloned by nuclear transfer from an albino tadpole, reminded the 
newspapers of Aldous Hwdey's Bmve New World.The advent of recombinant DNA enabled molecu-

I 
lar biologists to clone genes, but for most people, the 
word "clone" has had more to do with less expensive 
versions of IBM PCs than with anything biological. 
That wide usage of the term since the 1980shas helped 
change its meaning even in biological circles: "Clone"I no longer signifies a gmvp of identical m e m b ,  it sig-
nifies a single member of such a group. 

In 1997, cloning topped the charts of scientific and JUNEI sacid discourse.That's when the news broke that Dolly, Cloningand
the Scottish cloned sheep, had been born. In reality Stem Cells
Dolly representedjust one stage in a whole seriesof ex-
periments carried out in different labs by different 
teams of scientists, and all duly published in the scien-
tific literature. But for the general public, and indeed JULY 
for many scientists whose attention was focused else- Communications 
where. Dollv came like a bolt from the future.Because and Science 

also be cloned lost its air of ,, fantasy. Making 
clones became a real 

I possibility. 
.., ,.. Thi. ..;ay of M cloned frogs There are two distinct ' 

g spurred headlinesin 1977. scientific motivations that 
(* 

account for the creation of1 Dolly. The f i is the fundamental desire to knowwhether the hereditary ma-
s terial in the nucleus of each cell remains intact throughout development, what-% ever the fate of the cell. The second relates in particularto farm animals: the an-
+ cient and ongoing desire to replicate those rare animals that possess an unusually ,i favorable combination of genetic characteristics.The desire to augment those 

characteristicsstill fiuther by genetic manipulation introduces still another inter-
weaving sirand-stem cell biology (see sidebar on p. 1778)-with its own history 
and its strong biomedical implications for the future. 

Cell theory. These a In this essay, I propose to consider Dolly not as a sheep but drlngs
" as a node, with scientific input streams flowing in, and scien- are by Theodor 

tific, social, and ethical consequencesasoutputs.5 Schwann, the 

The Role of the Nucleus 
g One of the questionsthat has inspired the science leadingto and 
3 emergingfrom Dolly is:Does the hereditary material in the nu-

I clew remain intact as the embryo develops? In other words, what role does the 
nucleusplay in development (I)? 
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This part of the story really begins in 1839, when manipulations.And within a year, World War I1 had begun. 
Theodor Schwann launched the cell theory, later to be en- It wasn't until 1952that the necessary nuclear transfer tech-
capsulated by Rudolf Virchow in his famous slogan Omnk nology was devised for Arnphibia (5). It took another 23 
cellula e cellula (Allcells come fiom cells). As applied to years before an adult amphibian nucleus was successllly 
development, the cell theory requires two antagonisticprop- transferred. And not until 1996, 58 years after Spemann ar-
erties: cell heredity and cell direrentiation. Did every cell ticulated his fantastical experiment,was Dolly born. 
division produce two identical daughter cells, or did they In 1952, Robert Briggs and Thomas King electrified the 
differ? ARer the first cleavage division, could each cell on biological world by reporting successll nuclear transfer in 
its own produce a whole embryo, or would one produce a the fiog Rana pipiens (6). The nuclei came initially fiom un-
left and one a right half, or one a front and one a back? differentiatedblastula cells; they were transferred to unfertil-

In 1888,WiIheIm Roux attemptedto answer this question ized eggs h m  which the nuclei had previously been re-
by damaging one cell of a two-cell fiog embryo with a hot moved. Once the eggs had been stimulatedto develop, some 
needle. The cell stayed in place but did not develop further; produced normal tadpoles. Over the next few years, this 
its partner developed into a left or right half-embryo. Sadly, group published a paper per year, each one detailing ever 
this pioneering effort gave a misleading result, and August more ambitious experiments.When nuclei were taken from 
Weismann (who was more of a philosopher thanan empiri- gastrula cells, the next developmental stage after blastulae, 
cal scientist) used it to support his long-held, erroneous be- the propotion of normal tadpoles was much lower. From 
lief that all development and cell differentiationdepended on gut cells it was lower still, and nuclei from still later tail-bud 
loss of hereditary material (2). Weisrnann's theory was soon stage embryos gave no normal development. By 1960, 
disproved by Hans Driesch, who in 1892 separated the two- Briggs and King had concluded that differentationwas ac-
cell and even the four-cell sea urchin embryo into separate companiedby progressiverestriction of the capacities of nu-
cells: Each developed into a small but perfect larva (3). Sim- clei to promote all the various types of differentiation re-

were separated, two normal tad- colleagues,Thomas Elsdale and John Gurdon, on a different 
poles could develop. It seemed fiog, Xenopus laevk. In many waysXenopus was easier to 
that Roux's result was an unfor- work with than Ram. There was no need to remove the re-
tunate artifact due to the in- cipient egg nucleus, as it seldom took part in subsequent de-
hibitory effect of the damaged velopment. What's more, the researchers had a cell marker 
cell. Some invertebrates includ- (the number of nucleoli) distinguishing donor and recipient 
ing nematodes, however, showed strains, so there was never any doubt as to whether the nu-
mosaic rather thanregulative de- clear transplantationhad succeeded. 
velopment: When separated, the Already in their first paper, nuclei fiom early Xenopus 
first two cells really did have dif- blastulae were shown to support development not only to 

the tadpole stage, but through 
The nucleus, containing the metamorphosis to give sexually 

chromosomes, soon became rec- mature adults (7). Gurdon followed 
ognized as the carrierof heredity. up this work: He found that nuclei 
Was it also the engineof differentiation? fiom later stagescould also support 

In order to explore nuclear, rather development to adults but less fre-
than cellular, potential, Spemann and quently-30% from blastulae, but 

Loeb carried out ingenious only 6% from hatched tadpoles, 
nucleartransfer experiments in and 3% from swimming tadpoles. 
a and sea urchins,respectively. Did these nuclear changes reflect 

what was going on in normal devel-

(4). He wondered what would happen if a nucleus from a tion. To give the nuclei a long period of exposureto the new r 
d i f f d a t e d  cell, even an adult cell, were to be somehow cytoplasmic environment before they were required to repli-
introduced into an egg whose own nucleus had been re- cate, Di Berardino started transplanting them to oocytes 
moved. It was 14 years before his gedanken experiment rather thanto mature eggs. Eventually in 1983Di Berardino 
could be carried out. For one, Spemann lacked the how- and Nancy Hoffier showed that adult Rana red blood cell [ 
how and techniques to carry out such a traumatic series of nuclei transferred to oocytes could support development up 6 
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to the swimming tadpole stage. The same nuclei put into blastocyst stage when nuclei were taken from morulae or 
eggs got no lintherthan the earlygastrula from the blastocyst inner cell mass,but Wed when nuclei 

In Xenopus,Gurdon greatly improved his success rate fiom the already differentiated trophectoderm were used. 
by doing serial nuclear transfers, rescuing normal nuclei Because the recipient eggs were not enucleated, the blasto-
fiom amsted embryos. He and his colleagues were able to cysts were tetraploidand did notdevelopMer. 
produce fertile adult frogs using the nuclei of differentiated Thefwclaim to obtain live young after nuclear tmsfkr 
epithelial cells h m  the guts of feeding tadpoles. To pnwe in mammals was by Karl Illmenseeand Peter Hoppe in the 

mouse using genetically marked inner cell 
mass nuclei microsurgically introduced into 

. enucleated fertilized mouse eggs (10). The E-
sults have never been successfully repeated, 

but nuclei taken later,even at thetm-cell stage, 
unable tosupport development. 

intoa fullygrownadult. 
Wuxley's novel was p 

Emby0splitling in sea urchins,Amphiiia, or 
mammals can give clones of two,four, or 
eight individuals. Neither Driesch nor Sps 
mann carried out their experiments to in-
creasenumbers. Others did, however. From 
1979onward (12), Steen Willadsen sums-
fully reared to adulthood single cells from 
eight-cell sheep and cattle embryos, in 111 
awareness of the economic benefits that 
could amw f h m  rapid multiplication of ge 
neticallysupexiorbreeds. 

Nuclear transk was not seen by Briggs 
and King as a meansof replicating firogs. On 
the other hand, the first Xenopus nuclear 

unldenticat human clones would probably be. Cloning literature ibpusun: pus mutant became available and was used for 
to ; - M .  thewell-known picture of 30 dalbino k g s  

,&A .~.+e > . I  (8).They w m  made by transfenkg albino nu-
clei intotheeggsof a dark female.I that even nuclei h m  terminally differentiated cells had Nuclear transfer experiments proved more successful 

not lost their developmental potential, they showed that nu- in cattle (13) than they had been in mice. From the fit,!clei from specializ,ed adult skin cells, identified with antik- these experiments were designed to multiply the numbers 
eratin antibody, could support development up to the of valuable animals rather than to examine the role of the 
swimming tadpole stage. That meant they must still retain nucleus per se. 
the genetic information required for heart, muscle, brain, In 1991 Willadsen and colleagues reported 101 nuclear

Ieyes,and all the rest (8). These results were impres- transfer calves, using nuclei 
sive, but still nobody had succeeded in making an derived fiom cattle morulae. 
adult amphibian by transplantationof an d t nucle- Further cattle studies yielded 
ustoaneggoroocyte. clones of up to eight calves 

Nuclear tiamfix experimentsin mammalsalso had ("octuplets") generated from 
Ebeengoingoariwyoung-obtaimdfioms~e a single donor embryo, and 

blastomeres isolated at the two-cell stage in rats as successes were reported with 
early as 1942, and up to the eight-cell stage in rabbits nuclei taken from cultured 
in 1968.Followingafc.earlierattemptstohduce&- blastocyst cells. Unforhmate-

P velopment of enucleatedmouse eggsby virus-induced ly, many of the calves devel-
5 fusionof somaticcells,Den& Brotnhall obtainedblas- oped abnormally and were 

tocysts by m i e c a l  intmhction of early ernbry- pathologically overweight at 
onic nuclei into enucleated rabbit eggs (9). Yukio - b i i  so the procedure has not 
Tslmoda injected genetically marked nuclei into fertit- Megan ana norag. The rim rnarn- yet proved economical for 
ized mouse eggs; development continued up to the mats donedfrom differentiatedcells. cattle breeding. 
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1892 
Hans Driesch 
shows that each 
cell of q two-
cell or four-
cell sea urchin 
embryo can 
develop into 
separate, 
perfectly formed 
embryos, which 
goes against 
Weismann's 
theory. Roux's 
earlier results 
were likely due 
t o  damage from 
the hot needle. 

1894 
Jacques Loeb 
conducts early 
nwclear transfer 
experiment, 
in  which the 
nucleusof one 
cell is transferred 
t o  a pieceof 
egg cytoplasm 
containing no 
nucleus. 

1914 
HansSpemann 
conductsnuclear 
transfer 
experimentswith 
newts and later 
(1928) with 
salamanders. 

publishes Brave 
New World, 
which describesa 
kind of human 
husbandry. 

1938 
Inhis book 
Embryonic 
Development 
andlnductlon, 
Spemann 
proposes a 
"fantastical" 
thought experi-
ment: to  intro-
duce the nucleus 
from a dlfferen-
tiated cell into 
an eggwhose 
own nucleus had 
been removed 
and then t o  see 
what would 
develop.The first 
of these 
experiments 
began 14years 
Later. 
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1Baggage. - . :were derived from mouse embryonic 
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f all cells' d m e  from eb,as .Rua~lf' .attempts,,itcprwed extremely difficult 
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of a.ny tissue for the: repair of da 
aged or diseased organs so thpt 

. need 'for.prgan,donors would d 
Harold~Vaimus,until recently dire 

The RoslinInstituteckforeandAfter Dolly 

(7
nization betweendonor and recipient cell cycles was the key to 

Ian Wilmut at the Roslin Institute in S C O W  successfulnuclear transfer. 
(14) was seeking a way to modify the genetic The Roslin team first tried and failed to make immortal-
constitution of sheep and cattle more effec- ized and undifferentiated sheep ES cell lines. That frustra-
tively than by the rather hit-or-miss method of tion may have been an important factor in their subsequent a 
injecting genes into the fertilized egg. Mouse successes. Unperturbed by the fact that the cells were dif- $ 
embryonic stem (ES) cell lines made from the ferentiating,they continuedto culture blastocyst inner cells. z 
blastocyst inner cell mass were amenable to ge- To optimize the chances of successfblnuclear transfer, they 1netic modification, and nuclei from the inner cell mas- -- --- put their cultured cells into a state of quiescence, which ap- , 
tle had successfidlybeen used to make nuclear transfer calves. proximated the cell cycle stage of the recipient unfkrtiliid Z: 
C o m b i g  these two approaches offereda possible way for- sheep egg. Transfers were done, using electrical stimuli H 
ward. Keith Campbell, Wilrnut's colleague, was impressed by both to fuse the cultured cell with the enucleatedegg and to 3 
the amphibian evidence that nuclei retained their fulldevelop- kick-start embryonicdevelopment. From 244 nuclear trans- f 
mental potential even in differentiated cells. Also, he had fers, 34 developed to a stage where they could be placed in g 
worked on the cell cycle, and he was convinced that synchro- the uteri of surrogate mothers. In the summer of 1995, five 8 
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lambs were born, of which two-Megan Each month, Britannica.com enhances the mice and farm animals make any exten- 
and Morag-survived to become Pathways of Discovery essay with links to sion to humans totally unacceptable, at 

relevant items within and without Encylope- healthy fertile adults (15). Megan and B,.itannica,s of info,.,,,ation. To the moment anyway. But if the procedure 
Morag were the first mammals cloned access this month's Pathways essay and all became safer and more efficient, and if it 
from &fferentiated cells. previous ones, go t o  www:britankica.com worked in humans (it has not yet worked 

The next Wilmut and Camp- and click on the "Science" channel. in rabbits), and if enucleated oocytes and 
bell became more ambitious. They re- surrogate mothers were available, what 
peated the transfers of nuclei from embryonic cells. They in- would be the ethical and social implications? 
cluded a group using nuclei taken from cultured fetal fibro- Many people find cloning human beings entirely unac- 
blasts, which give chromosomally stable cell cultures. And ceptable ethically, but there are many different reasons why 
they also used nuclei from cultured mammary gland cells people might wish to clone themselves or others. Some rea- 
taken originally from a 6-year-old ewe and stored, hzen, in sons seem more ethically objectionable than others. 
liquid nitrogen. The first group produced four live lambs, the The genetic constitution of anyone cloned from an exist- 
second two, and the third just one-Dolly (1 6). ing person could not be confidential. Also, for the cloned 

Dolly was the sole survivor h m  277 transfers of adult nu- child, the weight of expectation to be like his or her progeni- 
clei. The procedure has now been extended to cattle, goats, and tor could become intolerably great. Neither of these objec- 
mice, but the success rate remains very low, seldom more than tions would apply in the case of a couple who had finally 
3%. Of those that are placed in surrogate'mothers, many die in achieved a pregnancy only to find that the fetus was ectopic, 
utero. Others die at birth, often with abnormalities. The reason or the baby dead through an accident at birth. Nuclear trans- 
for this high mortality rate is not known. Perhaps the extensive fer h m  the fetus or baby might offer their best chance of a 
reprogramming that the adult nucleus requires is incomplete. replacement pregnancy. But any attempt to clone a talented 

By 1997 the project had moved on yet again. Polly was violin player or a famous sportsman could lead to problems. 
born, cloned from a fetal fibroblast into which had been in- The child might disappointingly dislike music, or despise 
serted a gene for a valuable pharmaceutical protein, the hu- sport, and be made deeply unhappy. 
man blood-clotting factor IX. Subsequent progress along For couples whose infertility is so extreme that one part- 
these lines remains shrouded in commercial secrecy and the ner is entirely lacking in germ cells, somatic nuclear transfer 
conhsed state of patent law. from one or the other might be their only means of having 

their "own" child. As the child grew up and came to resemble 
Whither Cloning? its progenitor (the nucleus 
Just as the exploration of nuclear potential donor) at the time when the 
and the desire for replication have been two couple first met, however, 
distinct strands in the evolution of cloning, their relationship might suf- 
so they remain distinguishable W r s  that fer. For lesbian couples, or 
will influence possible future lines of de- single women who have 
velopment, both in animals and in humans. failed to find a man whom 

1 .  Replication. In farm animals, cloning they wish to father their chil- 
by nuclear transfer could replicate large dren, nuclear transfer from 
numbers of genetically elite individuals that one of their own somatic 
have highly advantageous combinations of cells, perhaps using their 
genes, brought together either by traditional own eggs and their own 
breeding methods, by transgenic technole uterus, would offer an inter- 
gy, or by in vitro gene targeting, cell seleo esting alternative to donor 
tion, and nuclear transfer. Without cloning, insemination or adoption. 
these unique gene be Missy. This aging dog could become the first pet to Then there are people 
dissipated by genetic recombination. In the be who fear death or desire im- 
plant world, this approach is routine. mortality. From the ethical 

Cloning by nuclear transfer could be used for replicating point of view, this would mean treating children as a com- 
household animals as well. Many people will likely request modity, merely as a means to an end, rather than desiring 
to clone their much-loved cats and dogs. A project to investi- them for their own sake. But even with conventional repro- 
gate nuclear transfer cloning in dogs, the "Missyplicity Pro- duction, people have always had children for all sorts of 
ject," has already been funded by a wealthy Californian reasons, not always for the sake of the children. 
seeking to clone his dog Missy. Pet owners may be disap- From the philosophical point of view, none of the ethical 
pointed, however. Genetic identity by no means ensures objections seem conclusive. The strongest arguments 
identity of personality or temperament. against human reproductive cloning are perhaps the social 

When techniques of nuclear transfer cloning have been ones. It runs counter to our present culture, it would wreak 
improved and extended, it might even be possible to recover havoc with family law, and, at least in Europe, public con- 
species that have become extinct, provided some of their cells sultations have produced an overwhelmingly negative re- 

t; were preserved by fieezing. This possibility provides a strong sponse: People don't want it. 
b incentive to maintain tissue banks for endangered species. 2. The role of the nucleus. We know almost nothing 

Humans are animals too, so what works with other ani- about how cloning by somatic cell nuclear transfer works. 
rnals will probably work with humans. Reproductive cloning, Increased understanding can come only from basic research 
where a human embryo derived by somatic cell nuclear using laboratory animals. 
transfer is placed in a woman's uterus to develop into a baby, A differentiated nucleus has a set genetic program that has 

6 is out of the question at present. The large numbers of deaths to be canceled and replaced by the genetic program of a fertil- 
8 and abnormalities that accompany reproductive cloning in ized egg at the very beginning of embryogenesis. How is this 
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1979 
Steen Willadsen 
begins success- 
fully rearing to 
adulthood single 
cells from eight- 
cell sheep and 
cattle embryos. 
in full awareness 
of the economic 
benefits that 
could accrue 
from rapid 
multiplication of 
genetically 
superior breeds. 

1981 
Karl lltmensee 
and Peter Hoppe 
claim to obtain 
live young via 
nuclear transfer 
using genetically 
marked inner cell 
mass nuclei 
microsurgically 
introduced into 
enucleated fertil- 
ized mouse eggs. 
But no onc can 
replicate the 
experiments. 

Several 
researchers 
report generating 
pluripotent 
embryonic stem 
cell Lines from 
mouse 
blastocysts 

1983  
James McGrath 
and Davor Solter 
succeed in 
obtaining young 
mice after 
transferring 
nuclei between 
unfertilized 
mouse eggs at 
the one-cell 
stage. using 
virus-induced 
fusion. 

1984 
McCrath and 
Solter fail to 
clone mice and 
claim that the 
cloning of mam- 
mals by simple 
nuclear transfer 
is impossible. 

1986  
Willadsen clones 
a sheep from 
embryo cells 
using nuclear 
transfer.This is 
the first such 
success to clearly 
stand the test of 
time. 

1990  
The Human 
Genome Project 
officially begins. 
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Making a Pharm Animal Or maybe not. The alternative m d d  be to use somatic cek  
fiom the patients themselves for nuclear transfer, so that the 
early embryo and any pluripotent stem cells derived fiom it 
would be genetically and antigenically identical to the patient, 
100% compatible. No question of transplant rejection could 

+ .) then arise. This approach is certainly not on the immediate 
~mayonloosrb U-wa agenda and would require a fair amount of prior research, but 

it appears technically feasible and could greatly reduce suffer- 
ing. Because no reproductive cloning is involved, the 

Pharmingm Combining ethical objections outlined d e r  Would not apply. 
genetic engineering and There would of course stil l be people who believe 
nuclear transfer technol- that personhood is present fi-0111 the very beginning of 
ogy could lead to ani- embryonic life, so that using an embryo for any pur- 
mals that produce phar- pose other than making a baby is tantamount to mur- 
maceutical agents in &r. The stroke victim, the multiple sclerosis patient, 
their milk or urine. the person crippled with rheumatoid arthritis may, on 

the other hand, believe that they have every right to 
use what are effectivety their own cells. 

The 2 1 st century will see many deep ethical conflicts, 
but it will b see unprecedented biomedical advances that 

4 will benefit all humankind. 
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biomedical uses of pluripotent human stem cells can be real- 
ized, cell and tissue therapy for many serious diseases will 
become available. But because the patients may still reject 
the transplanted cells, they will have to take immunosup- 
pressive drugs, along with the associated risks of infection 
and cancer. Maybe the patients could be rendered tolerant, 
or maybe the cells could be genetically manipulated to make 
them nonantigenic. 
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