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Differentiation of Embryonic 
Stem Cell Lines Generated from 
Adult Somatic Cells by Nuclear 

Transfer 
Teruhiko Wakayama,'*t Viviane TabarP2 Ivan Rodriguez,' 
Anthony C. F. Perry,'* Lorenz Studer,'? Peter Mombaerts' 

Embryonic stem (ES) cells are fully pluripotent in that they can differentiate into 
all cell types, including gametes. We have derived 35 ES cell lines via nuclear 
transfer (ntES cell lines) from adult mouse somatic cells of inbred, hybrid, and 
mutant strains. ntES cells contributed t o  an extensive variety of cell types, 
including dopaminergic and serotonergic neurons in vitro and germ cells in vivo. 
Cloning by transfer of ntES cell nuclei could result in normal development of 
fertile adults. These studies demonstrate the ful l  pluripotency of ntES cells. 

Stem cells are able to differentiate into multiple 
cell types. representatives of which might be 
harnessed for tissue repair in degenerative dis- 
orders such as diabetes and Parki~lson's disease 
(I). One obstacle to therapeutic applications is 
obtaining stein cells for a given patient. A so- 
lution would be to derive stem cells froin ein- 
bryos generated by cloning froin the nuclei of 
the individual's somatic cells. We have previ- 
ously cloned mice by microinjection using a 
variety of cell types as nucleus donors, includ- 
ing embryonic stein (ES) cells (2-4). We 
sought to perform the converse experiment by 
deriving ES cell lines in vitro from the inner cell 
inass (ICM) of blastocysts clonally produced by 
nuclear transfer. 

To this end. nuclei from adult-derived so- 
inatic donor cells of five strains. includi~lg in- 
bred (e.g.. 129iS\ and C57BL:fYW"". nude) and 
F,  hybrid (e.g.. C:57BL/6 X DBA'2) represen- 
tatives uere transferred by microinjection (5) to 
produce cloned blastocysts (Table 1). When 
plated on fibroblast feeder layers in cul t~~re  
medium ( 6  ). cloned blastocysts from all file 
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stralns tested y~elded at least one nuclear trans- 
fer ES ( I I~FS)  cell l ~ n e  (Table I )  ( 8 )  Cultures 
\sere establ~shed iioin XX embr) or den\ ed la 
cumulus cell nuclear transfer (14 2% of bldsto- 
cysts) d11d both XX and XY einbqor denled 
from tall-t~p cells (6 5O6. Table 1) In total. 35 
successfully cryopreserved stable ntES cell 
lines were produced. 

Clonal or~gin of ntES cell l~nes  was con- 
firmed by polymerase chain reaction (PCR) 
analysis of polymorphic markers (8. 9). The 
ntES cell inorphology of most lines was siin- 
ilar to that of widely disseminated lines such 
as E l 4  (11). We found no evidence for a 
pronounced difference in the efficiency of 
ntES cell line establishment betueen inbred 
and hybrid backgrounds (Table 1). All ntES 
cell lines tested expressed markers diagnostic 
for undifferentiated ES cells (IZ), including 
dlkallne phosphatase (8) dnd Oct314 (13)  

Embryon~c stem cells hale  been ~nduced 
to d~fferent~ate In l l tro to p~oduce cardlomy- 
ocytes (14). neurons (15). astrocytes and 011- 
godendrocytes (16). and he~i ia topo~et~c Iin- 
eages ( I  7 )  To assess the plur~potenc> of 
ntES cell\. u e  therefole \ought ( I )  to dlffer- 
entlate them In \ Itro to a \\ ide ~ a r l e t y  of 
ectodennal, tnesodennal. and endode~lnal 
Ilneages, and (11) to Induce a hlghlq dlfferen- 
tiated cell type. We chose a particularly spe- 
cialized example with therapeutic potential: 
dopaminergic neurons. 
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Differentiation of embryo~d bodies (8, I X )  
derived froin three different ntES cell l i n r  
resulted in a mixed population of ectodem~al, 
endodem~al, and mesodern~al den\ at11 e\ ( 1 Y )  
Effic~ent neural difkrentiat~on of ntES cell> 
could be readily induced in each of the  sclscn 
lines tested. Generation of specific midbrain 
dopaininergic neurons from ntES cells was 
achieved with a range of efficiencies by using a 
multistep differentiatloll protocol described pre- 
viously (15.  20) (Fig. 1 .  A and B). One ntES 
cell line yielded dopaminergic neurons in cx- 
cess of 50°% of the total cell number. The 
functional nature of these neurons was con- 
firmed by reversed-phase HPLC (UP-HPI-C') 
determination of dopami~le release (21)  (Fig. 
1C) Serotonerg~c neuions here also detected 
histochen~ically. cilthougl~ In smallel nunibel\. 
and selotonln  ele ease a a r  confim~ed bg RP- 
HPLC (Fig 1 .  D and F )  

Two recent reports (22  23) demibe ,I 

total of fi le mouse ES cell-llke Ilneh d e r ~ ~ c d  
from the ICMs of cloned bla\toc>\ts 31- 

though none contr~buted to the geiln line M i' 
characterized the contribution of I9 ntES cell 
lines to chimeric offspring after ntES cell 
injection into fertilization-derived blastocysts 
froin the ICR strain (24 ). The contribution of' 
ntES cells to 105 chimeric offspring after 348 
blastocyst injections is summarized in Table 
1. The contribution can be readily approxl- 
mated by coat color. because all ntES cell 
lines are derived from black-eyed strains ivitli 
dark coat color. whereas ICR is albino (Fig. 
2. A and B). ntES cell lines gencrc~lly co11- 
tributed strongly to the coats of cIi~mi'~-ic 
offspring (Table 1 ). This \\as c~rsoborati'd 
for ntES cells derived from a hqbrid str-a111 
ub~quitously expressing h ~ g h  Ic\cl\ of t l i ~  

leporter tldnsgene. EGFP (3.5) 411 ~ntclnnl 
organs examined from trio ECiFP T?  chilli^- 
ms contained an extensile contribution fro111 
the ECiFP-expressing ntES cells i 13) .  

As a comprehensl~e measule ot p lu~ ipo- 
tency. the ab111ty to cont l ib~~te  to the Senn 
line is considered a defining cliaracterlstic of 
ES cells. Chimeric offspring \\ere crosaetl 
\\.ith the albino strain, ICR. In ongonig ex- 
periments. 29 pups have been deri\ccl after 
chimera X ICR crosses as judged hy cqe and 
coat color and. where appropriate. FGFP ex- 
pression ( Table 1 ) .  Germ line t ransmis~~on 
\\as demonstrated for si'\.en ntES cell 11ni.k 
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derived from male and female representatives 
of all mouse progenitor strains. These data 
confirm that ntES cells contribute to both 
male and female ganietogenesis when de- 
rived from either inbred, hybrid, or mutant 
strains (Table I), consistent with the univer- 
sality of the phenomenon among diverse ge- 
netic backgrounds. 

To determine whether the reprogramming 
that produced fully pluripotent ntES cells 
could be reversed, we attempted to re-derive 
the original nucleus donor cell types in off- 
spring cloned by nuclear transfer from ntES 
cells (2). Nuclei from all ntES cell lines 

\ ,  

supported development in vitro to the blasto- 
cyst stage after microinjection into enucleat- 
ed oocytes (Table 2). When transferred to 

Fig. 1. Dopaminergic and 
serotonergic differentia- 
t ion of ntES cells in vitro. 
Embryoid bodies were 
plated under conditions 
favoring CNS selection 
followed by dopaminergic 
induction. Images shown 
are of C15. (A) Colocal- 
ization of tyrosine-hy- 
droxylase (TH, green) and 
8-111 tubulin (red). The in- 

pseudopregnant surrogate mothers, blasto- 
cysts derived from six of the ntES cell lines 
developed to term, resulting in a total of 20 
live-born pups. Of these, one was derived 
from the nucleus of a C57BLI6""""' (nude, 
inbred) background, and the remaining 19 
from the nuclei of hybrid strains (Fig. 2C; 
Table 2). Hybrid genomes thus preferentially 
supported cloning in these experiments. 
Moreover, 1 1 (all cumulus-derived females; 
see Fig. 2C) of the 19 were derived from 
B6D2Fl ntES cell lines, of which 10 survived 
to adulthood and are healthy, exhibiting nor- 
mal fertility (Fig. 2C). The remaining nine, 
which died perinatally of unknown cause(s), 
also contained genomic contribution from the 
hybrid, B6D2Fl (1291Sv Tac X B6D2Fl; 

set shows the morpholo- D &s ES 

gy of neuritic TH+ cells at 
higher magnification. (B) 
The presence of seroto- 
nergic (Ser, green) and TH * 
(red) neurons. Scale bar = g o 
100 pm. (C) Yield of TH' 5, 
neurons varied among the 
cell lines tested, with o s 10 IS O CM bssel KCI CM basal ~a 

Ehrtlon U r n  (mln) 
-- 

>50% of total  cell num- %rotonin 

ber in C15 cells. Other 
commonly used ES lines (E14, AB2.2) generated a percentage of TH+ cells falling within the range 
shown by our ntES cells. C4, C15, C16, CNI,  CN2, CTI, CT2 represent ntES, AB2.2, and E l 4  ES cell 
lines. (D) Representative chromatogram showing elution and electrochemical detection of dopa- 
mine (DA) and serotonin (Ser) from conditioned medium by RP-HPLC. (E) Quantification of 
dopamine and serotonin release. Neurotransmitter concentration was determined in conditioned 
medium (CM; 24 hours after last medium change), basal condition (15 min in buffer solution) and 
upon evoked release (KCL; 15 min in 56 m M  KCl buffer). Serotonin release was low under basal and 
evoked conditions, probably reflecting a lower number of serotonergic neurons. 

Table 2), albeit diluted. This possibly reflects 
a subtle, yet critical contribution made by the 
hybrid genetic background of B6D2F,. We 
corroborated the clonal origin of ntES cells 
and cloned offspring by PCR analysis of 
polymorphic markers (Fig. 2D). 

We have demonstrated that adult-derived 
somatic cell nuclei can efficiently be used to 
generate ES cell lines that exhibit full pluri- 
potency; they can be caused to differentiate 
along prescribed pathways in vitro, contrib- 
ute to the germ line after injection into blas- 
tocysts, and support full development follow- 
ing nuclear transfer. Because ES cells support 
homologous recombination at a relatively 
high efficiency, genetic lesions in ntES cells 
might be repaired by gene targeting or trans- 
genic colnplementation before they are used - 
to establish germ line chimeras or in cloning. 
This should facilitate the establishment of 
genn cells, individuals, and cell lines contain- 
ing targeted alleles. 

Reports of human ES cell-like cell lines 
(26, 27), coupled to the success of mamma- 
lian cloning by somatic cell nuclear transfer, 
have raised the possibility that ntES cells 
could provide a source of differentiated cells 
for human autologous transplant therapy: 
therapeutic cloning (28). In this context, dem- 
onstration of the full pluripotency of ntES 
cells is particularly relevant; for example, 
adult-derived stem cells are apparently re- 
stricted in their range of potential cell fates 
and may be unable to contribute to all tissues, 
including hematopoietic lineages (29). In- 
deed, the efficient generation of midbrain 
dopaminergic neurons in vitro has been 
achieved to date only with mesencephalic 
precursors (30) and ES cells (15),  but not 
from adult-derived cells. In combining ES 
and nuclear transfer technologies, we have 
here addressed this limitation and demon- 
strated the feasibility of the first steps re- 
quired for the application of cloning to trans- 
plant therapy. 

Table 1. Establishment of ntES cell lines after nuclear transfer from adult-derived cumulus or tail-tip cells and examination of pluripotency after injection into 
fertilization-derived blastocysts. 

Nucleus donor Establishment of ntES cell via nuclear transfer In vivo differentiation after ntES cell injection into blastocysts* 

No. Blastocyst Established No. No. No. germ line 
Strain % normal Sex Tissue reconstructed development ntES cell line injected chimeras1 transmitting cell 

("/.I (%) t 
karyotypet oocytes blastocysts offspring lines (black/pups)$ 

B6D2Fl F Cumulus 130 57 (43.8) 9 (15.8) [6.9] 67.8 ? 14.1 (6) 129 391102 1 (51196) 
1291Sv F Cumulus 44 13 (29.5) 1 (7.7) [2.3] 51.8 (1) 25 211 5 1 (1172) 
1291Sv M Tail tip 88 42 (47.7) 1 (2.4) [1.1] 66.2 (1) 24 17120 1 (21127) 
129F1 M Tail tip 182 54 (29.7) 7 (13.0) [3.8] 50.5 2 16.7 (4) 49 16125 1 (31100) 
C57BL/6nU/nU F Tailtip 159 75 (47.2) 5 (6.7) [3.1] 25.8,31.3 (2) 24 4122 0 
C57BL/6nU/nU M Tailtip 210 88 (41.9) 4 (4.5) [1.9] 46.1 2 33.0 (3) 44 16/25 2 (101119) 
EGFP Tg F Cumulus 118 50 (42.4) 7 (14.0) [5.9] 10.3 (1) 14 311 3 - 
EGFP Tg M Tail tip 85 19 (22.4) 1 (5.3) [ I  .2] 68.8 (1) 39 811 5 l(8131) 
Total (%) [%] 1016 398 (39.2) 35 (8.8) [3.4] 48.8 2 20.4 (19) 348 I051237 7 (291645) 

*Data refer to karyotyped ntES cell lines only. tExpressed as % of blastocysts ( ) and of reconstructed oocytes [ I .  :More than 50 M-phase cells were examined for each ntES 
cell line. Number of ntES cell lines examined is shown in parentheses. $Data are shown for ntES cell lines that exhibited germ line transmission in chimeras. Data from - 
nontransmitting chimeras have been omitted. 
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Table 2. Cloning using ntES cells as nucleus donors. 

Nucleus donor Nuclear transfer and in vitro development In vivo developinent 

No. ntES No. reconstructed Morulalblastocyst Implantation sites1 Fetuses1 Live cloned Strain Sex cell lines oocytes development (%) transferred embryos placentae offspring (%) 

B6D2Fl F 6 933 386 (41.4) 2941386 15 11 (2.8) 
129 F 1 181 26 (1 4.4) 10126 0 0 
129 M 1 296 146 (49.3) 861146 22 0 
129F1 M 4 712 199 (27.9) 1661196 24 8 (4.0) 
C57BL16"U'"U M 2 675 88 (1 9.0) * 8211 75 2 1 (0.6) 
EGFP Tg M 1 168 46 (27.4) 25146 1 0 
Total (%) 15 2965 803 (29.2) 6631975 64 20 (2.1) 

*From 219 reconstructed oocytes. 87 two-cell embryos were transferred to recipient females. Of the 456 other reconstructed oocytes. 88 (19%) developed to morulaelblastocysts. 

weeks with a white (ICR) 
female, producing a litter containing three dark offspring, confirming the contribution of C57BU6"" 
t o  the germ line. Asterisks in panels (A) and (B) indicate the same male. (C) Cloning using ntES cells 
as nucleus donors, exemplified by a B6D2Fl clone (line C4) shown at 12 weeks with her litter. (D) 
PCR analysis of microsatellite markers in genomic DNA from ntES cell lines (CNI, CN2, CN3, CN4) 
and cloned offspring (cCN1) confirms the clonal origin of the C57BU6""'"" pup derived from line 
CNI. Polymorphic markers D8Mit248, D9Mit197, and D4Mit204 are conserved between genomic 
DNA from the ntES cell lines and the cloned pup, but differ from those of the ICR surrogate mother 
(CDI) or ooplast recipient strain B6D2Fl (FI). 
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Polio Vaccine Samples 

detect DNA, yielded no amplification product. Molecular Analyses of Oral All products amplified from the other samples 
were cloned, and the inserts of 10 clones from 
each amplification were sequenced. All sam-
ples, except CHAT 23 7.7 and the Sabin I 

Hendrik Poinar, Melanie Kuch, Svante Paabo* vaccine, yielded multiple sequences that dif- 
fered by up to 20 substitutions within a single 

I t  has been suggested that the human immunodeficiency virus (HIV), and thus amplification. The occurrence of multiple se- 
the acquired immunodeficiency syndrome (AIDS) i t  causes, was inadvertently quences in a single amplification can be a fre- 
introduced to humans by the use of an oral polio vaccine (OPV) during a quent occurrence when mtDNA is amplified. A 
vaccination campaign launched by the Wistar Institute, Philadelphia, PA, USA, common reason for this is the amplification of 
in the Belgian Congo in 1958 and 1959. The "OPVIAIDS hypothesis" suggests nuclear insertions of mtDNA. Such insertions 
that the OPV used in this campaign was produced in chimpanzee kidney are numerous and can sometimes dominate am-
epithelial cell cultures rather than in monkey kidney cell cultures, as stated by plifications, whereas amplifications of the or- 
H. Koprowski and co-workers, who produced the OPV. If chimpanzee cells were ganellar mtDNA may even be absent, particu- 
indeed used, this would lend support to the OPVIAIDS hypothesis, since chim- larly from sources that contain little mtDNA 
panzees harbor a simian immunodeficiency virus, widely accepted to be the relative to nuclear DNA (5).Because intra- or 
origin of HIV-1. We analyzed several early OPV pools and found no evidence interindividual differences are unlikely in the 
for the presence of chimpanzee DNA; by contrast, monkey DNA is present. 12s ribosomal gene, which carries little varia- 

tion within species, we assume that the majority 
In the spring of 2000, a committee set up by the p1, whereas the CHAT pool 13 produced at the of variation among the clones is due to the 
Wistar Institute to investigate the "OPVIAIDS Center for Disease Control (CDC) in 1960 con- amplification of nuclear mtDNA insertions. The 
hypothesis" ( I ,  2) delivered a total of 14 sam- tained 857 pg DNA per p1 vaccine. multiplicity of mtDNA sequences obtained 
ples to our laboratory to be analyzed for the To identify the source species of the cells make the 12s rDNA sequences unsuitable for 
presence of chimpanzee DNA (Table 1). The used in vaccine production, amplifications of a determining the species used for the vaccine 
samples were coded by the committee and only 15 1-base pair (bp) portion (with primers) of the production. For example, for CHAT pool 13, 
after all analyses were concluded and the results mitochondria1 (mt) 12s rDNA were performed seven different sequences were found among 10 
transmitted to the committee, were the identity from all 14 samples. The negative control and sequences determined. Although one of these 
of the samples revealed to us. one late passage of OPV from the Wistar Insti- showed only two differences to mona monkey 

Initial experiments showed that DNA could tute (W Ch 25), where the quantitation failed to (Cercopithecusnzona)while the clone closest to 
be amplified directly from the OPV samples, 
whereas extraction procedures resulted in losses 

Table 1. OPV and control samples used in this study. For each sample, the production date (where 
of DNA (3). In order to estimate how much available), the closest matching species or genera based on the nuclear 285 rDNA sequences along wi th  
DNA survived in the 40-year-old vaccine the number of  differences, and the DNA concentration (pg lp l  sample, averaged over three and t w o  
batches, a real-time polymerase chain reaction - .  quantitations for the OPV and control samples, respectively) are given. Dashes indicate that no 

(PCR) quantitation assay that detects the nucle- amplification product was seen in t w o  amplification attempts. The OPVs were produced at the Wistar 

ar c-myc gene of mammals was used (4). The lnstitute and, where indicated, at the CDC. 

total amount of DNA in the vaccines as deter- 
mined by this assay varied from 0 to 7.5 nglpl Nuclear 285 rDNA 

(Table 1). For three of the samples, no ampli- Sample number (pg/Taxon
fiable DNA was detected. One of these was a Differences

matching
negative control composed of tissue culture me- 
dium, one was a late passage of OPV (W Ch OPV samples 

25), and one was an early passage of the OPV CHAT 23 7.7 Macaca 

(CHAT pool 16 A-5) from the Wistar Institute. WCh-24 57C-40 137-71 Macaca 

All other samples, including CHAT pool 13 CHAT Pool 13 Macaca 

that was used in the Congo in the late 1950s, W Ch 25 -
CHAT Pool 16 A-5 Macaca

contained detectable DNA. In general, it is CDC CHAT type I Wy4B-5 Macaca 
noteworthy that no correlation exists between CDC CHAT 1FL (15 October 1979) Homo 
the age of the samples and the amount of DNA CDC CHAT Pool 13 (29 August 1960) Macaca 

retrieved. Thus, the extract of the Sabin I vac- Sabin I (20 January 2000) Homo 

cine produced in 2000 contained 5 pg DNA per Control samples 

African green monkey Chlorocebus 

Max Planck lnstitute for Evolutionary Anthropology, Common chimpanzee Pan troglodytes 
-

lnselstrasse 22, D-04103, Leipzig. Germany. Negative control 
Macaque Macaca 

*To whom correspondence should be addressed. E- Sooty mangabey Macaca 
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