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The derivation of human embryonic stem {hES} cells currently
requires the destruction of ex utero embryos'. A previous study
in mice indicates that it might be possible to gencrate embryonic
stem (ES} celis using a single-cetl biopsy similar to that used in
preimplantation genetic diagnosis (PGD), which does not inter-
fere with the embryo’s developmental potential®. By growing the
single blastomere overnight, the resulting cells could be used for
both geneiic testing and stem cell derivation without affecting the
clinical outcome of the procedure. Here we report a series of ten
separate experiments demonstrating that hES cells can be derived
from single blastomeres. Nineteen ES-ceil-like outgrowths and

~two stable hES cell lines were obtained. The latter hES cell lines
maintained undifferentiated proliferation for more than eight
months, and showed riormal karyotype and expression of markers
of pluripotency, including Oct-4, SSEA-3, §SEA-4, TRA-1-60,
TRA-1-81, nanog and afkaline phosphatase. These cells retained
the potential to form derivatives of all three embryonic germ
layers both in vitro and in teratomas. The ability Lo create new
stem celt lines and therapies without destroying embryos would
address the ethical concerns of many, and allow the generation of
matched tissue for children and siblings born from transferred
PGD embryos.

A series of experiments was carried out o determine whether
hES cells can be derived from single blastomeres (Supplementary
Table 13. Unused embryos produced by in vitro fertilization (IVE) for
clinjcal purposes were obtained with full informed consent and used
in compliance with Advanced Cell Technology's ethics advisory
hoard and institutional review board. Sixteen pronuciear- and
multicell-stage embryos were thawed and cultured to the 8—10-cell
stage in 20-u] microdrops of Quinn's cleavage medium under
paraffin cil (see Methods). Six of these embryos were grade I or i
{symmetrical and even cell division with little or no cytoplasmic
fragmentation), whercas the remaining fen embryos were grade II1
{variable fragmentaticn), using a standard scoring system®; embryos
with blastomeres of unequai size and moderate-to-severe fragmenta-
tion {grades IV and V) were excluded from this study. The zona
pellucide was distupied and individual blastomeres mechanically
separated from the denuded embryos using a micropipette and
gentle tapping of the pipette holder. The separated blastomeres
were cultured together in the same medium, arranged so a5 to
avoid contact with each other using depressions created in the
bottorm of the plastic tissue culture plate, as described previously’.

The majority (38%} of the isolated blastomeres divided at least
once, and approximately half of these {28 out of 53) formed vesicles/
clumps that produced outgrowths within twe days (Fig, I} Previous
experiments in mice® indicated that cell co-culture is important tor
£S cell derivation from single blastomeres. However, the aggregation
systern used in these previous studies could not be employed,
because—unlike in the mouse—human blastomeres do not form

tight aggregates with ES cells. Therefore, microdrops cantaining the
blastomere-derived vesicles/clumps were merged with microdreps
seeded with mitomycin-C-treated mouse embryonic fibroblasts
{MEFs) and green fluorescent protein (GFP)-positive bES cells.
When the outgrowths reached approximately 50-100 cells, they
were mechanicaity passaged onto fresh feeders in microdrops con-
tatning BES cell medium. Although the initial ourgrowths generaily
contamed cells of different morphologies, over a period of several
days we observed a number of fates: (1} cells resembling trophecto-
derm took over the culture, (2) cells that initially resembled ES cells
differentiated within the culiure, or {3} ES-cell-like cells continued
undifferentiated profiferation. All of these outeomes are typical of
derivation of 1S cells from humas embryos, especially when intact
blastacysts are plated out without the remaval of the trophectoderm
using IMIMUNOSUTEEry.

Routine passaging of putative RES cells was performed by mecha-
nical dispersion of the colonies and transfer to fresh feeders every 2--3
days, until there were enaugh celis for trypsinivation {after passage
10: see ef, 8), The colony morphology, growth rate, and procedures
and culture media used were very simnilar to those of blastacyst-
derived ES cells®™?, Two of the six grade Y11 embryos generated stable
hES cell lines that showed normal karyatype {line MAQL, 46,XX;
Tine MAG9, 46,X3; Fig. 2h} and molecular markers of pluripotency
(Fig. 2a-g). Both lines stain for alkaline phosphatase, and express
octame: binding protein 4 (Oct-4), stage-specific embryonic

Figure 1 Derivation of hES cells from single blastomeres. a, Biopsy ofa
single biastomere. b, Development of a blastomere-biopsied embrye into 2
hatching blastocysi. ¢, d, Blastomere-derived outgrowth (arrows) close toa
colony of GFP-positive hES cclls. The same field of calls is shown under
phase contrast (¢} and fluorescence {d). e, Morphelogy of blastomere-
derived hES cell colonies.

‘Advanced Cell Technology, 381 Plantation Street, Worrester, Massachusetis 01605, USA.

*These authors contributed equally to this work,

© 2006 Nature Publishing Group




antigen (SSEA)-3, S8EA-4, rumour-rejection antigen (TRA)-1-60,
and TRA-1-81. Karyotype analysis ruled out fusion (both new lines
were female and the WAL hES cells used for co-culture were male;
Fig. 2h}, and micsosateliite analysis confirmed that MAOI and MAQ9
were genetically distinct from other hES cell Bnes grown in our
laboratory (Fig. 3d). Polymerase chain reaction (PCR) analysis
further confirmed this, indicating the absence of GFP and Y chromo-
some gene sequences in both of the blastomere-derived LES cell lines
{Fig. 3a—c).

When the hES cell cultures were allowed to overgrow or form
embryoid bodies, they readily differenziated into cells of all
three germ layers, as evidenced by immunostaining with antibodies
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Figure 2 | Characterization of hES celis from singie blastomeres.

a-g, Staining for markers of pluripotency, showing Oct-4 (a) and
corresponding DAP] staining (b), TRA-1-60 {e), TRA-1-8} (d), SSEA-3 (e],
$5EA-4 (£} and alkaline phosphatase {g). $cale bar, 200 .

b, Representative chromosoine spreads of the two single-blastomere-derived
KES cell fines. i, RT-PCR analysis of the expressioa of markers of
pluripotency in single-blastomere-derived hES celf tines. Top panel, Qct-4;
centre panel, nanog; bottom panel, GAPDH. Lane ¥, no template; lane 2,
negative control {MEFs); lane 3, MAOL; lane 4, MAO9; lane 5, WAL,
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to o-fetoprotein (primitive endoderm; Fig. 4b), smooth-muscle
actin (mesodermy; Fig. 4c) and B I tubulin (ectoderm; Fig. 4d).
The single-blastomere-derived hES cells could also be differentiated
in vitro into cells of specific therapeutic interest, including endo-
thelial cells that, after replating on Matrige!, formed typical capillary/
vasculas-like structures (Fig. 4e} that expressed high levels of von
Willebrand factor and took up acetylated low-density lipoprotein
{Fig. 4f). Retinal pigment epithelium (RPE] chusters also appeared in
adherent hES cell cultures and in embryoid bodies, ard were used to
establish, as described previously', passageable RPE cell lines that
displayed & pigmented phenotype and typical ‘cobblestone’ mor-
phology (Fig. 4g), bestrophin immunostaining (Fig. 4h}, and
expressed bestrophin, RPE65, CRALBP and PEDF as shown by
PCR with revesse transcription {RT-PCR; Fig. 41). To demonstrate
the pluripotency of the putative ES cells derived in this study, cells
were injected into NOD-SCID mice forming teratomas” containing
tissues from all three germ layers including neural rosettes (ecto-
derm), haematopoietic cells (mesoderm), and liver, respiratory
and intestinal epithelia (endoderm), among others (Fig. 4a). The
presence of all three germ layers was also confirmed by immuno-
staining {Fig. 4a, insets). Although only twe of the six (33%} grade
I embryos {or 2 oot of 35 blastomeres; 2 out of 91 blastomeres
including grade 11V embryos} used in the current study generated
hES cell lines, this success rate is similar to that reported by other
investipators using conventional derivation methods™**. The
grade of the lefrover embryos proved crucial, and we believe the
success rate can be further increased by optimizing conditions at
the earliest stages of blastomere outgrowth,

According to the Food and Drug Administration (FDA) regu-
lations, the presence of animal cells in culture systems is permissible
under current xenotransplantation guidelines'. Weare i the process
of adapting both of the blastomere-derived hES cell lines (which were
derived on mouse feeders) to animal-free conditions under current
good manufacturing practice {¢GMP) to comply with these require-
ments. However, it may be desirable to derive fature lines nsing
hurmnan feeder cells, or feeder-free systems such as those that have
been described previously by our group” and others™*™'®,

Additional studies will also be necessary to determine whether
blastomere-derived hES celi lines differ from conventional hES cell
lines in their ability to form functional differentiated cell types,
Blastomere-derived lines MAO1 and MAD9 were observed 1o differ-
entiate, at the very least, in the same manner and at the same rate as
all other hES cell lines studied in our laboratory, Furthermore, it
seems that they may more readily differentiate into certain vital cell
types, although it is unclear whether this is related to the derivation
technique or number of passages by trypsinization. Por instance,
neural progenitors were readily generated without the need for
embryoid-body intermediates, stromal feeder layers, or tow-density
passaging. When transferred to a laminin-coated substrate and
maintained in defined medium containing laminin and basic fibro-
blast growth factor {BGF2), they began to express neural and neural
progenitor mazkers, including nestin, B 11 tubufin and Pax6, at the
second passage. MAOL hES cells also formed haematopoietic colony
forming units {CFUs) 3-5 times more efficiently than WAO1 GEP
cells and 5~10 times more efficiently than WAOD9 cells, (NIH-
registered WALL and WAD9 hES cell lines were formerly known. as
H1 and HY, respectively”.} MA09 hES cells showed similar potential
as WAD9 cells for haematopoietic differentiation, but dermonstrated a
higher capability to differentiate towards the endothelial lineage as
compared with both WACL-GFP and WADY cells {data not shown),

Concerns have been raised as to whether individual eight-cell-
stage blastomeres, such as those used in the current study, are
totipotent and could potentialiy generate a human being, A recent
report shows the localization of cell fate determiznants (Cdx2) in the
late-dividing blastomeres of the two-cell-stage mouse embryo’.
Other studies show that at the four-cell stage, blastomeres have
different developmental properties’™, and that individual human

® 2006 Nature Publishing Group



Figure 3 { M:‘crosateﬂife and bcp analysis of
single»b!astamere-derived RES calig Verspg

abo 700 Tl P g 750 800
Time (s Time )] Time &)
Wagy MAG1 Mapg

bJasromeres have differen thal Oy EXpressioy that seop 0 direce Profiferag,e infe Pluripoger, Stem eeff finag have fajjogz. " One Study™
cellg Owardg inner ey Mriass o i:rophoecmderm Imeages"’. Nolabl}', observeq pl.‘olifération of bfa.stomeres {in the fange of .o cells pey
indivfduai Moryfy ¢ »~i6~ceﬂ}-xsrage hhzstomeres have fever beep l‘)laszzomere) from deavageust.‘a e human erbryos gy, vitro, uit‘!‘leugﬁ

Shown ¢, have gy, intringic Capacity g, gene;'&ieacumplefe Organjgm, inall ¢ €5 ditferengiy !abei_ﬁng idicateq that they Rag generated
in any Mammaligy Species, S. Her edemonsiraz;é that single b!astomeres
revipyy altemps 1, Induce Isolat an blastameres 0 cap be ablish g cell lineg using ap, aeproach tha, does not

Figure 4 L i1 witrg differentiaﬁon of singfo.
blastnmereﬁerived hES capg fnto apy three gaen,
layers, 2, Teratom, formatr'on after
t'ranspfantation of hEg cellg inder )y kid.ucy
“apsufe of §y, on-s¢y ice for SeVEn weelg,
Insets show enlargemenfs of adjacens Sectiong

Presence of € Lenm Jayey, it inset, Reuraf
tissyza Staingd for nestiy (ecta, Tm ); CeItre inser
SMeoth-m actin (mesoderm I right nget

5 Jmmunnﬂnorescence atalysig of the
molecydy, Warkery of Ectoderm f B8y mbufin),
Mesodory, (e, smr}afh—musc!e actin) and Primjtive
edodory, d, ne~fcwprotein). &, I Vitrg

iffereni‘iatmn of single-!ﬂaslnmer&deri ved hES

cefls into cells of Specifie therapcutjc iNtéresy
Endogialiy <ells plateg 08 Matpjgag shewing

CrMatioy of Pl capiﬂarrtubcmﬁ CStructyreg,

f, Acey yiated Iow-densify h'popmtein uptake by

endoth el celfs. p, b Reting Plgmens epitheliun,

Showing Pigmentag phenorype and
typica) ‘cobblesmne‘ murphology {8} and
s M v I

N
s lane |, Negative Contrgf
{ undifferentiatcd his cells, ling WA09J; lane 2,
fom hpg cels, 4 fanength gel Image jg
Presenteq ;, Suppfemeni'ary Fig. g,

@ 20p5 Nature Pubushf'ng Grouy




interfere with the developmental capacity of the parent embryo. The
biopsy procedure is similar to that used ins JVE elinics worldwide, and
could be used without affecting the dinical outcome. Blastomeres
grown overnight could be used for both genetic testing and stem cell
generation, thereby allowing selection for a day-5 blastocyst transfer.
Numerous reports suggest that neither the survival rate nor the
subsequent development and chances of implantation differ between
intact hugan embryos at the blastocyst stage and those following
blastomere biopsy for PGD® ¥, However, until remaining doubts
abour safety are resolved, we do not recommend this procedure be
applied outside the context of PGD. Blastomere-derived hES cdls
could be of great potential benefit for medical research, as well as for
chitdren and siblings born from transferred PGD embryos.

METHODS

Derivation of hES cells, Humun embryos were thawed and cubtured wntil the
8-10-cell stage at 37°C in 2hpb drops of Quinn's cleavage medium under
paraffin oil in a highly humidified incubator with 5.5% COy in air. The zona
pellucida was disrupied using either acidic Tyeaide’s solution or multiple piezo-
pulses, and individual blastomeres were mechanically separated fromm the
denuded embryos by holding the celi with a micropiperte and gently tapping
the pipette hatder, The separated hlastorneres were cultured together in the same
meditn, arrenged so as to avoid contact with each other using depressions
created in the bottom. of the plastic tissue cultore plate as described previously”.
During this precess, sets of microdrops were prepared, consisting ofa 50-pi drop
of Quinn's blastocyst medinm {Cooper Surgical} supplemented with 5 g ml™
human placental laminin and human plasma fbronectin {Sigma), surrounded
by several microdrops of hES cell culture medium® containing GTP-labelled hES
cells growing on a MEF feeder layer, The microdrops containing the blastomere-
derived aggregates were metged with one or two of the susrounding microdraps
by scraping the hottam of the plate hetween the drops with a glass capillary, and
fresh MIEFs added to the drops in 24 h. After the formation of initial owtgrowths,
approvitately balf of the medium was changed every other day until the
outgrowths reached approximately 50-100 cells. They were then mechanically
passaged onto fresh MEF feeder layers in hES cell calture medium, which was
changed every 1--2 days. The colonies were passaged by mechanical dispersion
untit encugh celis were produced to initiate adapiation 1o wrypsin. Thereafter,
they were enltured as deseribed previousty. We will provide a detailed protocol
elsewhere for the derivation and maintenance of these cells {Nature Protocels,
manuscript i1 preparation).

Immunastaining. Cells were fixed with 2% (w/v} paraformaldehyde, permes-
Wilized with 0.1% (vwfv} NP4, and blocked with 10% {v/v) goat serum, 10%
{viv) donkey serum. Incubation with primary antibodies was carried ot
overnight at 4°C.. The antibodies used in this study were anti-Oci-4 (Santa
Craz Biotechnology). anti-SSEA-3 and anti-SSEA-4 (developed by Solter and
Knowles and obtained from the Developmental Studies Hybridoms Bank,
University of Towa), anti-TRA-1-60 and anti-TRA-1-81 {Chemicon), anti-§-
1I-tubulin {Covance), anti-w-fetoprotein (DAKGC) and anti-smooth-muscle-
actin (DAKOQ}. Afier washing in PBS containing 0.1% (w/v} Tween-20 (PBST),
flucrescently Jabelled or biotinylated secondary antibodies were added for 1h;
some samples were subsequently incubated for 15min with fuorescenty
fabelled streptavidin, After additional washing in PBST, specimens were
mounted using Vectashield with DAPT (4,6-dizmidino-2-phenylindole; Vector
Laboratories) and observed using a Suorescent microscope.

Karyotyping. The celis were passaged onto gelatin in ES cell cultmre medium,
which was replaced the day before harvest when the cells were approximately
500 confluent, Colcemid was added to the culture at a concentration of
6122z ml ™ for 4G min, then the celis were rinsed twice with PBS, trypsinized
and centrifuged in DMEM with 10% (v/v} fetal bovine serum. KCI (0,075 M} was
added to the pellet, and the cells were incubated for 14 mrin at 37 °0, centrifuged
and fixed with 3;1 methanolacetic acid for 10 min, then centrifuged again and
suspended in this fixative, Cytogenetic analysis was performed on metaphase
celis using G-banding on ten cells

Microsatellite and PCR analyses. For microsatellite analysis, genomic DNA
(MADL, passage 18; MADY, passage 23) was extracted with a DNeasy Tissue kit
{Giagen), Conventional POR reactions were performed with 100ng ghNA,
Amplitaq Gold polymerase (ABD, and primer pairs specific for FESIFPS,
VWAL, 12225417, DI0S526 and D35592 genomic microsatellite sequences
{Coriell), Single primers in each pair were encl-labelied with a 6-Fam fluorescent
fabel, After incubation for 10 niin at 94 °C o activate the polymerase, amplifica-
tion was performed with 30 cycles of 94 °C for 45 s, 56 °C for 605, and 72 “Cfor
60s. Labelled amplicons were separated and sized using an AR 3730 sequencer

&

{AB1}. For amplification of enhanced GFE, amelogenin and SRY genes, gDNA
{MAD], passage 40: MADY, passage 44) was isolated using a (JTAamp DNA Mini
kit (Qiagen), and 200ng gDNA per reaction in 50pl was used for GFP,
amelogenin and SRY amplification, The primers used for GFP were
5 TTGAATTCGCCACCATGGTGAGC-3 (forward} and B'-TTGAATTCTT
ACTTGTACAGCTCGTCC-3 (reverse), and PCR reactions were petformed as
described previously’. For sex determination, both the amelogenin and SRY
genes were aniplified by PCR as described previously™?’, The primers used for
the amelogenin gene were 5" -CTCATCCTGGGCACCOTGGTTATATC-3 (for-
ward) and 5 -GGTACCACTTCAAAGGGGTAAGCAC-3' (reverse), which gen-
erated a fragment of 1,310 base pairs (bp) for the ¥ chromosome and & fragment
of 1,400 bp for the X chremasome. For the Y-chromosome-specific SRY gene,
the primers used were 5 .GATCAGCAAGCAGCTGUGATACCAGTG-3 (for-
ward}and 5'-CTGTAGCGGTCOCGTTGCTGCGGTG-3 (reverse), which ampli-
fred 2 DNA fragment of 330 bp. As = conwol for the PCR reactions, myogenin
primers {5’ TCACGGTGGAGGATATGTCT-3" {forward] and 5'-GAGTCAGCT
AAATTCCCTCG-3 Creverse)) were included in SRY PCR reactions, which
generated a fragment of 245 bp. PCR prodacts were separated on an agarose gel
and visualized by ethidium bromide staining.

"Total RNA was isolated using the RiNase Mini kit {Qiagen); for RPE cells, a
Trizot purification step was included. RT-PCR was performed using the Qlagen
©ine Step RT-PCR ldt for hES cell markers using the following conditions: 50°C
for 30 min for reverse transcription: $5°C for 13 min for inactivation of the
reverse franscriptase and activation of the polymerasc; 30 cycles of 94 °Clor 30 g,
&0°C for 305, 72°C for 1ming and 72°C for 10 min for final extension. The
primers used were for Ga-4 (5" -GAAGGTATTCAGCCAAACGAC-3 (forward)
and 5'-GTTACAGAACCACACTCGGA-3' {reversel; 515bp), nanog (5'-
FTGOAAATGICTTCTGCTGAGAT-3' {forward} and 5'-GTTCAGGATGTTGG
AGAGTTC-3 (reverse); 285 bp) and GAPDH {5-GTCCATGCCATCACTG
CCA-3 (forward) and 5'-TTACTCCTTGGAGGCCATG-3 {reverse); 513 bp).
For RPE markers, complementary DNA was made using the SuperSeript 111
Cellirect Syathesis system (Tnvitrogen), RT-PCR was performed using Plati-
num Blue PCR SuperMix (invitrogen). After incubation at $4°C for 5 min, 30
cydes ol 94°Cfor 355, 55 °C for 355, and 72 °C for 50 s were performed, followed
by a final extension 2t 72°C for 10 min, An undifferentiated hES cell line WAOS
was used as a negative control. The primers used were RPEGS (5'-ATGGAC
TTGGCTTGAATCACTT-3" {forward) and 5 -GAACAGTCCATGAAAGGTG
ACA-3 {reverse); 285 bp), bestrophin {53 -ATCAGAGGCCAGGCTACTACAG-
3 (forward) and 5 -TCCACAGTTTTCCTCCTCACTT-3 (reverse); 235bp),
RALBF {CRALBPY (5 -AAATCAATGGCTTCTGCATCATT-3" {forward) and
5 CCAMGAGCTGCTCAGCAAC-3' (reverse); 34abpl, PEDF (3'-AAGCTG
AGTTATGAAGGCGAAG-3' (lorward) and 5 -TCTGTGTOCCTCAGTACG
AAGA-3 {teverse); 285 bp) and GAPDH (5 -CGATGCTGGUGCTCAGTAC-S
{farward) and 5'-GTTTCTTACTCCTTGGAGGC-3" (reverse); 465 byl
Teratomas, Small dumps of 50-100 cells were mechanically remaoved from the
culture and transplanted under the kidney capsules of 6—8-week-old NOD-5CID
mice under anaesthesin. Between 18-57 days after transplantation, the kidneys
were temoved, fixed with 4% {w/v) poraformaldehyde overnight, washed for
24T in PBS, embedded in paraffin, sectioned and analysed for the presence of the
derivatives of the three germ layers.

Received 12 April; accepted B August 2006.
Published online 23 Auvgust 2006,

1. ianza R et ol {eds) Essentials of Stem Cell Bivlogy {Elsevier/Acacemic, San
Diego, 20061,

% Thomson 1. A et ¢f Fmbryonic stern cell lines derived from fueman

blastocysts, Science 282, T145-1147 (19983,

Cowan, T A e of Derivation of ambryonic stem-cell linas trom human

biastecysts. M. Engl. J. Med. 350, 1353-1356 (2004),

4. Stralchenko, N, at al, Morula-derived human embryonic stern celis, Reprod,
Bioiied, 9, 623629 (7004).

5. Chung Y. et &f, Embryonic and extraembryonic stern cell lines derfved from
single mouse blastomeres. Nature 439, 216-219 (20065,

6. Veeck L L etal An Atlas of Human Gametes and Conceptuses (Parthenon, New
York, 199%).

7. Nagy. A, Gertsenstein, M., Vintersten, K. & Behringer, R (ads} Manipuiating
the Mause Fmbryo: A Laboratory Manual {Celd Spring Harbor Laboratory Press,
Cold Spring Harbor, 20602)

8. Klimanskaya, . & MchMahon, 3, in Handbook of Stem Cells Vol T Embryanic Stem
Colls (eds Lanza, R, et al) 437449 (Eisevier/Academic, San Diege, 2004).

9. Klimanskaya, §. et 6l Human embryonic siern cells derived withau teeder cells.
Lancet 361, 14961501 (2008)

10 Klimanskaya, 1. ef ol Dervation and comparative assessmenl of relinal
pigment epithelium from human embryonic stem celis using transcriptomics.
Clon. Stem Cells 6, 217-245 (2004).

=

© 2006 Nature Publishing Group



it

20

21

22

Fanzendor, S, F. et ol Use of human gametes obtained from anonymous
donors for the production of human embryonic stem cell lines. Ferlik Stexil. 76,
132-137 (2001,

haitalipova, M. ef ol Human embsyonic stem cell lines derived from discarded
embryos, Stem Cells 21, 521526 {20033,

Weber, D, | Considerations for clinical uses of therapies derived from stem
ceils. tn Methods in Fnzymology Vol. 420 Stent Celf Tools and Therapeutic
Applicotions (ads Klimanskaya, | & Lanza, R.) (Flsevier, New York, in the
press).

Richards, M., Fong, C. Y., Chan, WK, Wong, P. C. & Bongse, A. Human
teeders support profonged undifferentiated growth of human inner celt masses
and embryanic stem cells, Nature Biotechnol. 20, 933-936 (2002},

Ludwig, T, . et af. Derivation of human embryonic stem cells in defined
conditions. Noture Biotechnol. 24, 185-187 {2006).

Young, H. Ku, C. & Carpenter, M. K. in Essentials of Stem Cell Biology

(eds Lanza, R et al) 317-324 {Eisevier/Academic, San Diego, 2006}

Db, ¥, Svaguru, M., Yong, H. Y. & Roberts, R M. {dx2 gene expression and
wrophectoderm lineage specification in mouse embryos, Science 31, 992-996
(20083

Piotrowska-Nitsche, K., Perea-Gomez, A, Haraguchi, 5. & Zernicka-Goetz, Z,
Four-cell stage mouse blastomeres have ditferent davelopmenital properties.
Development 132, 479-490 (2005},

Hansis, C., Tang, Y., Grife, J. A & Krey, L. C. Analysis of Oct-4 expression
and ploidy in individual human blastomeres, Mol Hum. Reprod. 7, 155161
0o,

Geber, S.. Winston, R. M. L. & Handyside, A. H. Proliferation of blastomeres
from cleavage stage human embryos in vitro: an alternative to blastocyst
biopsy for preimplartation diagnosis. Hum. Reprod. 10, 1492-1496 {1995},
Sills, E. 5., Takeuchi, T., Tanaka, M, Queenie, V. N. & Palermo, G, D,
identification and isolation of embryonic stem cells in reproductive
endocrinology: theoraticat protocols for consarvation of human embryos
derived trom in vilre fertilization. Theor, Biol, Med. Moded 2, 25 (2005),
Handyside, A. H. et of. Pregnancies from biopsied human preimplantation

embryos sexad by Y-specific DNA amplification, Notwre 344, 768-770 (1990).

23. Magli, M. C. et al. Cryopreservation of biopsied embryos at the blastocyst
stage. Hum. Reprod. dei10.1093/humrep/del228 (published online 12 June
2006,

24, Hardy, K., Martin, K. L, Leese, H., Winston, R. M. & Handyside, A Humas
preimplaniation development in vitro is not adversely aftecied by biepsy &t the
B-celi stage. Hum. Reprod. 5, 708-714 (1990},

25, Staesser, C. ef al. Comparisan of blastocyst transfer with or without
preimplantation genetic diagnosis for aneuploidy screening in couples with
advanced maternal age: a prospective randomized controfled trial, Hum.
Reprod. 9, 2845-2858 (2004).

26, Fredsted, T. & Villesen, P. Fast and reliable sexing of prosimian and human
DNA. Am. L Pathol. 64, 345350 (2004),

27. Koopman, P., Gubbay, 1, Vivian, N, Goodiellow, P. & Loveli-Badge, R Male
development of chromosomaily female mice transgenic for Sry. Noture 35%
17121 (19913,

Supplementary Information is linked to the oniine version of the paper at
www hature.com/nature.

Acknowledgements We thank T. Li and A. Feng for their assistance with htS
celt culture and differsntiation, S. Agarwal, b Shepard and T, Lin for RT-PCR,

1. Johnson and L. Meisner for karyotype analysis, and J, Staruk and L. Mc&il! for
histological analysis.

Author Information The hES cell lines generated in this study will be made
avadiable to investigators under a matecial transfer agreement (an apphication
tas been submitted for deposition of the hES cell lines into the UK stemn Cell
Bank), Reprints and permissions information is available al www.nature.com/
reprints. The authors deciare competing financial interests: detalls accompany
the paper at www.nature.com/nature. Correspondence and requests for
materials shouwid be addressed to R.L. (rianza@advancedeell.com),

@ 2008 Nature Publishing Group






