


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
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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.
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