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The capacity of human embryonic stem cells (hESCs) to self-renew indefinitely in culture
while retaining their ability to differentiate into all cell types suggests that they have
enormous potential both in medical applications and as a research tool (Reubinoff et al.,
2000; Thomson et al., 1998). Despite their immortal nature, there is a need for derivation of
new hESC lines to meet emerging requirements for their use in cell replacement therapies,
disease modeling, and basic research. These applications require maximizing the limited
resource of donated or experimentally generated human embryos and has motivated our
attempts to improve methods for the derivation of new HUES cell lines.

Following the derivation of 17 hESC lines (Cowan et al., 2004), we derived an additional 12
lines using the same method and found that the efficiency of these derivations varied greatly
from experiment to experiment (Table S1). To better understand the variables that affect
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derivation efficiency, we explored methods for ICM isolation, and systematically
investigated the relationship between preimplantation biology and the timing of embryonic
stem cell derivation. We found that in vitro cultured human preimplantation embryos
undergo major changes in morphology as well as expression of OCT4 and CDX2 from days
5 through 9 post-fertilization. We observed a peak of derivation efficiency using day 6
preimplantation embryos, corresponding to restriction of OCT4 to the ICM and CDX2 to the
trophectoderm. These comparative studies have led to the derivation of 45 new hESC lines
from 140 blastocysts, of which 22 cell lines are derived from sibling embryos. Global gene
expression analysis of hESC lines reveal that lines derived on different days do not
significantly differ from one another in transcriptional profile, but lines derived from
different genetic backgrounds do significantly differ, suggesting that genetic background
rather than the timing or method of derivation is a contributing factor in the variability
observed among hESC lines.

The most widely used method for hESC derivation involves either chemical or enzymatic
removal of the zona pellucida, followed by isolation of the inner cell mass (ICM) of the
blastocyst by immunosurgery (Reubinoff et al., 2000; Thomson et al., 1998). In
immunosurgery, cells of the trophectoderm (TE) are destroyed by brief exposure to
antibodies directed against human cells in tandem with complement activity (Solter and
Knowles, 1975). However, only high quality embryos with an intact TE can be subjected to
this procedure, as only the structural integrity of the blastocyst prevents the ICM from also
being destroyed. We reasoned that isolation of the ICM by laser-mediated ablation of the
zona pellucida and TE might reduce exposure of the ICM to potentially cyto-toxic
compounds.

The 584 frozen human embryos used in this study were donated for research following
informed consent under protocols reviewed and approved by both the Committee on the Use
of Human Subjects (IRB) and the Embryonic Stem Cell Research Oversight Committee
(ESCRO) at Harvard University. Human zygotes and cleavage stage embryos were thawed
and cultured to the blastocyst stage (Figure S1A). ICM isolation was carried out by exposing
TE cells to cell-lethal laser pulses from a Xyclone laser (see also Turetsky et al., 2008) and
subsequent removal of dead TE cells by using either piezo drill-assisted micromanipulation,
or by repeated aspiration into a 50–75 μm glass capillary pipette (Figures S1B, C). The
isolated ICM (Figure S1D) was then plated onto γ-irradiated mouse embryonic fibroblasts
(MEFs) in hESC-conditioned derivation media.

Isolated ICMs attached to the MEF feeder cell layer within 24 hours, and 4 – 13 days later,
gave rise to an ES cell outgrowth (Figures S1E-G) composed of cells with typical hESC
morphology (Figure S1H), that could be expanded into cell lines (Figures S1I, J). HESC
lines isolated by laser-surgery had a normal karyotype (Figure S1K) and expressed marker
antigens found in pluripotent hESCs, including OCT4, SOX2, NANOG, TRA1-81,
TRA1-60, and SSEA-4 (Figure S2A-F). Upon differentiation in vitro, via embryoid body
formation (Figures S2G-I) and in vivo, via teratoma formation (Figures S2J-O), endoderm,
mesoderm and ectoderm lineages were readily observed, demonstrating that these cell lines
are bona-fide hESCs (Thomson et al., 1998; The International Stem Cell Initiative, 2007).

Next, we investigated the consequences of the presence or absence of TE cells in the
derivation culture. We compared the efficiency of deriving hESCs following plating of
intact blastocysts without ICM isolation with the efficiency following ICM isolation on days
5–9 of development (with the day of insemination representing day 0). While derivation
from plating intact blastocysts has previously been reported (Baharvand et al., 2004; Bongso
et al., 1994; Genbacev et al., 2005; Heins et al., 2004), we found that the efficiency was low
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(10% of blastocysts used), and required close outgrowth monitoring in order to isolate the
ICM before it was lost to rapid differentiation (Table 1 and Figure S3).

To investigate the effects of the timing of ICM isolation on hESC derivation, we
systematically tested the derivation efficiencies with ICMs isolated from early blastocysts
(day 5) through late blastocysts (day 9). During this prolonged culture period, we observed a
number of morphological changes. Between day 5 and day 6, ICM cell number increased
while cell size decreased, and the TE of high quality embryos expanded (Figure S4A). Both
the ICM and TE of blastocysts continued to grow through day 6 of in vitro culture, but by
day 7, the TE frequently collapsed and deteriorated, even in high quality embryos (Figure
S4B). In contrast to the TE, cells in the interior of the embryo continued to grow. For
embryo culture beyond day 6, a shift from Global medium to hESC-conditioned medium
improved development, particularly in poor quality embryos with a small or indiscernible
ICM. In extremely compromised embryos, we switched to conditioned media as early as day
5. Surprisingly, poor quality embryos without an ICM on days 5 or 6 often developed a
distinct ICM after 1–2 days of additional culture (Figure S4C, D) in hESC-conditioned
media. Extended culture of these embryos occasionally resulted in an atypical morphology
where the interior cells of the blastocysts expanded to form a solid sphere (Figure S4E, F),
but no disadvantage was observed in subsequent hESC derivation (Table 1, Table S2).

We found that hESC llines could be derived from embryos at days 5 through 9 after
fertilization, with ICM isolation on day 6 resulting in the most efficient derivation of hESCs
(Table 1). HESCs have previously been isolated on various days of development (Hovatta et
al., 2003; Mitalipova et al., 2003; Stojkovic et al., 2004; Strom et al., 2007), and even from
blastomeres and morula stage embryos (Chung et al., 2008; Klimanskaya et al., 2006;
Strelchenko et al., 2004). The low number of cell lines generated, however, did not allow a
conclusion to be drawn regarding the efficiency of derivation. Isolation of the ICM on day 6
resulted in a 10-fold increase over the derivation efficiency on day 5 (52%, n=27 versus 5%,
n=19, respectively; P= 0.00002). This is also 5-fold higher than derivation without isolation
of the ICM (52%, n=27 versus 10%, n=10, respectively; P= 0.008). Derivation efficiency
correlated with the total number of ICM attachment sites to the feeder layer after ICM
plating. The number of attachment sites and resulting cell lines was low on day 5 but
increased on day 6 and remained high on days 7 through 9. Derivation efficiency on days 7
through 9 was slightly lower, but not significantly different from derivation on day 6 (P >
0.01). Poor quality embryos benefited greatly from extended culture in hESC-conditioned
media, as only 1–2 days of additional culture promoted ICM growth and allowed hESC
derivation (Figures S4C-F, Table S2). This approach allowed for derivation of embryonic
stem cells from embryos which would have otherwise been unlikely to give rise to hESC
lines (e.g. grade 2CC embryos: HUES 33, 43, 57; grade 3CC embryos: HUES 32, 54, 59,
64). In summary, by combining extended embryo culture in hESC-conditioned media with
laser-assisted isolation of the ICM on day 6 of preimplantation development, a derivation
efficiency of 50% can be routinely achieved.

Using these methods, we succeeded in deriving a total of 22 sibling cell lines from seven
donor couples (Table S3). To verify their identical maternal origin and demonstrate their
karyotypic individuality, we sequenced the hypervariable regions of the mitochondrial
genome, and a combination of nuclear short tandem repeats (STR) and compared them to
unrelated hESC lines. While their mitochondrial genome was identical, their nuclear genome
was different but highly related, sharing more than 50% of STR alleles (Table S4, Figures
S5, 6).

Next, we explored whether differences in efficiency of hESC derivation correlate with a
change in localization and expression of the respective ICM and TE markers, OCT4 and
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CDX2. It has been shown in mouse preimplantation embryos that by the 65–128-cell stage,
OCT4 becomes restricted to the ICM, and CDX2, to the TE, at approximately 3.5 days post-
fertilization in in vitro cultured blastocysts (Dietrich and Hiiragi, 2007; Ralston and Rossant,
2008). We therefore asked whether OCT4 and CDX2 expression and localization in human
preimplantation embryos could explain why derivation after day 6 of in vitro culture is more
efficient.

Embryos used in stem cell derivation are most commonly staged in terms of days post-
fertilization, with the day of insemination representing day 0. We observed that the majority
of human embryos at day 5 (approximately 40–75-cells, blastocyst grade 3) had high levels
of OCT4 expression in both the ICM and TE, while some embryos had begun to express
CDX2 in some, but not all, of the TE (Figure 1A). By day 6 (approximately 75–145-cells,
blastocyst grades 4 and 5), blastocysts exhibited a clear restriction of high levels of OCT4
expression to the ICM and of CDX2 to the TE (Figure 1B). By day 8, OCT4 expression was
confined to a small number of cells in the presumptive ICM (Figure 1C). As most of cells of
the day 8 embryo did not express OCT4 or CDX2, this observation suggests that a cell type
other than ICM or TE proliferates at this late stage in vitro. While the identity of these cells
is unclear, their proliferation and survival are minimal upon ICM explant for hESC
derivation.

Together, these observations suggest that the ICM and TE cells of early day 5 blastocysts
may not yet be restricted to either fate, and therefore isolated ICM cells only rarely give rise
to embryonic stem cells. The restriction of OCT4 expression to the ICM and of CDX2 to the
TE on day 6, together with the increase in ICM cell number, may explain why derivation on
day 6 is most efficient. Once segregation of the ICM and TE populations has occurred,
derivation efficiency remains high on days 7–9 (Table 1) despite a reduction in the number
of OCT4-expressing cells.

The morphological and molecular differences we observed between preimplantation
embryos at various developmental time points led us to question whether hESCs derived
from embryos on days 5–9 differ in their gene expression programs. It was suggested that
pluripotent stem cells isolated from the epiblast of mouse peri-implantation embryos are the
mouse equivalent to hESCs. These epiblast stem cells differ in their gene expression profile
from mouse ES cells isolated from preimplantation stage embryos and share similarities to
hESCs (Brons et al., 2007; Tesar et al., 2007). We therefore examined whether hESC lines
derived from days 5–9 generate different types of stem cell lines. We found that hESC lines
isolated from different days of development were identical in their growth requirements and
expressed the same pluripotency-associated antigens (Table S2). We further analyzed the
gene expression profile of 16 hESC lines derived on days 5–9 of development and found
that these lines did not group into separate clusters based on their day of derivation (Figure
1D). The distribution of pair-wise correlation coefficients (R) between lines derived from
the same day of development was indistinguishable from lines derived from different days
(Student’s t-test p=0.12, Figure 1E). In contrast, when all pair-wise correlation coefficients
were grouped according to genetically related versus unrelated lines, the similarity between
sibling lines was significantly higher than between unrelated lines (Student’s t-test
p=1.1×10−8, Figure 1F). These observations suggest that the gene expression differences
among hESC lines are due to genetic parentage rather than the day or method of derivation.
Such differences likely contribute to the variation in differentiation propensity reported
between hESC lines (The International Stem Cell Initiative, 2007; Osafune et al., 2008).

The 50% derivation efficiency we achieved using day 6 embryos, laser surgery, and
modified embryo culture parameters was higher than previously reported from either our or
other laboratories (Cowan et al., 2004; Lerou et al., 2008; Thomson et al., 1998) (Table S5).
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The increased efficiency and reliability of this method has also allowed us to derive cohorts
of stem cell lines that would not have previously been obtainable, including 22 sibling cell
lines. These sibling cell lines will be a valuable resource for further investigation of the
effects of genetic background on the growth characteristics, pluripotency and differentiation
potential of hESCs.

Our findings increase the probability of successful derivation from rare embryos such as
those obtained after preimplantation genetic diagnosis or somatic cell nuclear
transplantation. A detailed understanding of the naturally occurring variations among hESC
lines will also be important for insight into the genetic regulation of human development as
well as for evaluating pluripotent stem cells generated by reprogramming.
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Figure 1. OCT4 and CDX2 Expression During Human Preimplantation Development and Gene
Expression Analysis of hESC Lines
Representative human preimplantation embryos on day 5 (A), day 6 (B) and day 8 (C)
stained for the TE marker, CDX2, and ICM marker, OCT4. Total cell numbers for each day
indicated. Bar indicates relative size for comparison. (D) Cluster analysis of 16 hESC lines
derived on different days of development. Sibling cell lines marked with identical colors. (E,
F) Pair-wise comparison of global gene expression profiles between different cell lines.
Comparison of 16 cell lines yields 16x15/2=120 data points for all possible pair-wise
comparisons. The higher the Pearson correlation coefficient (R), the more similar the gene
expression profile between two lines. Pairs were ordered from high to low according to the
Pearson correlation coefficient (ranked order). (E) Pairwise comparisons of hESC lines
derived on the same versus different days. (F) Pairwise comparisons of sibling hESC lines
versus unrelated lines.
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