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附注
 Mouse zygotes that are developing parthenogenetically (without fertilization) with a single polar body and two pronuclei. These zygotes develop into blastocysts, from which embryonic stem cells can be harvested. Such cell lines can provide a source of immunologically compatible tissues for transplantation.

此文为韩国黄禹锡造假辩论！
《Science》封面：小鼠孤雌生殖获得胚胎干细胞
摘要： 生物通报道：美国Boston儿童医院和Dana Farber癌症研究中心、哈佛大学医学院等研究机构的研究人员分离出通过孤雌生殖生产的胚胎干细胞。
封面描述的是由一个极体（polar body）和两个原核（pronuclei）经过孤雌生殖（parthenogenetically，未经受精）得到的小鼠受精卵（zygotes）。这些孤雌生殖的受精卵，有望生产出胚胎干细胞，为移植用免疫相容组织（immunologically compatible tissues）提供了新的细胞来源。受精卵直径为70－80微米。
生物通报道：孤雌生殖指从未受精卵开始发育的胚胎，由于这个过程发育的胚胎有母系基因组的两个拷贝，而不是一个父系和一个母系基因组拷贝，它们应该与卵子的供体有更具体的匹配，尤其能使细胞表面名为MHC的抗原紧密匹配，这些蛋白在每个个体几乎都是唯一的。当一个外源物质进入身体时，MHC蛋白成为免疫系统T细胞的靶标，所以MHC的不匹配是移植的器官和组织被排斥的一个主要原因。

因此，由核移植（nuclear transfer）得到的遗传学匹配的多能性胚胎干（embryonic stem ，ES ）细胞或者孤雌生殖（parthenogenesis）得到的ES细胞（pES 细胞），是移植用造血干细胞（histocompatible cells）的潜在来源。

美国Boston儿童医院和Dana Farber癌症研究中心、哈佛大学医学院等研究机构的研究人员分离出通过孤雌生殖生产的胚胎干细胞。Kitai Kim和同事用来自减数分裂I 或者 II期两个不同阶段的小鼠卵细胞诱导了孤雌生殖发育，并且从中得到的胚胎中分离出干细胞，这些干细胞带有卵子供体全部的MHC蛋白。这些干细胞能产生许多、但不是全部的组织，这也许与缺少父系印记的基因组有关。这个方法需要大量的卵细胞，是否能用于人类还有待研究。

生物通报道：Boston儿童医院研究人员最近报道了一种生产移植所需干细胞的新机制，只利用卵细胞即可产生与受体的免疫系统具有相容性的小鼠胚胎干细胞，不会引发排斥反应。研究结果刊登于12月14日《Science》。

研究人员经过一系列小鼠实验，总结出了一种方法：利用未受精的卵细胞，得到控制免疫系统细胞识别的基因型与乱卵子供体的遗传匹配的胚胎干细胞。不完善之处包括：只有雌性是技术的受益者，提供她们自身的卵子去产生干细胞，并且这些特异的胚胎干细胞发展出的组织，功能不一定正常。

“如果这项技术在人类中得到证实，将提供一种获得女性来源的目的干细胞系的有效途径，”文章高级作者、Boston儿童医院George Q. Daley博士说，“这会减少组织匹配和组织排斥问题（组织移植的一大障碍）。”

胚胎干细胞被称为“master cells”，可以产生肌体中任何组织。2002年，Daley实验室与MIT Whitehead研究所Rudolf Jaenisch博士实验室合作，通过小鼠实验首次证明另一种方法——体细胞核移植（somatic cell nuclear transfer），可产生修复遗传缺陷所需的目的胚胎干细胞。但是体细胞核移植（有时被称作治疗性克隆，therapeutic cloning）技术要求很高，很难有效将供体细胞核转移到细胞核已经被移除的卵子中。

“我们对核移植的探索不会停止，因为它是目前所知的产生与患者具有遗传同一性的胚胎干细胞的唯一方法。然而，从未受精的卵子获得胚胎干细胞比核移植有效的多，能够更快地应用于临床。”

此次研究中，Daley与文章第一作者Kitai Kim博士利用小鼠的未受精卵，产生所谓的孤雌生殖（parthenogenetic）胚胎干细胞。孤雌生殖是植物和某些动物的一种繁殖策略，雌性不需要雄性提供的的成分即可产生后代。小鼠几乎不具有这种能力。Daley和Kim等对小鼠未受精卵进行一系列化学处理，获得了胚胎干细胞。

接下来，研究人员利用遗传分型（genetic typing）鉴别与供体卵子具有相同主要组织相容性复合体（major histocompatibility complex ，MHC）的胚胎干细胞。将筛选过的胚胎干细胞注入MHC匹配的小鼠中，形成了多种特异的组织，没有排斥反应发生，不需抑制受体的免疫系统。

Boston儿童医院Daley实验室，现在正打算利用人类卵细胞检验结论。Daley强调，孤雌生殖产生胚胎干细胞有许多潜在的限制条件，最起码一点，孤雌生殖胚胎干细胞来自于卵细胞，只适用于女性（利用男性精子产生胚胎干细胞的方法也是有可能的，但是这些方法具有技术上的挑战性，效率跟体细胞核移植一样低）。

还有潜在的安全隐患：孤雌生殖得到的胚胎干细胞，一些表达发生改变的基因会留下的“印记”（imprinted）。印记基因表达具有特异性，取决于它们是否会通过卵子或精子传递到子代中。因为孤雌生殖胚胎干细胞只是单纯来源于卵子，不携带任何父本的印记基因，取而代之的是两套母本印记基因。印记基因发生变化的表达形式与癌症和某些组织生命力薄弱有关。另外，孤雌生殖得到的干细胞，某部分基因组会包含与恶性或者良性肿瘤有关的突变基因拷贝。

“这种技术有助于基础研究，但是我们希望孤雌生殖的细胞可用于医疗，”Daley说，“我们的细胞在小鼠中发展出正常的组织，并且有临床报告显示一位人类患者的全部血液完全来自于孤雌生殖细胞。然而，在我们进行任何临床应用前还要验证孤雌生殖胚胎干细胞来源的细胞的安全性和耐久力。”（生物通记者 子元）
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Histocompatible Embryonic
Stem Cells by Parthenogenesis

Kitai Kim,"?* Paul Lerou,** Akiko Yabuuchi,>*** Claudia Lengerke,** Kitwa Ng,*%*
Jason West,%>* Andrew Kirby,® Mark ]. Daly,® George Q. Daley 3%+

Genetically matched pluripotent embryonic stem (ES) cells generated via nuclear transfer or
parthenogenesis (pES cells) are a potential source of histocompatible cells and tissues for

transplantation. After parthenogenetic activation of murine oocytes and interruption of meiosis | or
I, we isolated and genotyped pES cells and characterized those that carried the full complement of
major histocompatibility complex (MHC) antigens of the oocyte donor. Differentiated tissues from

these pES cells engrafted in immunocompetent MHC-matched mouse recipients, demonstrating
that selected pES cells can serve as a source of histocompatible tissues for transplantation.

an embryo directly from an oocyte with-

out fertilization. Many animal and plant
species reproduce via parthenogenesis, but in
mice, parthenogenetic embryos develop only to
the early limb bud stage because mammalian
embryonic development requires gene expres-
sion from the paternal genome. Parthenogenetic
embryonic stem (pES) cells have been isolated
from parthenogenetic blastocysts of mice and
primates (/, 2). Both mouse and primate pES
cells undergo extensive differentiation in vitro
(2, 3), and pES cells contribute widely to adult
tissues in chimeric mice (/). A human case of
parthenogenetic chimerism has been described in
which the hematopoietic system and skin were
derived from parthenogenetic cells (4). In addition
to pluripotent stem cells from fertilized embryos
and embryos created by somatic-cell nuclear trans-
fer (5), parthenogenesis is another method for
creating pluripotent stem cells that might serve
as a source of tissue for transplantation.

Highly efficient methods of experimental
murine parthenogenesis exist in which oocytes
arrested at the second meiotic metaphase (MII)
are chemically activated in the presence of cy-
tochalasin, a drug that prevents extrusion of the
second polar body (6). Diploidy is maintained,
and the resulting pseudozygote can develop
into a blastocyst from which ES cells can be
isolated [which we term p(MII)ES cells (7)].
In some cases, pES cells harbor a duplication of
a haploid genome and are thus believed to be

P arthenogenesis entails the development of
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predominantly homozygous (7, &). Because
tissues derived from homozygous pES cells
would express only one of two sets of parental
histocompatibility antigens, they can be more
readily matched to patients and might pose less
risk of tissue rejection (9). However, in hetero-
zygous recipients, major histocompatibility com-
plex (MHC) homozygous tissues may be rejected
by natural killer (NK) cells that recognize the
lack of one set of histocompatibility antigens, a

phenomenon called “hybrid resistance” that is
particularly relevant to bone marrow transplanta-
tion (/0). As compared with mismatched organs,
partial MHC antigen matching enhances allograft
survival, but full MHC-matched tissues are the
most favorable for transplant (/7). The only cer-
tain strategy for avoiding immunologic complica-
tions is to transplant genetically identical tissues,
but this limits transplantation to autologous tis-
sues, transplants between monozygotic twins, or
cells created by somatic cell nuclear transfer.

Here we characterize pluripotent ES cell lines
generated by parthenogenesis in which both of
the maternal MHC loci have been maintained.
Differentiated tissues from such MHC-matched
ES cells can be transplanted into the oocyte do-
nor strain without rejection, suggesting that these
cells could be a favorable source of histocom-
patible tissues for transplantation.

Recombinant MHC-matched p(MINES cells.
We reasoned that during the isolation of p(MID)ES
cells from hybrid F; mice, recombination events
occurring between paired homologous chro-
mosomes in meiosis I would produce cells that
had restored heterozygosity at the MHC loci
(Fig. 1B). Recombination frequencies place the
murine H-2 MHC locus at ~18.5 centimorgans
(cM) from the centromere on mouse chromosome
17 (12), thus predicting that approximately one

hCG
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4n (GV) 2n (M) 2n (MII) 2n
hCG MHC-matched
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ecombination CCD No
= Do
4n (GV) 4n (MI) 2n (MiI) 2n
@® ® O: different centromere, MHC /& chemical activation — — — -mitotic cleavage

Fig. 1. Chromosome dynamics during normal and artificial murine oocyte maturation. (A) Normal
fertilization. Immature oocytes arrested at diplotene of the first meiotic prophase harbor 20 sets of
paired homologous chromosomes (bivalents). A single bivalent pair is illustrated at left, without
recombination. The maternal or paternal chromosomes segregate into the first polar body (1st PB)
during MI. At fertilization, half of the chromosomes are extruded via the second polar body (2nd
PB), and the incoming sperm restores the diploid chromosome complement. Blastocysts derived by
fertilization yield fES cells. hCG, human chorionic gonadotropin. GV, germinal vesicle. Timeline is
shown at top; h, hours. (B) Parthenogenetic oocyte maturation. Mil-arrested oocytes are activated in
cytochalasin B, blocking extrusion of the second polar body. Diploidy is maintained and the resulting
blastocysts yield p(MIDES cells. Recombination events produce MHC-matched p(MINES cells. (C)
Parthenogenetic activation of immature oocytes (16). Inhibiting extrusion of the first polar body
prevents segregation of the homologous chromosome pairs. Extrusion of a polar body restores diploidy.

26 JANUARY 2007 VOL 315 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on May 13, 2010


http://www.sciencemag.org

in five meioses will yield a crossover event. We
collected mature oocytes from C57BL/6 x CBA
F; mice and initiated parthenogenetic embryo
development via a protocol that prevents ex-
trusion of the second polar body. From the 74%
of activated oocytes that developed to blastocysts,
we isolated 72 p(MIDES cell lines (Table 1).
We used polymerase chain reaction (PCR)
amplification followed by allele-specific restric-
tion enzyme digestion or direct sequencing of
single-nucleotide polymorphisms (SNPs) within
the H-2 region of chromosome 17 to determine
whether recombination had restored heterozy-
gosity at the MHC loci (13). 24 out of 72 p(MII)
ES cells (33%) harbored the heterozygous MHC
genotype of the oocyte donor (fig. S1A, black
circles; and fig. S1, B and C). Genotyping of
flanking markers on chromosome 17 confirmed
the MHC heterozygosity in a subset of eight se-
lected cell lines (fig. S1C). We call ES cells se-

lected in this manner recombinant MHC-matched
pMIDES cells.

Recombinant MHC-matched p(MID)ES cells
were differentiated into embryoid bodies (EBs)
for 14 days, followed by culture on gelatin-
coated tissue culture plates for an additional 14
days in order to examine MHC antigen expres-
sion on a differentiated population of epithelial-
like cells (/4). Differentiated p(MII)ES cells that
had not recombined at the MHC loci by poly-
morphism analysis expressed only one of the
parental MHC proteins (H2K® for C57BL/6 mice;
Fig. 2B), whereas MHC-matched p(MI)ES
cells that had recombined expressed both H2K"
and H2K" on all cells (Fig. 2C). These data con-
firm the heterozygous genotype by MHC antigen
expression. A majority of p(MIDES cells had a
normal karyotype (fig. S2A; n = 16 normal
karyotypes out of 19 lines tested). A minority of
p(MIDES cells showed the loss of one X chro-

Table 1. Parthenogenetic oocyte activation and ES cell derivation from a C57BL/6 x CBA F; mouse.
Numbers indicate embryos reaching a given stage/total oocytes.

Efficiency of p(MIDES cell derivation

Stage 1 cell 2 cells 4 cells Morula Blastocyst p(MIDES cells
Rate of 150/150 125/150 117/150 115/150 111/150 72/111
development (100%) (83%) (78%) (77%) (74%) (65%)
Efficiency of p(MI)ES cell derivation
Rate of 112/112 87/112 81/112 75/112 63/150 23/63
development (100%) (78%) (72%) (67%) (56%) (37%)

Table 2. Teratoma formation after injection of differentiated fES, p(MII)ES, and p(MI)ES cells into
MHC-matched and -mismatched recipients, observed for 3 months. Rag2™~/yc¢™"~ mice are on the
C57BL/6 background. Numbers represent teratomas formed/total mice injected. (P < 0.001 for the
hypothesis that haploidentity or full MHC match predicts teratoma formation; see methods in sup-
porting online material for assumptions in statistical analysis.)

ES cell type (MHC)

Recipient fES fES fES p(MIDES p(MINES p(MI)ES
mouse cells cells cells cells (C57BL6) cells cells
(C57BL/6) (CBA) (C57BL/6 x CBA) (C57BL/6 x CBA) (C57BL/6 x CBA)
Rag2 ™ /y¢™™ + (4/4) + (5/5) + (213) + (4/4) + (313) +(313)
CBA —(0/4) + (5/5) —(0/3) —(0/3) —(0/4) — (0/4)
C57BL/6 + (5/7) - (0/5) — (0/5) + (8/12) — (0/5) — (0/5)
C57BL/6 x + (3/5) + (3/5) + (6/8) + (12/12) + (4/5) + (5/5)
CBA Fy
A Undifferentiated B Differentiated C MHC-matched D MHC-matched
p(MII)ES cells P(MINES cells p(MIIES cells pP(MI)ES cells
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Fig. 2. MHC protein expression on pES cells. Flow cytometric detection of H2K protein expression is
shown on (A) undifferentiated p(MINES cells, (B) differentiated MHC-homozygous p(MIES, (C)
MHC-heterozygous p(MIIES, and (D) MHC-heterozygous p(MIES cells.
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mosome, a phenomenon known to occur in fe-
male ES cells (/5).

MHC-matched p(MDES cells. In a second
method aimed at generating genetically matched
PES cells from C57BL/6 x CBA F; mice, we in-
duced parthenogenetic development of imma-
ture oocytes while interfering with the segregation
of the paired homologous chromosomes during
the first meiotic metaphase (MI; Fig. 1C). This
protocol has been reported to yield partheno-
genetic embryos that are genetic clones of the
oocyte donor by preventing segregation of the
homologous maternal and paternal chromo-
somes (/6). From the 56% of activated oocytes
that developed into blastocysts, we isolated 23
ES cell lines, which we term p(MI)ES cells
(Table 1). We determined the genotypes of the
MHC region of the p(MI)ES cell lines by PCR
amplification followed by allele-specific restric-
tion enzyme digestion or direct sequencing of
SNP loci on chromosome 17, and we observed
MHC heterozygosity in 21 of 23 cell lines (fig.
S1A, white circles; and fig. S3). Genotyping
of flanking markers on chromosome 17 con-
firmed the heterozygous MHC genotype and
MHC identity with the oocyte donor in 10 mem-
bers of a selected set of 12 p(MIES cell lines
(fig. S10).

MHC-matched p(MDES cells were differ-
entiated for 28 days in culture as described
above and examined by flow cytometry. The
differentiated derivatives expressed both H2K®
and H2K" on all cells, confirming heterozygos-
ity of the MHC locus by surface protein expres-
sion (Fig. 2D). In seven p(MI)ES cell lines, we
documented a normal diploid chromosome con-
tent by direct chromosome counting (fig. S2C).
Seven p(MI)ES cell lines had 39 chromosomes,
reflecting the tendency of female ES cells to lose
an X chromosome (7, 15). Nine lines showed
variable chromosome content. A more detailed
genomic analysis that distinguishes these dip-
loid and aneuploid classes of p(MI)ES cells is
presented below.

Pericentromeric genotype and patterns of
recombination in p(MIl) and p(MI)ES cells. To
assess the pattern of chromosomal segregation
observed under the different oocyte activation
protocols and to determine the degree of ge-
netic identity of the pES cells with the oocyte
donor, we determined the pericentromeric geno-
type and distal recombination of the p(MII)ES
and p(MI)ES cell lines using SNPs that distin-
guish the parental mouse strains (C57BL/6 and
CBA) (17). We hypothesized that p(MI)ES cells
would be predominantly homozygous, with re-
combination reflected by a telomeric predomi-
nance of heterozygous SNPs. Conversely, we
reasoned that the p(MI)ES cells would be pre-
dominantly heterozygous, with recombination
reflected by a telomeric predominance of homo-
zygous SNPs. Moreover, ES cells isolated from
embryos that resulted from natural fertilization
events between strains of inbred mice (fES cells
from F; matings) should show heterozygosity at
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all loci, because the gametes derive from homo-
zygous parents in which meiotic recombina-
tion is genetically invisible. We genotyped three
SNPs on chromosome 17 in 72 p(MIDES, 23
p(MDES, and 20 fES cell lines, and a single
pericentrimeric SNP on each chromosome in
one p(MIDES and five p(MDES cell lines (fig.
S4). Based on the results of this low-resolution
genotyping, we selected a set of 17 p(MIIES
and 20 p(MDES cells and performed higher-
resolution genotyping using a standard panel
of 768 mouse markers evenly spaced across
the genome [an expansion of a previously de-
scribed SNP set (/8)]. A total of 514 markers
spanning the 2.25 gigabases (Gb) across the
19 autosomes were informative: They were poly-
morphic between C57BL/6 and CBA and had a
control Fy correctly identified as heterozygous
(resulting in an average intermarker distance of
4.6 Mb).

SNP genotyping confirmed the hypothesized
patterns of recombination but revealed a sur-
prisingly high degree of heterozygosity for the
p(MIDES cells. Because sister chromatid seg-
regation is prevented in MII, all chromosomes
were substantially homozygous near their cen-
tromeres for one of the two parental strains (Fig.
3A and figs. S5 and S6). Because of recombina-
tion, the heterozygosity of SNP markers in-
creased in frequency in proportion to the genetic
distance from the centromere (Fig. 3A, right
panel; and fig. S6A). Despite the presumption
of predominant homozygosity in p(MIDES cells,
we found homozygosity at only 36.9% of loci in
a survey of 17 p(MIDES cell lines, with a range
of homozygosity between 23.9 and 47.5% (fig.
S7). These data demonstrate that, contrary to
expectation, recombination renders the majority
of loci in p(MIES cells heterozygous.

Some p(MIIES cells harbored genotypes
that showed homozygosity of SNPs from one
parental strain near the centromere, followed by
a region of heterozygosity, and then a telomeric
region of homozygosity of SNPs from the other
parental strain (chromosomes 8 and 10 in Fig.
3A). This pattern is consistent with meiotic re-
combination between both sister chromatid pairs
of homologous chromosomes, which occurs dur-
ing MI, followed by segregation of the bivalents
into separate cells upon extrusion of the first po-
lar body, and then co-segregation of the recom-
binant sister chromatids into the same cell due
to inhibition of extrusion of the second polar
body (Fig. 1B). With both sister chromatids un-
dergoing recombination separately, we postu-
lated that p(MII)ES cells, although constrained
to be homozygous at the centromeres, would
manifest recombination at a rate that would be
equivalent to an F, intercross between two F;
mice. We calculated the genetic linkage map
from the p(MII)ES genotypes using the pro-
gram MAPMAKER/EXP version 3 under the
model of an F, intercross, and across all auto-
somes we estimated a total map length of 1329
c¢M. This is broadly consistent with the Mas-

sachusetts Institute of Technology/Whitehead
map, which reported a total autosomal map
length estimate of 1338 ¢cM (/9).

Analysis of the recombination patterns of 20
P(MMIDES cells showed two distinct subgroups.
Twelve of the p(MI)ES cells showed a predom-
inant pattern of heterozygosity beginning at the
centromere, followed on some chromosomes by
telomeric regions of homozygosity (Fig. 3F and
fig. S6B). When the genotype data of these 12
lines were similarly evaluated under the as-
sumption of an F, intercross, the observed map
length was significantly suppressed (910 cM).
Despite the high density of polymorphic markers
examined, 94 of the 228 autosomes in these 12
lines were observed to be completely heterozy-
gous (fig. S7). These observations drive the es-
timated map length down as compared to that of
the p(MIDES cells and a standard F, recombi-

nation pattern. Indeed, the map length is sup-
pressed because the recombinant chromosomes
will in some cases co-segregate by chance (or
by nondisjunction) into the same cell, thereby
preserving heterozygosity in the genotyping as-
say (fig. S8).

A subset of eight p(MI)ES cells demonstrated
complete heterozygosity across all loci, sug-
gesting genetic identity of the parthenogenetic
embryo with the oocyte donor—in effect, a par-
thenogenetic clone, as originally reported (/6).
However, all of the eight p(MI)ES cell lines that
show complete heterozygosity are in fact aneu-
ploid, with a range of chromosome counts be-
tween 38 and 77. Thus we speculate that these
panheterozygous p(MDES cells derive from tet-
raploid blastocysts that manifest infidelity of
chromosomal segregation during derivation and
culture. Indeed, when oocytes are activated soon
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Fig. 3. Genome-wide SNP genotyping of a representative clone of p(MII)ES, p(MI)ES, and panheterozygous
p(MDES cells. (A) p(MIDES cells, (B) p(MDES cells, (C) panheterozygous p(MIES cells. Left panels show
genotypes for each chromosome, from centromere (cen, top) to telomere (tel, bottom), revealing blocks, or
haplotypes, of markers. Green, homozygous C57BL/6 (B6) SNP; orange, homozygous CBA SNP; blue,
heterozygous (HET) SNP. Right panels show the heterozygosity of SNP markers plotted against SNP marker

distance from the centromere.
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after cytochalasin treatment to block MI, tetra-
ploid blastocysts frequently result (figs. S2C and
S9). Such embryos will yield tetraploid p(MI)ES
cells, and it is possible that incubation with
dimethylaminopurine may thereafter predispose
them to abnormal chromosomal segregation or
chromosomal loss. Such isolates maintain
complete heterozygosity when genotyped as a
population but do not represent a true clone of
cells with genetic identity to the oocyte donor.
Theoretically, parthenogenetic clones would arise
only if the recombination events of MI are
suppressed or if there is obligate co-segregation
of the recombinant chromosomes into the same
daughter cell. Based on our experience, we are
skeptical that true parthenogenetic clones can be
isolated.

Differentiation potential of p(MIIES and
p(MIES cell lines. To assess the pluripotency of
the MHC-matched pES cells, we evaluated their
differentiation potential by in vitro and in vivo
assays. We injected cells subcutaneously into
immunodeficient mice and observed robust tera-
toma formation from multiple p(MIDES (n =
11), p(MIES (n = 4), and fES (n = 3) cell lines.
The differentiation potential of p(MI)ES cells
has been well documented (7), but not that of p
(MI)ES cells. Histology of teratomas made from
P(MMDES cells revealed tissue elements of all
three embryonic germ layers: mesoderm (bone,
bone marrow, muscle, and cartilage), endoderm
(respiratory epithelium and exocrine pancreas),

Fig. 4. Histopathology
of teratomas from MHC-
matched p(MIES cells
and skin chimerism. (A)
Cartilage. (B) Bone and
bone marrow. (C) Muscle.
(D) Brain. (E) Melanocyte
(iris). (F) Skin. (G) Res-
piratory epithelium. (H)
Pancreas. (I) Black coat
color chimerism result-
ing from p(MIES cells
injected into blastocysts
from a BalbCSJL F, mouse
(white coat color). Scale
bar, 100 um.

and ectoderm [brain, melanocyte (iris), and
skin] (Fig. 4). Using previously published
methods for in vitro differentiation of ES cells,
we observed rhythmic contractility in EBs that
was consistent with cardiomyocyte develop-
ment in pMI, pMII, and fES cells, and com-
parable numbers of hematopoietic elements as
measured by methylcellulose-based colony-
forming cell assays and flow cytometric analysis
for the hematopoietic markers c-Kit, CD41, and
CD45 (20) (fig. S10, A and B). We generated
chimeric mice by injecting p(MIDES (n = 4) and
p(MDES (n = 3) cells into recipient blastocysts.
Examples of p(MI)ES and p(MDES cells each
demonstrated fetal liver chimerism and high-level
skin chimerism of adult mice (Fig. 4I). No
germline transmission of gametes from the p
(MIDES or p(MDES cells was noted in eight
matings of female chimeras that generated more
than 700 progeny. Moreover, injection of over 50
tetraploid embryos with p(MI)ES cells failed to
result in live births, consistent with the known
developmental limitation of parthenogenetic
mouse embryos (/). Although not fully com-
petent to sustain organismal development be-
cause of a lack of paternal imprints, p(MII)ES
and p(MI)ES cells appear to share a comparable
degree of multilineage tissue differentiation as
fES cells.

Histocompatibility of differentiated prog-
eny of MHC-matched p(MII) and p(MI)ES cells.
To test the immune compatibility of selected
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ES cell lines, we performed transplantation ex-
periments in immunodeficient mice and im-
munocompetent recipients that were either
MHC-matched or -mismatched. When we in-
jected 10° undifferentiated fES or pES cells sub-
cutaneously into immunocompetent mice, we
failed to observe efficient teratoma formation
regardless of the genotypes of the ES cells or
recipient mice. Like early embryonic tissues,
undifferentiated mouse ES cells do not express
MHC antigens, which we speculate renders them
susceptible to rejection by NK cells (5). MHC
antigens are expressed after differentiation of
mouse ES cells in vitro (Fig. 2). To deter-
mine whether differentiated tissues derived
from ES cells would be accepted as tissue
grafts in recipient mice, we pre-differentiated
ES cells into EBs for 2 weeks, then injected
EB cells subcutaneously into immunodeficient
mice or into immunocompetent MHC-matched
and -mismatched recipients. We observed terato-
mas in all mice when we injected pre-differentiated
ES cells into immunodeficient Rag2” /yc”
mice (Table 2). In immunocompetent recipient
mice, we observed teratoma formation from pre-
differentiated fES and pES cells only if there was
no MHC mismatch with the recipient (Table 2).
AlL ES cells that carried both C57BL/6 and CBA
MHC genotypes successfully engrafted in heter-
ozygous MHC-matched C57BL/6 x CBA F;
recipients, but failed to form teratomas in mis-
matched homozygous C57BL/6 or CBA recipi-
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ents (Table 2). Homozygous fES or p(MII) ES
cells engrafted in MHC-matched homozygous
and heterozygous recipients (Table 2). Because
ES cells of the CBA strain form teratomas in
the Rag2’/’/yc "~ mice, which are on the C57BL/6
background, we conclude that the immune re-
sponse, and not host strain factors, is responsible
for the failure of teratoma formation in immuno-
competent MHC-mismatched recipients. These
data demonstrate the histocompatibility of differ-
entiated tissues from fES and pES cells that share
genetic identity at the MHC loci with transplant
recipients.

Discussion. We describe two strategies for
isolating pluripotent murine ES cells that are
genetically matched to the oocyte donor at the
MHC loci. By applying genotyping analysis to
PES cells isolated from hybrid C57BL/6 x CBA
F, mice, we have selected lines that retain the
maternal MHC genotype by virtue of specific
meiotic recombination events and inheritance of
the relevant sister chromatids. When these ge-
netically defined pES cells are pre-differentiated
into EBs before being injected into immuno-
competent recipient mice, the tissues engraft as
long as the MHC genotype of the donor cells is
matched to the recipient mouse.

Although unable to sustain full organismal
development because of the lack of paternal
imprints, ES cells derived from parthenoge-
netic embryos appear to be pluripotent. Wheth-
er tissue differentiation and engraftment into
all lineages are robust and whether the loss of
heterozygosity of critical genomic regions might
disrupt cell function in engrafted tissues re-
main central questions (27). These caveats not-
withstanding, our data from the murine system
establish a proof of principle for using partheno-
genesis to generate MHC-matched tissues for
transplantation.

Differentiated tissues from pES cells that
express only one of the two sets of parental MHC
haplotypes appear to engraft in heterozygous re-
cipients (for example, CS7BL/6 into C57BL/6 x
CBA F recipients; Table 2). This suggests the
theoretical possibility that a modest-sized bank
consisting of pES cells homozygous for the ma-
jor MHC haplotypes could serve as a source of
transplantable tissues for cell replacement ther-
apy. However, bone marrow and perhaps other
tissues are subject to rejection by NK cells,
which can distinguish tissues that express the
full complement of MHC molecules from those
expressing only a few (/0). Moreover, minor his-
tocompatibility antigens scattered across the ge-
nome might complicate transplantation from an
allogeneic cell bank. Full MHC matching (or
indeed, full genetic identity) is most favorable
for predicting the survival and function of solid-
organ allografts (/7). More discriminating trans-
plantation experiments are needed to distinguish
the relative merits of tissues derived from homo-
zygous MHC-matched pES cells, fully MHC-
matched pES cells, or isogenic tissues derived
by nuclear transfer.

A routine, highly efficient method for ex-
perimental parthenogenesis in mice interrupts
MII and results in an embryo that carries a du-
plicated haploid genome that has been described
as predominantly homozygous, except for re-
gions that have reverted to heterozygosity be-
cause of recombination events during MI (3).
Our data demonstrate quite unexpectedly that
the majority of loci in p(MII)ES cells undergo
recombination, thereby generating a predom-
inantly heterozygous genome. Similarly, activa-
tion of immature oocytes and inhibition of the
first meiotic division ensure that substantial
heterozygosity is preserved across the genome,
except for those regions that convert to homo-
zygosity because of recombination. Both p(MII)
and p(MI) cells can be selected to maintain the
MHC genotype of the oocyte donor. All forms
of pES cells retain the mitochondrial genome
of the oocyte donor, unlike genetically matched
ES cells that are created by nuclear transfer into
oocytes from an unrelated donor, and therefore
may avoid immunologic rejection due to antigens
encoded by the mitochondrial genome (22).

Using a protocol that had been reported to
create parthenogenetically cloned embryos (16),
we generated a set of eight p(MI)ES cells that
retained complete heterozygosity at all loci, im-
plying genetic identity with the oocyte donor.
However, these cells were all either tetraploid or
aneuploid, suggesting that they arose from em-
bryos that had failed to convert to diploidy
during the parthenogenetic activation of im-
mature oocytes. Although these cells retain es-
sentially all of the maternal chromosomes, they
are not true clones and are not likely to be a
trustworthy source of tissues for transplantation.

The status of maternal- or paternal-specific
imprint genes can be monitored to identify pES
cells. Analysis of the imprinted status of the
Rasgrfl locus in 16 p(MI)ES cells confirmed the
maternal pattern of methylation (fig. S11); how-
ever, the assessment of imprint loci in ES cells
may be unreliable given their tendency toward
epigenetic instability (23). The data presented
here demonstrate that discerning the distinct pat-
terns of homozygosity and heterozygosity in
ES cell lines through SNP genotyping across
the genome provides a definitive means to deter-
mine whether lines are the result of partheno-
genesis, nuclear transfer, or natural fertilization.
The diagnostic pattern of a p(MIDES cell line is
pericentromeric homozygosity and increasing
heterozygosity as physical and genetic distance
from the centromere increases. The diagnostic pat-
tem of a p(MIES cell line is pericentromeric
heterozygosity and an increasing frequency of
homozygosity at markers distal to the centromere.
A cell line derived from an embryo produced by
nuclear transfer from a somatic cell will, for the
most part, be a complete genetic match of the
nuclear donor, because only rare occurrences of
mitotic recombination would alter the expected
pattern of SNP identity. Furthermore, there should
be no discemable tendency for the recombination

of genetic markers at greater distances from the
centromere. Similarly, an ES cell line derived from
a fertilized blastocyst should be a combination of
sperm and egg donor haplotypes, again with no
relationship between frequency of heterozygosity
of markers and distance from the centromere.

Beyond demonstrating the potential for his-
tocompatibility of parthenogenetically derived
tissues, our experiments provide an analysis of
genetic recombination during parthenogenetic
activation and distinguish the patterns of recom-
bination observed when karyokinesis is inter-
rupted during meiosis I or II. Moreover, we note
that isolation of p(MIDES cells followed by SNP
genotyping provides a means of genetic mapping
of loci for phenotypes that can be defined through
the study of ES cells.
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SOM Figure 1) Polymorphism studies on the Major Histocompatibility Complex (MHC) from
C57BL/6 x CBA F1 pES cells. a, H2K gene. Schematic of PCR amplicon from H2K locus with C57BL/6
strain-specific BsiEl restriction enzyme site polymorphism (B6), and gel showing genotyping of genomic
DNA samples by digestion of the PCR amplicon from the H2K region with the BsiET restriction enzyme
(/). Lane 1: 100bp size marker; lane 2: uncut PCR product; lane 3: uncut spiked DNA; lane 4: C57BL/6,
digested with BsiET; lane 5: CBA, incubated with BsiET but not digested; lanes 6-14: nine p(MII)ES cells
from B6CBAF1 mice incubated with BsiET; lanes 15-19: five p(MI)ES cells from B6CBAF1 mice
incubated with BsiEl. As internal controls for the completion of restriction enzyme digestion, samples 6-19
were spiked with a DNA fragment (arrow) containing a BsiEl restriction enzyme site. Black (closed)
circles mark two p(MII)ES cells that have retained both haplotypes of the H2K genes. White (open) circles
represent 5 p(MI)ES cells, each of which retain both haplotypes of the H2K genes. The amount of
undigested (CBA) fragment exceeds the digested (B6) PCR fragment because of the inefficient restriction
enzyme digestion of the heteroduplexes formed between the B6 and CBA alleles during PCR
amplification. b, Representative sequencing results to demonstrate detection of different SNP signals for
homozygous C57BL/6 and CBA, as well as heterozygous B6CBAF1 for H2K MHC region SNP on
chromosome 17. ¢, Results of SNP genotyping of markers within or flanking the H2K MHC region of
chromosome 17 in 17 p(MII) and 12 p(MI) ES cell lines either by DNA sequencing or by the Illumina
multiplexed allele extension and ligation method. Mbp units under locus marker indicate the physical map
distance from the centromere. Marker rs6384940 is immediately proximal to H2K; marker petM-04659-1
1s within H2K locus; marker 17.037.607 1s immediately distal to H2K.



Supplementary Figure 2
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SOM Figure 2) Metaphase preparations of chromosomes of representative p(MII)ES, p(MI)ES, and
tetraploid-p(MI)ES cells.
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SOM Figure 3) Polymorphism studies on the Tapl gene in C57BL/6 x CBA F1 MHC-matched
p(MI)ES cell lines. Schematic of PCR amplified region of Tapl gene on chromosome 17. Hhal
restriction enzyme site is absent in C57BL/6, but present in CBA strain. Genotyping by Hhal digestion of
Tap1 gene PCR amplicon. The Tapl gene is only 0.05cM away from H2K gene, but whereas the H2K
allele PCR product is digested by BsiEl in C57BL/6 but not in CBA, the Tapl gene PCR product is
digested by Hhal in CBA but not in C57BL/6. Using this reverse pattern of PCR product digestion, we
demonstrated that all MHC-matched p(MI)ES lines were heterozygous for the polymorphism at the Tapl
locus — a gene neighboring the MHC locus. Lane 1: 100bp size marker; lane 2: uncut PCR product; lane 3:
uncut spiked DNA; lane 4: spiked DNA, Hhal digested; lane 5: C57BL/6 incubated with Hhal but not
digested; lane 6: CBA Hhal digested; lane 7: B6CBAF1 incubated with Hhal, note that both fragments are
present; lane 8-13: seven MHC-matched p(MI)ES cells from B6CBAF1 mice incubated with Hhal and
showing both fragments, confirming heterozyogisity at this locus; lane 14: 100bp size marker. As internal
controls for complete restriction enzyme digestion, samples 5-13 were spiked with a DNA fragment
containing Hhal restriction enzyme sites (see lanes 3 and 4).
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Pericentromeric genotype in p(MII) and p(MI)ES cells. To analyze the pattern of chromosomal
segregation induced under the different oocyte activation protocols, we sought to determine the peri-
centromeric genotype and the patterns of recombination of the p(MII)ES and p(MI)ES cell lines using
SNPs that distinguish the parental mouse strains (C57BL/6 and CBA) (2). We selected an informative SNP
locus on each chromosome close to the centromere that should sustain minimal recombination (average
distance, 5.5 Mbp; Fig. S4). The locus harboring the SNP was amplified by PCR and sequenced, which
allowed us to distinguish C57BL/6, CBA, and B6CBAF1 specific profiles (not shown). As hypothesized,
p(MIDES cells were found to be homozygous for either the C57BL/6 or CBA peri-centromeric SNPs (Fig.
S5c¢), whereas all but one of 5 p(MI)ES cells were found to be heterozygous for all peri-centromeric SNPs
tested (Fig. S5d-h). Homozygosity of one locus in one p(MI)ES cell (Fig. S5h) suggested either
chromosome loss or recombination.

SOM Figure 4) Location of peri-centromeric SNP markers on all chromosomes and distal markers
on chromosome 17
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SOM Figure 5) Genotyping of peri-centromeric SNPs in p(MII)ES and p(MI)ES cells to determine
homozygosity or heterozygosity. Strain specific SNP signals for C57BL/6, CBA, or B6CBAF1 were
detected by sequencing of a PCR amplicon that harbored a strain-specific SNP. Loci for which the SNP
allele was detected are marked in color beneath the relevant strain. Chromosome number of the SNP is
indicated. Genomic DNA samples from C57BL/6 and CBA mice were tested as controls (a, b). Genomic
DNA from one p(MII)ES cell line (c) and five p(MI)ES cell lines (d-h) were tested at SNPs located within
3.4-9.9 Mbps of the centromere.
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Recombination patterns of the p(MII) and p(MI)ES cells. To analyze the frequency and distribution of
recombination events in p(MII)ES and p(MI)ES cells, we performed additional SNP genotyping at 3 loci
located at 3.4Mbp (4.0 cM), 32.0Mbp (18.65 cM), and 60.5Mbp (33.5 cM) from the centromere of
chromosome 17 (Fig. S4). Given the nature of the two distinct protocols for parthenogenetic activation, we
reasoned that p(MII)ES cells would have predominant peri-centromeric homozygosity, with
recombination reflected by a telomeric predominance of heterozygous SNPs. A survey of 72 independent
clones of p(MII)ES cells indeed confirmed that the frequency of heterozygous SNPs increased in
proportion to the distance from the centromere to the SNP (Fig. S6a). Conversely, we reasoned that the
p(MDES cells would have predominant peri-centromeric heterozygosity, with recombination reflected by
a telomeric predominance of homozygous SNPs. In a survey of 23 p(MI)ES cell lines, the frequency of
homozygous SNPs increased in proportion to the distance from the centromere to the genetic markers (Fig.
S6b). ES cells isolated from embryos that result from natural fertilization events between strains of inbred
mice (fES cells from F1 matings) should show heterozygosity at all loci, because the gametes derive from
homozygous parents in which meiotic recombination is genetically invisible. As anticipated, we detected
complete heterozygosity at the three SNP loci on chromosome 17 in 20 fES cell lines (Fig. S6c¢).
Therefore, by plotting the heterozygosity rate vs. marker distance from the centromere, we can readily
determine whether an ES cell represents the p(MI)ES, p(MII)ES, or fES type (Fig. S6, lower panels).

SOM Figure 6) Recombination in p(MII)ES, p(MI)ES, and fES cells detected by genotyping of
chromosome 17 SNPs. Upper panels: ES cell lines were examined for C57BL/6 and CBA strain-specific
SNP signals at 3.4Mbp, 32.0Mbp, and 60.5Mbp from the centromere on chromosome 17. Blue indicates a
heterozygous genotype; red indicates homozygous. a, p(MII)ES; b, p(MI)ES; ¢, fES cells. Bottom panels:
The heterozygosity at each locus, calculated as frequency of heterozygosity/ total number of cell lines
genotyped, was plotted against the SNP marker distance from the centromere of chromosome 17.
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SOM Figure 7) SNP genotype data. The raw SNP genotype data have been organized into groups:
p(MIDES cells; p(MIES cells; and pan-heterozygous ES cells. All informative SNP markers are ordered
from top to bottom, centromere (“cen”) to telomere (“tel”) for all chromosomes (1-19, X), and colored to
indicate homozygous C57BL/6 (green color), homozygous CBA (orange color), or heterozygous B6CBA
(blue color) genotypes in native chromosome locations. Note that p(MII)ES cells show peri-centromeric
homozygosity and blocks of recombined heterozygous markers more distally on each chromosome;
p(MIES cells show peri-centromeric heterozygosity and blocks of homozygous markers more distally;
pan-heterozygous p(MI)ES cells show an apparent lack of any recombination, although we speculate that
all recombined chromosomes have been retained in the cell (subject to random loss in sub-clones of the
population, leading to population aneuploidy but preserving pan-heterozygosity of all genotypes).
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SOM Figure 8) Allelic segregation during MI parthenogenesis. The genotyping data on the p(MI)ES
cells demonstrates significant suppression of the genome map (910cM). One model to explain this apparent
suppression of recombination is co-segregation of recombinant chromatids in the second meiotic division
(in apparent violation of Sturtevant’s rule, which dictates that recombinant chromosomes segregate
independently). A schema is shown that demonstrates the possible outcomes of the chromatid segregation
process, assuming independent segregation after recombination events on one homologous chromatid pair
(obligate co-segregation due to non-disjunction is an alternative model). a, If crossing over has not
occurred at the MHC region (distal recombination), all 4 genotypes will remain heterozygous at the MHC
locus. b, If crossing over has occurred proximal to the MHC region and chromatids that exchanged DNA
during crossing over do not segregate together, homozygosity at the locus will be generated (HOMTr).
Alternatively, if the chromatids that exchanged DNA during crossing over at the MHC do segregate
together (either by chance or non-disjunction), heterozygosity at the locus will be restored (HET/HETr).
For simplicity, recombination involving only one of the two sister chromatids is shown. In fact, both sisters
of paired homologues may undergo recombination, which will yield a more complex pattern of genotypes,
but all tending to favor maintenance of heterozygosity. Different parental origins of homologous
chromosomes are represented by distinct colors. The MHC locus is represented by circles.
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SOM Figure 9) Development of embryos that yield diploid p(MI)ES and tetraploid p(MI)ES cells. a,
An immature oocyte activated 6 hours after cytochalasin D treatment resulted in an embryo with two
pronuclei and a polar body. b, the embryo in a, shown at the 2-cell stage. Note that the polar body remains
visible (arrow). ¢, Hoechst 33342 staining of the 2-cell stage embryo demonstrates genetic material in the
polar body (arrow). Embryos of this type produced diploid p(MI)ES cells. d, An immature oocyte
activated spontaneously or in 1 hour after cytochalasin D treatment. Due to residual cytochalasin D, the
polar body extrusion was inhibited, and two pronuclei are visible. The embryo subsequently cleaved
normally to the 2-cell stage. f, Hoechst 33342 staining of the 2-cell stage embryo shows no genetic
material in the perivitelline space, where the polar body would be located. The ES cells isolated from
embryos of this class contained 80 chromosomes (Fig. Slc).
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SOM Figure 10) Hematopoietic developmental potential of p(MII)ES, MHC-matched p(MII)ES, and
MHC-matched p(MI)ES cells. a, Flow cytometry on day 6 EB-derived cells. p(MII)ES, MHC-matched
p(MIDES (N=2), MHC-matched p(MI)ES (N=2), or fES cells were stained with relevant antibodies to
detect CD41+, CD41+ ckit-high+, and CD45+ hematopoietic cells. All ES cells showed equivalent
hematopoietic populations. b, Formation of myeloid colonies in methylcellulose supplemented with
hematopoietic cytokines (M3434; Stem Cell Technologies). Colony numbers are per 100,000 cells from
day 6 EBs. Robust hematopoietic colonies, displaying a similar hematopoietic lineage contribution can be
observed in all ES cell lines.
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SOM Figure 11) Southern blot analysis to determine the methylation status of the imprinted Rasgrfl
locus in p(MI)ES cells. During germ cell development, the unique parental methylation marks, or
imprints, are first erased in the primordial germ cells and later re-established during oogenesis or
spermiogenesis so that specific loci are expressed from either the maternally or paternally inherited allele.
Because p(MI)ES cells are established after the re-establishment of imprints in the growing oocyte (3),
they should lack paternal imprints and carry only maternal methylation marks on both chromosomes. We
used the methylation sensitive restriction endonucleases Pstl/Notl to digest genomic DNA i1solated from
p(MIDES, p(MI)ES, and androgenetic ES cells (aES, derived from blastocysts developed from two sperm
pronuclei) (4) to distinguish the allele that carries paternal vs. maternal methylation marks. Genomic DNA
of 16 p(MI)ES cell clones and controls were digested with Pstl/Notl, and hybridized with a probe from the
Rasgrfl gene, as described (35). This locus is typically methylated on the paternal allele, which renders it
resistant to restriction digestion, thereby yielding a fragment length of 8 kbp. The unmethylated maternal
allele results in a 3 kbp fragment. Digestion of parthenogenetic ES cells (p(MIT)ES) shows the maternal
allele. Digestion of androgenetic ES cells (aES) that are derived from reconstruction of a zygote with 2
male pronuclei shows only the paternal alleles, while ES cells isolated from fertilized embryos (fES)
shows both. All p(MI)ES cell clones reveal the maternal pattern, consistent with their derivation from cells
that harbor only a maternal genome.



Supporting Online Table SI Primers used in this study (Chromosome number: distance from centromere (bp)).

SNP PCR amplication primer set

SNP PCR sequencing primer

Chr1:3354789

5'- TGT TCC AGG TCA GTG ACT TCC -3'
5'-GCCTTT TTC AAC TTG CCT CA -3'
Chr2:5609234

5'- CAA CAG AAA GGA GGC CAA AG -3
5'- TCA GTA CCA AGC ACG TGA GC -3
Chr3:3750240

5'-TGC TTA TGG TTT TAT GTA ATA GGC -3'
5'-TTT ATG CCA TGG TCC TTT GG -3'
Chr4:3476531

5'- AAA CAT GGA GCT CTC TGA AAA TG -3'
5'- AGG AGG TGC AATTCA GCTTT -3'
Chr5:4310159

5'- GCA ATT GCT GTT GAA AGC TG -3'
5'- AAT GCC AAA CCC ATC CAT TA -3'
Chr6:3799842

5'-TGG TCC AAA TTT CCA TCA GC -3'
5'- TGC CAG GCA TAT GGT TAG TG -3'
Chr7:3581601

5'- ATG GTT TGG GGG TAG AGG TC -3'
5'- CCA CAA TAC TGA AGG GCA CA -3'
Chr8:9889063

5'- CCA CCA GCCTTT CCT AAA CA -3
5'- CCT CAA CCC AGA TCT CTC CA -3'
Chr9:4289768

5'- GGT CTC AAG CAG GTG AGCTT -3
5'-TTC TCA AAA TCT TTT TGG ATG C -3'
Chr10:4381768

5'- GAG GGA CTC ACA AGC CAC AT -3'
5'- CCT TCT GGC CTT CTG TGA AC -3'
Chr11:9447523

5'- CTC ATT TGG AGG CCT CTG TC -3'
5'- CCT TCT GGG TTC TGC TTC TC -3'

Chr12:4427782

5'- AAC TGG CCT AAG GGT CCA CT -3
5'- CTG AGA CAT TGT CCC GCT TT -3'
Chr13:6192628

5'-TGT CTT CGC ACA TCT TGT CC -3'
5'- TAA GCC AGC TTC TTC CAA GC -3
Chr14:6685859

5'- GCT CCA GAA CCA AGA ACT GC -3'
5'- AAA CAG CCT GAT CCC AAT GT -3
Chr15:6955482

5'- AGA GTG GCC CAG AAA GTT CA -3'
5'- CCA GCT CCA CTC CTA ACA GC -3'
Chr16:5321310

5'- TGG CAC ACT TGT GAC AACCT -3
5'- GAT CTG ATG CTT CCC TGG AT -3'
Chr17:3383258

5'- CCC CTC CGA CAG AAC ATC TA -3
5'- GGT GAC AAG GGG TTT GAA GA -3
Chr17: 32 Mbp region (H2-K)

5'- CCT GGG CTT CTACCCTGCT -3'
5'-CCA CCA CAGCTC CAG TGA G -3'
Ch17: 60455318

5'- TGC TTA CCC TCA GCA AGA CA -3
5'- TTC TGG GTA GCT CAG GCT GT -3'
Chr18:4445867

5'- CAC AGA TGT CAG CTC CGT GA -3
5'- TTC CAA CTC CTC CAC TCA GG -3'
Chr19:3243816

5'- TCA TTC GGC CAA TAC ACA GA -3
5'- GGG AAA GGA CTT AGG CTT GC -3
ChrX:8450263

5'- AAA TCA ACT CTT GCG GCT ACA -3'
5'- CAA CAA AAT TTG GGG CTA ACA -3

Chr 1:
Chr 2:
Chr 3:
Chr 4:
Chr 5:
Chr 6:
Chr 7:
Chr 8&:
Chr 9:
Chrl0:
Chrl1:
Chrl12:
Chrl3:
Chrl14:
Chrl5:
Chrlé:
Chrl7:
Chrl7:

Chrl7:
Chrl8:
Chr19:
Chr X:

5'- CAC TGG AAG GAG GAA TTT CA -3

5'- CCT TTC ATG AAG CAG ATG ACA -3'

5'- GCT GCT ACA AAT ACT AAG AAA TGT TCC -3'
5'-GCT TTT GAT TTG TTG TCT TTT TGA -3'

5'- CAG TTG GAA TGT CCA TCA GC -3'

5'- TCA GCT AAA GCA TAT TAA TTC AAA ACA -3
5'- TAG GTG GGC ATG GGT GAG TA -3

5'- CCG AGC AGC TGG TAT TTG AT -3'

5'- TGA TAA ATG AGA CCA CGA TACCA -3

5'- CAG TGA AGA GCA CACCCATT -3'
5'-GGC ATT GGC TAG ATA CAC AAA A -3
5'-TCATTC TTT GCT GTG GAA ACA -3'

5'- CCC CAA AAG TAG ACA ATTTCCTT -3'
5'-TGG TTT GAT CAA TAG TTT CTT AGG G -3'
5'- CCC AAG AGA GGA GGG AGT TT -3

5'- ATC TCT GAT CCC AGG AGG TG -3'

5'- TGA GAA TTT CAT GCG AGA GC -3'

32 Mbp region (H2-K)

5'- CCT GGG CTT CTA CCCTGCT -3' or

5'- CCA CCA CAGCTC CAG TGA G -3'

5'-CTC ACA AAA CCT GCC CTT GT -3'

5'- GTG GGT AGC TCT GCT GAA GG -3'

5'- AAG GAG CAG GAA CTC ATC ACA -3'

5'- AAG GAG CAG GAA CTC ATC ACA -3'




Supporting Online Methods:

SNP detection by restriction enzyme digestion of PCR amplicons.

The variants of the H2K gene (MHC class I antigens) were amplified by PCR. Exon-spanning oligonucleotides were
designed in order to flank restriction site variants for BsiE1 (specific for H-2Kb). The sense oligonucleotide
(CCTGGGCTTCTACCCTGCT) is located in exon 4, the anti-sense primer (CCACCACAGCTCCAGTGAC) in exon 5
of the H-2K gene. PCR was carried out with 50ng genomic DNA. PCR reactions were set up in a total volume of 50 ul
reaction mix containing 2 units of AmpliTag DNA polymerase (Applied Biosystems [Perkin Elmer]|, Weiterstadt,
Germany). PCR cycling was performed using the following protocol: 94 C for 4 min (initial denaturation); 92 C for 40
sec, annealing 60 C for 40 sec, 72 C for 40 sec (35 cycles); 72 C for 10 min (final elongation). PCR products were
purified using Qiaquick PCR purification kit (Qiagen, Valencia, CA, USA). Purified PCR products were digested with
BsiE1 (NEB, Beverly, MA, USA) for 8 hours, and loaded on an agarose gel (Cambrex BioScience Rockland, 50180).
Lane 1: 100bp size marker, lane 2: uncut PCR product, lane 3: uncut spiked DNA, lane 4: C57BL/6 BsiEl digested, lane
5: CBA BsiET digested, lane 5-13: nine p(MII)ES cells from B6CBAF1 mice BsiET digested, lane 14-18: five p(MI)ES
cells from B6CBAF1 mice BsiEl digested. As internal controls for the completion of restriction enzyme digestions, we
spiked in a DNA fragment (arrow) containing BsiEI restriction enzyme sites, to indicate complete digestion. Spiked DNA
was made by PCR amplification of pucl9 plasmid using the primer set, CCTCCGATCGTTGTCAGAAG and
CTGGCGTAATAGCGAAGAG.

The variants of the Tapl gene were amplified by PCR using the primer set, AAGAGCACCGTGGCTGCC and
GTGCAGGTAATGATGATCATA. PCR was carried out with 50ng genomic DNA. PCR reactions were set up in a total
volume of 50 ul reaction mix containing 2 units of AmpliTaq DNA polymerase (Applied Biosystems [Perkin Elmer],
Weiterstadt, Germany). PCR cycling was performed using the following protocol: 94 C for 4 min (initial denaturation);
92 C for 30 sec, annealing 55 C for 30 sec, 72 C for 60 sec (35 cycles); 72 C for 10 min (final elongation). PCR products
were purified using Qiaquick PCR purification kit (Qiagen, Valencia, CA, USA). Purified PCR products were digested
with Hhal (NEB, Beverly, MA, USA) for 8 hours, and loaded into agarose gel (Cambrex BioScience Rockland, 50180).
Lane 1: 100bp size marker, lane 2: uncut PCR product, lane 3: uncut spiked DNA, lane 4: spiked DNA Hhal digested,
lane 5: C57BL/6 Hhal digested, lane 6: CBA Hhal digested, lane 7: B6CBAF1 Hhal digested, lane 8-13: six MHC-
matched p(MI)ES cells from B6CBAF1 mice Hhal digested, lane 14: 100bp size marker. As internal controls for the
completion of restriction enzyme digestions, we spiked in a DNA fragment containing Hhal restriction enzyme sites, to
indicate complete digestion.



SNP genotyping by DNA sequencing.

Primers used in this study (Chromosome number: distance from centromere (bp)) are listed in Table S1. PCR was carried
out with 50ng genomic DNA. PCR reactions were set up in a total volume of 50 ul reaction mix containing 2 units of
AmpliTaq DNA polymerase (Applied Biosystems [Perkin Elmer], Weiterstadt, Germany). PCR cycling was performed
using the following protocol: 94 C for 4 min (initial denaturation); 92 C for 40 sec, annealing 60 C for 40 sec, 72 C for 40
sec (35 cycles); 72 C for 10 min (final elongation). PCR products were purified using Qiaquick PCR purification kit
(Qiagen, Valencia, CA, USA). The DNA sequence analysis with the purified PCR products was performed by the
Molecular Genetics Core Facility —Boston Children’s Hospital-Harvard Medical School.

Genome-wide SNP genotyping.

Genotyping was performed at the Broad Institute NCRR Center for Genotyping and Analysis using the Illumina
multiplexed allele extension and ligation method (Golden Gate) with detection using oligonucleotide probes covalently
attached to beads which are assembled into fiber optic bundles (Bead Array) .

p(MII)ES cell derivation.

Hybrid B6CBAF1 mice (C57BL/6 x CBA) (Jackson Laboratories) were used as oocyte donors. Eight to ten
week old female mice were superovulated by injection of 5 IU Pregnant mare serum gonadotropin (PMSG, Calbiochem
367222) and 48 h later, 5 I[U Human chorionic gonadotropin (hCG, Calbiochem230734). Oocytes were collected 14 —15
hours after hCG injection. Oocytes with cumulus cells were activated in KSOM (Specialty Media, MR-106-D) containing
10 uM calcium ionophore A23187 (Sigma, C7522) for 5 min in air, then in 2 mM 6-dimethylaminopurine (6-DMAP)
(Sigma, D2629) and 5 pg/ml of cytochalasin B (Sigma, C6762) dissolved in KSOM at 37°C in 5% CO2 for 3 hours.
Embryos were then washed five times in 500 microliters of KSOM. Embryos were cultured in KSOM. All cultures were
performed at 37°C in 5% CO2, 5% 02, and 90% N2. Two and four days after activation stages and rate of embryo
development evaluated under a stereomicroscope. The zona pellucida of the blastocysts were removed in 1% pronase in
FHM mdia (Specialty Media, MR-024-D), and cells were cultured in the presence of MEF in serum free ES maintenance
media (Gibco, 10829-018) with 50 uM MAP kinase inhibitor PD98059 (Cell Signaling Tech, #9900) in 5% CO2, 5% 02,
and 90% N2. Developmental stage was evaluated under a stereomicroscope.



p(MI)ES cell derivation.

Eight to ten week old female mice were superovulated by injection of 5 IU PMSG, and 48 h later, 5 IU hCG.
Oocytes were collected from ovary within 9 hours after hCG injection. Cumulus cells were dispersed by incubation in
hyaluronidase (Sigma, H4272: 1mg/ml in KSOM) for 2-5 minutes at 37°C for 5 min. Cumulus-free oocytes were then
washed five times in 500 microliters of KSOM. The cumulus cell free oocytes were incubated in KSOM containing 5
ug/ml of cytochalasin D (Sigma, C8273) for 3 hours. Cumulus-free oocytes were then washed five times in 500
microliters of KSOM and incubated in KSOM at 37°C in 5% CO2 for 6 hours. The oocytes were activated in KSOM
containing 10 uM calcium ionophore A23187 for 5 min in air, then in 2 mM 6-dimethylaminopurine (6-DMAP) (Sigma,
D2629) dissolved in KSOM at 37°C in 5% CO2 for 3 hours. Embryos were then washed five times in 500 microliters of
KSOM. All cultures were performed in culture condition at 37°C in 5% CO2, 5% 02, and 90% N2 with 50 yM MAP
kinase inhibitor PD98059 (Cell Signaling Tech, #9900) in serum free ES maintenance media, which enhanced ES cell
isolation efficiency. Developmental stage was evaluated under a stereomicroscope.

Teratoma induction

We assayed teratoma formation by undifferentiated ES cells by injecting 106 cells into the subcutaneous tissue above the
rear haunch of 6 week old mice. Teratomas were analyzed six to twelve weeks post-injection. We assayed teratoma
formation from pre-differentiated ES cells by injecting 14 day old embryoid bodies containing 2 x 106 live-cells into the
subcutaneous tissue above the rear haunch of 6 week old mice. The live-cells were determined by Trypan Blue Vital
Staining (Sigma, T8154) after dissociating the EBs with collagenase (6). Teratoma formation was monitored for 3 months
post injection.

Statistical analysis.

Table 2. We tested the hypothesis that ES cells genetically matched to the recipient's MHC profile will form
teratomas, while those with any degree of MHC mis-match will not. Both controls (experiments with fES cells) and test
samples (experiments with pES) agree with the hypothesis (p <0.001). Differences between the control and test samples
were evaluated by Chi-Square analysis incorporating Yates' correction for continuity. The value of Chi-Square (1.0456,
with 1 d.f.) is smaller than the critical value at the 0.05 level of significance, which is 3.841. We therefore conclude that
the teratoma formation frequencies within the pES test samples follow the hypothesis and do not significantly differ from
the control fES samples, as would be expected by chance.
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Discredited Korean stem cells' true origins revealed

DNA analysis finds they were the world's first
human embryonic stem cells derived from eggs
alone

August 2, 2007

A report from researchers at
Children's Hospital Boston and
the Harvard Stem Cell Institute
sheds new light on a now-
discredited Korean embryonic
stem cell line, setting the
historical record straight and also
establishing a much-needed set
of standards for characterizing
human embryonic stem cells. The
report was published online
August 2 by the journal Cell Stem
Cell.

In 2004, Korean investigators
announced the creation of the
world's first human embryonic
stem cells through somatic cell nuclear transfer, entailing

transfer of genetic material from a cell in the body into an egg.
Now, research led by Kitai Kim, PhD, and George Q. Daley, MD,

George Daley, MD, PhD

PhD, of the Children's Hospital Boston Stem Cell Program
demonstrates that the Koreans unwittingly created something

|Search News Room only

entirely different--the world's first human embryonic stem cell

=[=] Email this Page

to be derived by parthenogenesis, a process that creates an
embryo containing genetic material only from the donor egg.

"We know now that the Koreans' first supposed nuclear
transfer-derived stem cell line was actually derived from the
woman's egg alone,"” Daley says.

The Koreans' 2004 paper, published in Science, was retracted
by the journal in early 2006 amid evidence that researchers
Hwang Woo-Suk et al. had falsified their data. An initial
investigation of the Korean group's first embryonic stem cell
line suggested it might be parthenogenetic in origin, but the
analysis was inconclusive, and the cells' origin, until now, had
never been fully explained in a peer-reviewed journal.

Kim, Daley and collaborators
used sophisticated genetic
techniques to compare mouse
embryonic stem cells derived
from different sources: from
embryos produced by natural
fertilization; from embryos
produced by parthenogenesis
(through artificial activation of
unfertilized eggs); and from

cell nuclear transfer (replacing
the nucleus of an egg with the
nucleus from a cell in the body).
They also tested three human
embryonic stem cells isolated

Kitai Kim, PhD

from fertilized embryos as well as

the Korean line of human cells claimed to have been created
through nuclear transfer.

They discovered that parthenogenetic embryonic stem cells
have a distinct genetic signature that reflects their biological
origins. All cells typically contain paired sets of chromosomes,

http://www. childrenshospital. org/newsroom/Sitel339/mainpageS1339P1sublevel326. html
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one inherited from the mother and the other from the father.
During the process of parthenogenesis, one set of
chromosomes is duplicated, resulting in both chromosomes of
the pair being of one parental type or the other (a pattern
called homozygosity, which has reduced genetic diversity). Kim
and Daley showed previously that because chromosomes often
exchange genetic material early in the process of cell division
that creates the egg (meiosis), the duplicated chromosomes
are not actually identical, but have places where the genes
differ between members of the pair (called heterozygosity). In
embryonic stem cells of parthenogenetic origin, this occurs
especially toward the ends of the chromosomes, which are
more likely to exchange genetic material, rather than the
middle. In contrast, embryonic stem cells created through
nuclear transfer show a consistent pattern of variation through
all regions of the chromosome -- thus making them easily
distinguishable from parthenogenetic cells.

The Korean cell line displays a genetic pattern that is clearly
consistent with a parthenogenetic origin, Kim and Daley now
show.

Because mistakes during nuclear transfer can result in
parthenogenetic cells, Daley believes that the Hwang group
generated parthenogenetic stem cells by accident, and didn't
have the tools to conclusively determine what they had created.
The first isolation of parthenogenetic stem cells from humans
would have been an important contribution, but the Hwang
group's attempt to pass off the cells as made by nuclear
transfer was instead "a woeful case of misconduct," he says.

Parthenogenesis is a method of reproduction, common in plants
and in some animals, in which the female can generate
offspring without the contribution of a male. Daley's group has
been stimulating parthenogenesis in the laboratory as a way of
creating customized embryonic stem cells that can treat disease
without being rejected by the immune system.

The team recently demonstrated in mice a feasible technique
for generating parthenogenetic embryonic stem cells that were
genetically matched to the egg donor at the genes that control
tissue typing, and are attempting to create similar cells from
humans. (See News Release).

Daley, who is a member of the executive committee of the
Harvard Stem Cell Institute and president of the International
Society for Stem Cell Research, notes that scientists now have
two powerful tools: human parthenogenesis, which appears to
be an efficient means of producing human embryonic stem
cells, and genetic screening, which can be used to scan stem
cells and help define their origins.

Daley imagines a future in which scientists could create a
master bank of parthenogenetic embryonic stem cells with
genetically selected cells that could be matched to patients on
the genes that control immune rejection. Having all the genetic
material come from the mother, as it does in parthenogenesis,
reduces tissue compatibility issues.

"There has been an advance in the idea that you can couple
parthenogenesis and genetic screening to identify those cell
lines that are going to be most helpful,” Daley says.

Parthenogenetic embryonic stem cells do not obviate the need
to also create embryonic stem cells through nuclear transfer or
from human embryos, he adds. "Each of the strategies has its
own applications, and there are certain types of research and
certain fundamental questions--and major areas of therapy--
that can only be accomplished with these other types of stem
cells," Daley says.

The work was supported by private philanthropic funds of
Children's Hospital Boston and the Harvard Stem Cell Institute,
and was performed with collaborators at the Memorial Sloan
Kettering Cancer Institute (NY), University of Cambridge (UK),
Riken Kobe (Japan), and the Whitehead Institute (MA).
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Children's Hospital Boston is home to the world's largest
research enterprise based at a pediatric medical center, where
its discoveries have benefited both children and adults since
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1869. More than 500 scientists, including eight members of the
National Academy of Sciences, 11 members of the Institute of
Medicine and 10 members of the Howard Hughes Medical
Institute comprise Children's research community. Founded as
a 20-bed hospital for children, Children's Hospital Boston today
is a 347-bed comprehensive center for pediatric and adolescent
health care grounded in the values of excellence in patient care
and sensitivity to the complex needs and diversity of children
and families. Children's also is the primary pediatric teaching
affiliate of Harvard Medical School. For more information about
the hospital and its research visit: : www.childrenshospital.org/
newsroom.
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