Hematopoietic reconstitution
with androgenetic and gynogenetic
stem cells

Sigrid Eckardt,! N. Adrian Leu,' Heath L. Bradley,>° Hiromi Kato,> Kevin D. Bunting,*5°
and K. John McLaughlin'”

!Center for Animal Transgenesis and Germ Cell Research, New Bolton Center, University of Pennsylvania, Kennett Square,
Pennsylvania 19348, USA; *Department of Pediatrics, School of Medicine, Johns Hopkins University, Baltimore, Maryland
21287, USA; ®Institute of Advanced Technology, Kinki University, Kainan, Wakayama 642-0017, Japan; *Division

of Hematology/Oncology, Case Western Reserve University, Cleveland, Ohio 44106, USA; °Center for Stem Cell

and Regenerative Medicine, Case Western Reserve University, Cleveland, Ohio 44106, USA

Parthenogenetic embryonic stem (ES) cells with two oocyte-derived genomes (uniparental) have been proposed
as a source of autologous tissue for transplantation. The therapeutic applicability of any uniparental cell type
is uncertain due to the consequences of genomic imprinting that in mammalian uniparental tissues causes
unbalanced expression of imprinted genes. We transplanted uniparental fetal liver cells into lethally irradiated
adult mice to test their capacity to replace adult hematopoietic tissue. Both maternal (gynogenetic) and
paternal (androgenetic) derived cells conveyed long-term, multilineage reconstitution of hematopoiesis in
recipients, with no associated pathologies. We also establish that uniparental ES cells can differentiate into
transplantable hematopoietic progenitors in vitro that contribute to long-term hematopoiesis in recipients.
Hematopoietic tissue in recipients maintained fidelity of parent-of-origin methylation marks at the Igf2/H19
locus; however, variability occurred in the maintenance of parental-specific methylation marks at other loci.
In summary, despite genomic imprinting and its consequences on development that are particularly evident in
the androgenetic phenotype, uniparental cells of both parental origins can form adult-transplantable stem cells

and can repopulate an adult organ.
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Normal mammalian development requires both an oo-
cyte- and a sperm-derived genome. This is exemplified
by the failure of parthenogenesis in mammals, when an
unfertilized oocyte commences development, but does
not form a viable fetus in the absence of a male genome.
Embryos with two genomes from the same sex that are
generated by the exchange of maternal and paternal pro-
nuclei between zygotes have similarly limited develop-
mental potential (McGrath and Solter 1984; Surani et al.
1984). Androgenetic (AG) embryos with two paternal ge-
nomes can form blastocysts and implant, but rarely de-
velop to or past early somite stages, with abundant tro-
phoblast but retarded development of the embryo proper
(Barton et al. 1984). Diploid parthenogenetic (PG) em-
bryos with two genomes from the same oocyte and de-
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velopmentally equivalent gynogenetic (GG) embryos
with two maternal genomes from different oocytes can
occasionally develop to later somite stages but typically
lack extraembryonic tissues (Kaufman et al. 1977; Surani
and Barton 1983). The inability of PG/GG and AG em-
bryos to form viable fetuses is attributed to the func-
tional nonequivalency of maternal and paternal ge-
nomes, which results from epigenetic modifications that
occur during germ cell development and lead to parental
allele-specific expression of imprinted genes. PG/GG
and AG embryos can, however, complete preimplanta-
tion development and can give rise to pluripotent em-
bryonic stem (ES) cell lines (Robertson et al. 1983; Mann
et al. 1990). When combined with normal fertilized em-
bryos to form chimeras, cells of PG/GG and AG origin
can contribute to tissues of fetal and postnatal mammals
as observed in the mouse (Stevens et al. 1977; Surani et
al. 1977; Paldi et al. 1989; Mann et al. 1990; Barton et al.
1991; Mann and Stewart 1991; Allen et al. 1994), includ-
ing the germline (Stevens 1978; Narasimha et al. 1997);
bovine (Boediono et al. 1999); and, in a single reported

GENES & DEVELOPMENT 21:409-419 © 2007 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/07; www.genesdev.org 409



Eckardt et al.

case, human (Strain et al. 1995). PG/GG and AG cells
exhibit different capacities to participate in chimera de-
velopment, with a parent-of-origin-related bias in distri-
bution of cells to tissues (Surani et al. 1987; Fundele et
al. 1989, 1990, 1995; Nagy et al. 1989; Barton et al. 1991),
and the formation of specific phenotypes that correlate
with abnormal expression of imprinted genes (Allen et
al. 1994; Eggenschwiler et al. 1997; McLaughlin et al.
1997). Androgenetic cells cause severe defects and lethal-
ity in chimeras (Mann et al. 1990; Barton et al. 1991;
McLaughlin et al. 1997) and exhibit a propensity for ma-
lignant transformation in vitro (Hernandez et al. 2003).
Conversely, parthenogenetic cells often exhibit a re-
duced ability to proliferate (Nagy et al. 1989; Fundele et
al. 1990; Jagerbauer et al. 1992; Hernandez et al. 2003).

Determining the full extent of contribution and func-
tionality that uniparental cells could potentially attain
in adult tissues is not feasible using adult developmental
chimeras as a model, due to the restriction or lethality
that is associated with uniparental cells during develop-
ment. Ascertaining whether cells of uniparental origin
can function normally in an adult, however, is highly
relevant to the potential therapeutic use of PG ES cells
(Cibelli et al. 2002). Therefore, to test the capacity of
uniparental maternal and paternal cells to engraft into
adults and form functional cells in adult tissues, we
transplanted fetal liver cells from AG and GG ES cell
chimeras into lethally irradiated adult mice. Normal
mammalian fetal liver, at a stage often attained by uni-
parental chimeras, contains hematopoietic stem cells
(HSC) capable of long-term, multilineage reconstitution
of the hematopoietic system of adults (Morrison et al.
1995). Here we report that both androgenetic and gyno-
genetic fetal liver cells from mouse chimeras engraft in
adult recipients, and can entirely populate hematopoi-
esis from the uniparental component, providing long-
term, multilineage reconstitution. Uniparental ES cells
also exhibit hematopoietic differentiation capacity in
vitro, and when genetically modified to express the
HoxB4 gene (Kyba et al. 2002), can engraft in lethally
irradiated adults and contribute to long-term hematopoi-
esis.

Results

Fetal livers from uniparental chimeric mice repopulate
hematopoiesis in adult recipients

To obtain gynogenetic and androgenetic fetal liver cells
for transplantation into adult mice, we first produced
GG and AG embryos, from which we derived ES cell
lines. We then generated chimeras by injection of AG
and GG ES cells into blastocysts, and recovered fetal
liver cells for transplantation from developing (13.5-14.5
d of gestation = days post-coitum, dpc) chimeras (Fig.
1A). Both GG and AG embryos were transgenic for eGFP
(Okabe et al. 1997), such that AG and GG cells could be
identified by eGFP fluorescence in fetal chimeras and,
after transplantation, in adult recipients. The contribu-
tion and differentiation phenotype of the uniparental ES
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cells in chimeras and teratomas (Supplementary Table 1;
Supplementary Fig. 1) were consistent with previous ob-
servations in AG and PG ES cells and chimeras (Mann et
al. 1990; Allen et al. 1994; Szabo and Mann 1994) and
validated their use for this study.

For hematopoietic reconstitution, fetal liver cells from
chimeras, consisting of both blastocyst-derived and in-
jected ES cell-derived cells, were transplanted into le-
thally irradiated adult B6129Sv mice. Fetal liver trans-
plants from normal (N; derived from fertilized embryos),
AG, and GG ES cell chimeras reconstituted recipients
with similar efficacy. Contribution of ES cell- and blas-
tocyst-derived cells to the peripheral blood of recipients
was monitored monthly after transplantation by analysis
of mouse strain-specific glucose-6-phosphate isomer-
ase-1 isoforms (GPI-1 isozyme gel electrophoresis) and
revealed high levels of the N, AG, and GG ES cell-de-
rived component in animals (Fig. 1B,C). Ultimately, re-
cipients had a normal life span and no pathologies asso-
ciated with uniparental cell transplants.

Regardless of the initial level of ES cell-derived cells in
fetal liver transplants that varied between 10% and 60%,
the contribution of ES cell-derived cells in recipients
typically increased with time, and at 6-9 mo post-trans-
plantation, the peripheral blood of many recipients had
high levels of ES cell-derived cells or was entirely ES
cell-derived (Fig. 1C). This predominance of ES cell-de-
rived cells did not correlate with parental origin, and in
a few animals of each experimental group (N: 1/7; AG:
3/20; GG: 2/8), blastocyst-derived cells (B6C3 or B6
strain) persisted and, in a control experiment of trans-
planting only blastocyst-derived fetal liver, repopulated
hematopoiesis (data not shown). Competitive secondary
transplantation experiments did not reveal any predomi-
nance of uniparental or normal ES cell-derived (B6129S1)
over B6129Sv bone marrow cells (see below). The fre-
quent predominance of the ES cell-derived cell compo-
nent from the chimeric fetal liver cells is thus possibly
associated with mouse-strain-specific properties. Such
strain-specific stem cell properties have been previously
associated with observations in mouse chimeras be-
tween DBA/2 and B6 strains, in which hematopoiesis
over time as well as long-term engraftment into second-
ary recipients was accomplished by B6-derived cells (Van
Zant et al. 1990, 1992).

Uniparental HSCs can establish long-term,
multilineage engraftment of primary
and secondary hosts

Parthenogenetic/gynogenetic and androgenetic ES cells
are distinct from each other and normal ES cells in their
ability to differentiate into various cell types both in
vitro and in vivo (Mann et al. 1990; Allen et al. 1994}, and
cells of AG and GG origin may be limited in their dif-
ferentiation potential into hematopoietic lineages. Using
lineage-specific surface markers, we determined the con-
tribution of N, AG, and GG eGFP-expressing cells to
lymphoid (B220, CD4-positive), myeloid (Gr-1-positive),
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Figure 1. Multilineage reconstitution by androgenetic and gynogenetic cells. (A) Experimental design. EGFP-expressing ES cell lines
derived from androgenetic and gynogenetic embryos produced by pronuclear transfer between zygotes were injected into blastocysts.
After embryo transfer, fetuses were recovered at 13.5-14.5 dpc, chimeras were identified by eGFP-fluorescence, and fetal liver from
chimeras was transplanted into lethally irradiated recipient mice. (B) Analysis of GPI-1 isoenzymes to identify contribution of ES
cell-derived cells to the peripheral blood of recipients. Lanes 1-3 show the GPI-1 isoenzyme dimers present in the ES cells ([ES] A and
B isoforms), blastocysts ([B] B isoform only), and adult recipients ([R] B and C isoforms), respectively. (GPI-1 forms homo- and
heterodimers, such that cells containing A and B isoforms contain AA, AB, and BB dimers; all dimers are indicated on the left.) Lanes
4-11 show the predominance of ES cell-derived cells (A, B isoforms) in the peripheral blood of individual recipients (R) 6-8 mo after
transplantation of ES cell chimeric fetal liver (ES line indicated on top). (C) Presence of ES cell-derived cells in peripheral blood of
recipients over time as determined by GPI-1 analysis. Numbers in parentheses indicate transplanted fetal liver cell pools, with

identical numbers referring to the same pool.

and erythroid (Terl119-positive) cell populations of the
peripheral blood of recipients. The percentage of periph-
eral blood lymphocytes positive for each lineage marker,
and the percentage of eGFP-expressing cells in each of
these populations, were similar in animals with N, AG,
and GG derived blood and eGFP transgenic mice (Fig. 2
A,B), indicating no limitation or bias in the hematopoi-
etic lineage formation of uniparental cells. Steady-state
hematology of peripheral blood from recipients reconsti-
tuted from N, AG, and GG ES cell-derived fetal liver
cells was similar to B6129Sv or eGFP transgenic (B60sb)
mice (Table 1). High levels of ES cell-derived cells were
detected in hematopoietic organs (spleen, thymus, bone
marrow) (Supplementary Table 2). Animals with an en-
tirely N, AG, or GG ES cell-derived hematopoietic sys-
tem exhibited normal maturation of T- and B-lympho-
cytes, indicated by the presence of CD4 and CDS8 double-
and single-positive cells in thymus and peripheral blood,
respectively, and the expression of IgM and B220 in
splenic and peripheral lymphocytes (Supplementary Fig.
2). Bone marrow and spleen cells of animals reconsti-
tuted entirely from N-, AG-, or GG-derived cells exhib-
ited normal in vitro myeloid colony-forming activity in a
CFU-C assay in methylcellulose (data not shown).

To establish the presence of long-term repopulating
HSC, bone marrow from recipients with entirely ES cell-
derived hematopoietic systems was transplanted into le-
thally irradiated secondary recipients. All secondary re-
cipients (seven recipients receiving bone marrow from
donors with N-derived blood; 19 recipients receiving
bone marrow from donors with AG-derived blood; 10
recipients receiving bone marrow from donors with GG-
derived blood) survived for >12 mo after transplantation,
and exhibited N, AG, or GG ES cell-derived peripheral
blood. In competitive transplantation assays of bone
marrow from primary recipients with entirely N-, AG-,
or GG-derived blood mixed with bone marrow cells from
B6129F1 animals, cells of all parental types exhibited
stable levels of contribution for at least 11 mo subse-
quent to transplantation, suggesting neither a competi-
tive disadvantage nor advantage compared with normal
cells (data not shown).

Uniparental ES cells differentiate into hematopoietic
progenitors in vitro

To determine if uniparental hematopoiesis is limited to
the codevelopment of uniparental with normal cells
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Figure 2. Normal lineage differentiation of AG and GG cells in
recipients. (A) FACS analysis of peripheral blood of representa-
tive recipient mice from each experimental group (N, AG, GG)
5-7 mo post-transplantation. The fluorescence intensity of
eGFP (marking ES cell-derived cells) is indicated on the X-axis,
the fluorescence intensity of differentiation markers (B220,
CD4, Terl19, Gr-1) is indicated on the Y-axis. Gating was based
on forward-scatter and side-scatter profiles typical for lympho-
cytes/granulocytes. Numbers indicate the percent of gated cells.
(B) Summary of lineage analysis. Columns represent average
values for groups of four to eight mice. (F1) B6129, not trans-
genic; (TG) B60sb (eGFP transgenic); both are controls to dem-
onstrate the similarity of lineage- and eGFP-positive percent-
ages between ES reconstituted and normal mice. (Dark-gray
bars) The percent of gated cells positive for the lineage marker;
(white bars) the percent of eGFP-positive = ES cell-derived cells
within the lineage-positive population. No difference was de-
tected between AG, GG, and N ES cell reconstituted recipients.
ANOVA was performed with « =0.050, and normality tests
were passed (P > 0.050). The P values were as follows: B220
total, P = 0.087; B220GEP, P = 0.126; Gr-1 total, P = 0.228; Gr-
1GFP, P = 0.635; Terl19 total, P = 0.304; Gr-1/GEP, P = 0.165;
CD4GFP, P = 0.077. For CD4 total, Kruskal-Wallis ANOVA on
ranks was applied, P = 0.803.

within a chimera, or if uniparental cells have the intrin-
sic capacity to undergo hematopoietic commitment, we
ascertained hematopoietic in vitro differentiation of uni-
parental ES cells using established protocols for murine
ES cells (Kennedy and Keller 2003). Specifically, we ana-
lyzed the formation of committed hematopoietic pro-
genitors at day 6 of ES cell differentiation by plating ES
cell derivatives at this stage in methylcellulose media
containing a mix of hematopoietic cytokines that en-
abled us to evaluate the formation of primitive erythroid,
definitive erythroid, megakaryocyte, macrophage, and
multilineage colonies. Both uniparental maternal (GG
line 1; three PG ES cell lines, PG lines 1-3) and a paternal
(AG line 3 [MMY], previously characterized for imprint-
ing-related phenotypes) (McLaughlin et al. 1997) ES cell
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lines showed commitment to the same hematopoietic
progenitor types in vitro as the N ES cells (N ES line 2)
(Hooper et al. 1987), which was consistent with previous
observations (Kennedy and Keller 2003). Similar num-
bers of hematopoietic colonies were obtained for N, AG,
GG, and PG ES cell derivatives (N: 10; AG: 13; GG: 14;
PG 1-3: 31; eight and 11 colonies/100,000 cells at day 6
of differentiation).

In vitro hematopoietic derivatives of uniparental ES
cells engraft in adult recipients and contribute
to hematopoiesis in primary and secondary recipients

Ectopic expression of the homeodomain protein HoxB4
in differentiating ES cells has been successfully used to
promote formation of progenitor cells with a definitive
hematopoietic phenotype that exhibits engraftment in
adult recipients (Kyba et al. 2002; Rideout et al. 2002).
We applied this approach to test the capacity of unipa-
rental ES cells to form transplantable hematopoietic pro-
genitor cells in vitro. Using retroviral transduction with
the MSCVHoxB4iGFP vector (Kyba et al. 2002), we in-
troduced the HoxB4 and GFP genes into differentiating
normal (N line 2) and uniparental (AG line 3, PG line 1)
ES cells, and transplanted in vitro generated hematopoi-
etic progenitors into lethally irradiated adult B6129Sv
recipient mice. ES cell-derived progenitors constitu-
tively expressing HoxB4 can provide extensive donor
chimerism in the hematopoietic system of recipients,
with predominantly myeloid engraftment (Kyba et al.
2002; Rideout et al. 2002). We observed contribution of
N, AG, and PG derived cells in primary recipients for >4
mo (N: 5/5 recipients; AG: 4/5; PG: 4/6) (Fig. 3A). FACS
analysis of peripheral blood of recipients demonstrated
mainly monocytic lineage formation (Gr-1-positive cells)
(Fig. 3B), and low levels of lymphocyte formation—CD4/
CD8 (Fig. 3B) and B220 (data not shown)—of ES deriva-
tives of N, AG, and PG origin, as previously observed for
N ES cells (Kyba et al. 2002, 2003; Rideout et al. 2002).
Upon transplantation of bone marrow from primary into
irradiated secondary recipients, N, AG, and PG ES cell
derivatives engrafted and contributed to the hematopoi-
etic system of recipients.

Imprinted gene expression and methylation
in uniparental hematopoietic tissues

HSCs of both AG and GG origin conveyed long-term,
multilineage reconstitution of primary and secondary re-
cipients, implying that both paternal and maternal uni-
parental cells are functionally comparable to cells of nor-
mal origin. To ascertain how imprinting relates to this
observation, we analyzed expression and methylation of
regulatory regions of imprinted genes in uniparental-de-
rived tissue prior to and post-engraftment in adult recipi-
ents. Androgenetic cells isolated from the fetal livers of
individual ES cell chimeras (13.5 dpc; at the stage used
for transplantation) typically had higher transcript levels
of genes preferentially expressed from the paternal allele



Table 1.

Uniparental hematopoietic stem cells

Steady-state hematology of mice reconstituted from N, AG, and GG chimeric fetal liver transplants

Mice reconstituted with chimeric fetal liver from

Hematologic parameter N ES AG ES GG ES Control (no transplant)
White blood cells/microliter 8572 + 1822 6432 + 1614 7215 = 1693 6140 = 2345
Absolute lymphocyte count/microliter 7539 = 1575 5327 + 1375 6035 + 1559 5312 + 1898
Absolute neutrophil count/microliter 813 + 434 998 + 676 1028 = 503 715 = 438
Absolute monocyte count/microliter 220 + 189 101 + 189 152 + 154 114 = 61
Hematocrit 46 £ 3 48 +2 49 + 4 48 £3

Values indicate the mean and standard deviation. The sample size consisted of seven (N ES, GG ES), 12 (AG ES), and four (no
transplant) mice per group, analyzed 4-7 mo post-transplantation. All mice appeared healthy.

No statistically significant difference was detected between values by Kruskal-Wallis One Way ANOVA on ranks. The P values were
as follows: white blood cells, P = 0.104; absolute lymphocyte count, P = 0.128; absolute neutrophil count, P = 0.554; absolute mono-

cyte count, P = 0.193; hematocrit, P = 0.347.

(DIk-1, Igf2, and Peg3) (Fig. 4A, top left) compared with
controls and GG-derived fetal liver cells (Fig. 4A, bottom
left), and lower levels of the maternally expressed Igfor
gene compared with controls (Fig. 4A, top right), consis-
tent with their paternal origin. Gynogenetic cells exhib-
ited the expected allele-specific bias for genes normally
expressed from the paternal allele (DIk-1, Igf2, Peg3) (Fig.
4A, bottom left), but not for the maternally expressed
Igf2r, p57Kip2/Cdknlc, and Meg3/GtI2 genes. Expres-
sion levels of the latter were several-fold lower than the
imprinted, paternal-allele-expressed genes. Uniparental
cells isolated from chimeric fetal liver therefore main-
tain a mostly parent-of-origin-specific expression pattern
of imprinted genes, with some exceptions for genes with
preferential expression from the maternal allele.

For analysis of imprinted gene expression of uniparen-
tal-derived cells in adult recipients, we chose eGFP/CD3

double-positive splenocytes as a defined cell type, and
first identified imprinted genes that are normally ex-
pressed in this cell type by microarray analysis of normal
eGFP/CD3 double-positive splenocytes. Analysis crite-
ria indicated that only a few imprinted genes examined
were expressed at a significant level (Supplementary
Table 3). Using quantitative real-time RT-PCR, we mea-
sured expression of these imprinted genes in eGFP/CD3
double-positive splenocytes from recipients with periph-
eral blood of entirely AG or GG ES cell origin. No ex-
pression bias—for example, no difference between AG-
and GG-derived cells—was detected for the maternally
expressed Ube3a, 1gf2r, Meg3/Gtl2 and the paternally
expressed impact and U2af1-rs1 genes (Fig. 4B); however,
relative expression levels for all genes except U2af1-rs1
were very low. It is difficult to define whether the pres-
ence of transcripts of imprinted genes that would be ex-

Figure 3. Engraftment and differentiation of

in vitro derived hematopoietic progenitors
from N, AG, and PG ES cells in irradiated
recipients. (A) The percent GFP-positive, ES
cell-derived cells in the peripheral blood of
recipients at indicated time points post-trans-
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% GFP* % GFP* % GFP*
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plantation. (N) N line 2 (E14) (Hooper et al.
1987); (AG) AG line 3 (MM9) (McLaughlin et
al. 1997); (PG) B6129F1 PG ES cell line 1. The
range of contribution of N-, AG-, and PG-de-
rived cells is similar to previous observations
(Kyba et al. 2002). In a different experiment,
PG line 1-derived cells were also transplanted
into Rag2 /-, yC~/~ recipient mice (Mazurier
et al. 1999), and exhibited contribution levels
of up to 95% of the peripheral blood of recipi-
ents (data not shown). (B) FACS analysis of
peripheral blood of representative recipient
mice at 20 wk (N; AG) and 13 wk (PG) post-
transplantation. The fluorescence intensity
of GFP (marking ES cell-derived cells) is indi-
cated on the X-axis, the fluorescence inten-
sity of differentiation markers (myeloid: Gr-1;
T-cell: CD4/CDS8) is indicated on the Y-axis.
Numbers represent the percentage of GFP-
positive donor cells that express the respec-
tive differentiation antigen.

GENES & DEVELOPMENT 413



Eckardt et al.

Figure 4. Expression and methylation of A s 0005 —

imprinted genes in donor cells. (A) Relative

expression of imprinted genes in FACS EN1FL2

sorted, eGFP-positive ES cell-derived fetal MAGTFL8

liver cells from individual AG, N, and GG 0.015 0.0015 W AGTFL10

ES cell chimeras and from an eGFP trans- CAG2FL1

genic normal fetus (TG). The expression W AG2FL2

levels indicated are relative to B-actin. Each

color-coded bar represents gene expression 01005 28005

in FACS-sorted eGFP-positive cells isolated 0 e EI . M

from the fetal liver (FL) of individual fe- DIk1 Igf2 Peg3 lgf2r  p57Kip2/Cdknic Meg3/Gtl2

tuses. AG1, AG2, and GGI indicate the ES o o

cell line used for chimera generation. (Left ) } ETGFL

panels) Genes with bias for expression from N1 FL2

the paternal allele. (Right panels) Genes _ BGG1FL1
. . . 0.008 0.002

with preferential expression from the ma- WGG1 FL2

ternal allele. (*) No data. (B) Imprinted gene ‘

expression in AG and GG ES cell-derived 0004 0001

CD3/eGFP-positive splenocytes isolated ’ '

from four adult recipients by FACS sorting. |

The expression levels shown are relative to 5 o

B-actin. AG1, AG2, and GG1 indicate the DIk1 g2 Peg3 igfor  p57Kip2/Cdknic Meg3/Gti2

ES cell origin of splenocytes. The genes ana- B

lyzed included the maternally expressed 0.003 0.09 B AGH

Igfor, Ube3, and Meg3/GtI2 (left side of W AG2

panel), and the paternally expressed Impact mTe

and U2af2-rs1 (right side of panel). (C) Con- 0.06 -

served methylation status of the H19 differ- 010015 o

entially methylated region in bone marrow

cells of recipients with entirely AG- or GG- 0.03

derived hematopoietic systems. Bisulfite se- -

quencing of the 5’ upstream region of the ﬂ

HI19 gene (pos. -4413 to -3976; see sche- O Fgfr  Ubeda -G%* T 0 1oaH-rel

matic representation bottom right). This re-

gion is part of the imprinting control region c

that regulates reciprocal allele-specific ex- Sa1ee Ge

pression of the H19 and Igf2 genes. In nor- b o IEErew

mal tissues, the paternal allele is methylat- e o - [ e

ed, and the maternal allele is unmethylated. o—oio0o oo H0—0—0—0—0—

Bone marrow from two recipients (R) with 5 --5—0—0 o0l 0—0-0—0-0— | o0—0-0-—0—

entirely AG-derived hematopoietic systems - R B [

(AG1 R6, AGI1 recipient 6; and AG2 R3, SR PR R [0—0—0—0-0—

AG2 recipient 3), and from two recipients —0—0—0-0—0—0-fo—0}-0—0—0—0—0— Lo—o0—o0—o0-o0—

with GG-derived hematopoietic systems AG IERTEN

(GG 1, recipients 2 and 7) was analyzed. AG1R6 2o ooo—

Each line represents a single clone. Clones

derived from AG tissue exhibit a high de- *0-909000000 09 - /ﬁ@_-_“

gree of methylation, whereas clones from —e o009 oo ol oo s o 441310 3976 e

GG tissue are unmethylated, indicating e . —

conservation of parent-of-origin-specific > @ motyitea Coo D GTCF: binding site core motl

methylation marks.

pected to be silenced in AG or GG cells reflects normal
basal low-level expression or tissue-specific modulation,
or relaxation of the allele specificity of expression. Al-
lele-specific expression of imprinted genes typically does
not occur in an all or none pattern, with detectable, al-
beit lower, expression from the silenced allele (Szabo and
Mann 1994, 1995a,b; Matsuoka et al. 1996; Burns et al.
2001).

Analysis of methylation of the imprinting regulatory
region located 5’ of the H19 gene showed maintenance of
parent-of-origin-specific marks in bone marrow cells of
recipients with peripheral blood of entirely AG or GG ES
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cell origin (Fig. 4C). Similarly, we detected an absence of
methylation at CpG islands of the differentially methyl-
ated region (DMR|) 1 of the Snrpn gene in the AG ES cell
lines, and in AG-derived cells in the peripheral blood of
recipients, which is consistent with maintenance of
male germline specific imprints (Supplementary Fig.
4A). For the DMR2 of the Igf2r gene, we observed differ-
ences between AG ES cell lines: In two of three lines
used (AGI, AG3), this region was not methylated, as
expected, but some clones derived from AG line 2 exhib-
ited a substantial degree of methylation (Supplementary
Fig. 4B). Peripheral blood of recipients with hematopoi-



etic systems derived from cells of the unmethylated AG
line 1 had several clones (4/14) that were methylated,
indicating a change in methylation between ES cells and
their engrafted derivatives. Both the Snrpn DMRI1 and
the Igf2r DMR2 were hypomethylated in the GG ES cell
line 1 and in its derivatives in recipients, and thus not
consistent with the maintenance of maternal-specific
methylation marks, but also not associated with changes
between ES cells and their derivatives (Supplementary
Fig. 4A,B). In summary, it appears that one locus that is
typically prone to methylation changes (H19/Igf2) main-
tains fidelity of parent-of-origin-specific marks in recipi-
ents. For two other loci (Snrpn; Igf2r), we observe het-
erogeneity in methylation, with mostly conserved pat-
terns in AG ES cells, some unexpected methylation in
AG-derived hematopoietic cells, but a complete absence
of maternal-specific methylation in GG cells.

Discussion

We provide evidence that both gynogenetic and andro-
genetic cells form functional HSCs by demonstration of
long-term, multilineage reconstitution of primary and
secondary recipients with uniparental-derived fetal liver
cell transplants. The capacity of uniparental ES cells to
differentiate into adult repopulating hematopoietic pro-
genitors in vitro, when genetically modified to express
HoxB4, reveals that the ability of uniparental ES cells to
commit to hematopoiesis is intrinsic and does not re-
quire codevelopment in vivo with normal cells such as
in a developmental chimera. Formation of several cell
types in vitro has been shown for nonhuman primate
parthenogenetic ES cells (Cibelli et al. 2002), and parthe-
nogenetic ES cell-derived dopaminergic neurons can sur-
vive in a transplantation model (Sanchez-Pernaute et al.
2005), although whether these cells can functionally in-
tegrate is uncertain. Our findings provide evidence that
transplanted uniparental cells can proliferate in and even
replace an adult organ, substantiating the concept of us-
ing derivatives of uniparental ES cells for transplanta-
tion. The success in repopulating adult tissue with an-
drogenetic tissues contrasts with their developmental
limitations and establishes that they are a potential
source of patient-derived transplantation tissue.

Studies on postnatal uniparental chimeras reveal that
uniparental cells are limited in their contribution to cer-
tain adult tissues and organs, both quantitatively and
functionally (Mann et al. 1990; Jagerbauer et al. 1992;
Allen et al. 1995; Narasimha et al. 1997). The analysis of
parthenogenetic ES cell chimeras has indicated some ca-
pacity of parthenogenetic cells for normal hematopoietic
maturation in adult chimeras, however, at low contribu-
tion levels to the hematopoietic system (<10%) (Sturm et
al. 1997). Androgenetic cell contribution to postnatal
chimeras is severely restricted and frequently associated
with lethality (Mann et al. 1990; Mann and Stewart
1991; Narasimha et al. 1997). Here, we did not observe a
limit in the contribution of either uniparental cell type
to the hematopoietic system and cell types thereof, with
replacement of the whole organ in some recipients. An

Uniparental hematopoietic stem cells

explanation could be that transplantation of fetal-stage
uniparental cells into the adult bypasses developmental
stages when abnormal expression of imprinted genes be-
comes particularly consequential, such as those involved
in regulation of fetal and perinatal growth (Eggen-
schwiler et al. 1997; McLaughlin et al. 1997; Smith et al.
2006). This would be consistent with the observation
that postnatal uniparental chimeras that survive wean-
ing stabilize with respect to the manifestation of im-
printing-related defects (Mann et al. 1990; Narasimha et
al. 1997; Sturm et al. 1997). It is also conceivable that in
some tissues or organs, a very large contribution of uni-
parental cells may be compatible with their normal de-
velopment and function. In androgenetic chimeras, this
would not be observed due to prior lethal effects in tis-
sues that are susceptible to imprinting-related defects. In
adult parthenogenetic mouse chimeras, despite higher
levels of contribution, an entire contribution of parthe-
nogenetic cells to specific tissues or organs has not been
described (Fundele et al. 1989, 1990; Jagerbauer et al.
1992; Sturm et al. 1997). The question as to whether
uniparental cells can form other adult organs could be
broadly tested by tissue replacement of various adult tis-
sues using uniparental cells.

Unbalanced expression of imprinted genes such as oc-
curs in uniparental embryos and cells and those with
uniparental duplication of imprinted chromosome re-
gions is associated with fetal, perinatal, and postnatal
defects and lethality (Solter 1988; Cattanach et al. 2006).
While imprinting persists in the adult, understanding of
its role in normal adult tissues and organs is minimal
(Wood and Oakey 2006). Allele-specific expression of
various imprinted genes is often regulated in a develop-
mental- and tissue-specific manner (Latham 1995). In the
adult, allele-specific expression of imprinted genes can
be restricted to cell types or regions within tissues, such
as seen for Ube3a, for which maternal-specific expres-
sion occurs in certain neurons and subregions of the
brain (Albrecht et al. 1997), while other regions of the
CNS and several somatic tissues express the gene in a
biallelic manner. Imprinting in the mammalian hemato-
poietic system has almost exclusively been studied in
the human, particularly in respect to the imprinted in-
sulin-like growth factor II (IGF2) gene and the loss of
imprinting associated with tumorigenesis. In human
blood mononuclear cells, IGF2 is usually expressed
monoallelically from the paternal allele. A study on pa-
tients with malignant lymphoma revealed that abnormal
biallelic expression of IGF2 was not only observed in
patients with tumors, but also in up to 20% of healthy
controls (Vorwerk et al. 2003), suggesting that both
mono- and biallelic expression is compatible with nor-
mal hematopoiesis. Biallelic expression of IGF2 occurs
in bone marrow and activated lymphocytes, putatively
associated with developmental stages or proliferation
(Morison et al. 2000; Hofmann et al. 2002). It therefore
appears that considerable variation in the expression and
parental allele-specificity of expression of imprinted
genes can be associated with normal hematopoiesis. The
unique report of a human patient with blood leukocytes
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entirely of uniparental maternal origin (Strain et al.
1995) and our observations on hematopoietic engraft-
ment and differentiation of murine gynogenetic and an-
drogenetic cells suggest that the hematopoietic system is
either extremely flexible with respect to the conse-
quences of the presence of two maternal or two paternal
genomes, or that imprinting in uniparental hematopoi-
etic cells becomes relaxed to a degree that permits stem
cell formation and subsequent differentiation into pro-
genitors and differentiated cell types.

We observe that expression and parent-of-origin-spe-
cific methylation marks of imprinted genes are mostly
conserved in androgenetic ES cells and their fetal deriva-
tives, and that methylation patterns remain consistent
with androgenetic origin at two of three loci analyzed in
androgenetic cells in adult recipients. In contrast, gyno-
genetic ES cells exhibit loss of the maternal-specific
methylation mark at two of three imprinted loci, and
this hypomethylation remains in gynogenetic cells in
adult recipients. Considerable epigenetic variability of
ES cells and their fetal and postnatal derivatives has been
described, but the functional consequences of this vari-
ability are unclear. Both abnormal fetal phenotypes
(Dean et al. 1998) and lack of detectable abnormalities in
postnatal animals (Humpherys et al. 2001) have been re-
ported for derivatives of ES cells from fertilized embryos.
For uniparental ES cell lines, parthenogenetic ES cell
lines are more prone to lose imprinting-related gene ex-
pression and phenotype, while androgenetic ES cell lines
exhibit higher fidelity of parent-of-origin characteristics
(Mann 1992; Szabo and Mann 1994; Sturm et al. 1997;
Hernandez et al. 2003), similar to our observations. De-
spite some variability observed in methylation of the
Igf2r locus in one of the androgenetic ES lines and in
gene expression patterns of androgenetic fetal liver cells,
the phenotype of fetal (overgrowth, malformations, le-
thality) and postnatal (neonatal lethality, rib cartilage
defects, polydactyly) (data not shown) chimeras gener-
ated with the androgenetic ES cell lines used in this
study was consistent with the maintenance of functional
outcomes of imprinting in androgenetic lines. Ulti-
mately, for both paternal and maternal uniparental ES
lines tested, we observed no difference in the effective
repopulation of adult hematopoiesis. Although the sig-
nificance of imprinting for hematopoiesis is undefined
and we have only examined a subset of imprinted loci,
our findings support the notion that there is considerable
flexibility or tolerance in relation to variations in im-
printed gene expression and methylation in the hemato-
poietic system of the adult.

The proposed use of uniparental (parthenogenetic) (Ci-
belli et al. 2002) ES cells for cell-based replacement
therapies requires demonstration of immune compatibil-
ity and functionality while not conveying undesired pa-
thologies. It has been verified that parthenogenetic ES
cell lines can be generated with the full complement of
major histocompatibility complex antigens (Kim et al.
2006), and the same should apply to androgenetic and
gynogenetic lines. Our observations during long-term
engraftment of androgenetic and gynogenetic cells in
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adults do not indicate malignancies or proliferation de-
fects of uniparental cells. Adult cells, however, are typi-
cally not subject to the influence of fetal growth factors
such as IGF-II that have been implicated with pro-
liferation defects and malignant transformation in fetal
fibroblasts (Hernandez et al. 2003). In adult gynogenetic
chimeras, we have not detected a propensity for tumori-
genesis (data not shown). Although the engrafted unipa-
rental-derived hematopoietic cells appear normal, it can-
not be excluded that the observed variant imprinted gene
expression may cause problems in other transplanted tis-
sues types. Characterization of the ability to safely trans-
plant various cell types will be required to determine the
broader therapeutic applicability of uniparental ES cell
derivatives. Indirectly, this will be also valuable as a
model to evaluate the role of genomic imprinting in
adults.

Materials and methods

ES cell lines and chimeras

Animals were maintained and used for experimentation accord-
ing to the guidelines of the Institutional Animal Care and Use
Committee of the University of Pennsylvania. AG embryos
were produced by pronuclear transplantation (McGrath and
Solter 1983) of the paternal pronuclei of zygotes from an inter-
cross between C57BL/6NTac x C3H F1 females (Taconic;
#B6C3F1; abbreviated B6C3) and eGFP transgenic C57BL/6-
TgN (ACTbEGFP) 10sb males (Jackson Laboratories; #003291;
abbreviated B60sb) (Okabe et al. 1997) into zygotes from a
B6C3 x 129S1/SvIm] (Jackson Laboratories #002448; abbrevi-
ated 129S1) intercross, from which the maternal pronuclei had
been removed. GG embryos were produced by transplantation
of the maternal pronuclei of zygotes from a 129S1 x ICR
(Taconic #ICR) intercross into zygotes from a B60sb x ICR in-
tercross, from which the paternal pronuclei had been removed.
Embryos were cultured to the blastocyst stage in «-MEM
(Sigma) supplemented with BSA (Pentex). Zona-free e GFP-posi-
tive blastocysts were placed on feeder fibroblasts, and ES cell
lines were derived from outgrowths under standard conditions.
N ES cell lines were derived from eGFP-positive blastocysts
from a 129S1 x B60sb intercross. Only uniparental embryos but
not the donor zygotes could both be eGFP transgenic and ex-
press the A-form of GPI-1 that is distinct to the 12951 strain (all
other strains and outbred ICR males: GPI-1 bb), enabling un-
equivocal verification of the uniparental origin of ES cell lines.
Parthenogenetic ES cells (B6129F1) were derived as described
(Mann 2001), with the modification that oocytes were activated
using 10 mM SrCl,.

The ability of ES cell-derived fetal liver cells to reconstitute
irradiated adult recipients has been shown (Forrester et al.
1991). ES cell chimeras were produced by injection of ES cells
into C57BL/6NTac (Taconic #B6, abbreviated B6) or B6C3 x B6
hybrid blastocysts, and embryo transfer into pseudopregnant
ICR females. Fetuses were recovered at 13.5 dpc (AG) or at 14.5
dpc (GG and N ES). Uniparental and N ES cell lines were het-
erozygous for the alleles encoding the A and B electrophoretic
forms of GPI-1, or homozygous for the A-encoding allele (AG ES
line 3) (McLaughlin et al. 1997), and blastocysts were homozy-
gous for the allele encoding the B form, permitting detection
and quantification of ES cell-derived cells by GPI-1 isoenzyme
electrophoresis. Standard curves for GPI-1 analysis were ob-



tained by mixing peripheral blood from mice carrying different
Gpi-1 alleles at known ratios.

Real-time RT-PCR

The eGFP-positive cell population from fetal livers from indi-
vidual midgestation chimeras, and eGFP and CD3 double-posi-
tive cells from the spleens of recipients were collected using a
FACSVantage Sort (BD Pharmingen). RNA was extracted using
RNeasy columns (Qiagen). Eighty nanograms of total RNA were
reverse-transcribed using Dynabeads (Dynal), resulting in bead-
coupled ¢cDNA libraries (Mann et al. 2003). Real-time PCR on
Dynabead libraries was performed on a Roche LightCycler using
LightCycler FastStart DNA Master SYBR Green I (Roche). The
oligonucleotide sequences were Igf2r, 5-TAGTTGCAGCT
CTTTGCACG-3’' and 5-ACAGCTCAAACCTGAAGCG-3’;
p57Kip2/Cdknic, 5'-TTCAGATCTGACCTCAGACCC-3' and
5-AGTTCTCTTGCGCTTGGC-3'; Meg3/GtiI2, 5'-TTGCACA
TTTCCTGTGGGAC-3' and 5-AAGCACCATGAGCCACTA
GG-3'; DIk-1, 5'-CTGGCGGTCAATATCATCTTCC-3' and
5. GAGGAAGGGGTTCTTAGATAGCG-3'; Igf2, 5'-CTAAGA
CTTGGATCCCAGAACC-3' and 5'-GTTCTTCTCCTTGGGT
TCTTTC-3’; Peg3, 5'-TAGTCCTGTGAAGGTGTGGG-3" and
5'-GTAGGGATGGGTTGATTTGG-3'; Ube3a, 5'-CACATA
TGATGAAGCTACGA-3' and 5-CACACTCCCTTCATATT
CC-3'; Impact, 5'-ACGTTTCCCCATTTTACAAG-3' and 5'-
CTCTACATATGATTTTCTCTAC-3'; Ulafi-rsi, 5-TAAG
GCAGCACCACTTGGAC-3' and 5-TAAGGCAGCACCACT
TGGAC-3'; and B-actin, 5-GATATCGCTGCGCTGGTCG
TC-3’ and 5'-ACGCAGCTCATTGTAGAAGGTGTGG-3'.

Fetal liver transplants

Single-cell suspensions of fetal livers from chimeras were in-
jected into lethally irradiated (9.5 gy, Cesium 137 source) adult
hybrid mice between B6 and 129S6/SvEv (B6129 Hybrid mice;
Taconic #B6129; named B6129Sv; Gpi-1 alleles bc) mice via the
lateral tail vein (0.6 x 10° to 3 x 10° fetal liver cells per recipi-
ent). For secondary reconstitutions, bone marrow harvested
from tibiae and femora of primary recipients was injected into
the lateral tail vein of lethally irradiated (9.5 gy) B6129Sv mice.

Flow cytometry and peripheral blood hematology

Cells were stained with phycoerythrin (PE), PE-Cy5, and biotin-
conjugated monoclonal antibodies specific for lineage markers
including CD4 (L3T4), CD8 (Ly-2), CD45R/B220, Ly-6G (Gr-1),
Terl119/Ly-76, and IgM (Igh-6b). Biotinylated antibodies were
detected using a secondary streptavidin-PE-Cy5 conjugate. All
antibodies were obtained from BD Pharmingen. Cells were ana-
lyzed on a BD LSR. Peripheral blood hematology was performed
as previously described (Bunting et al. 2002).

Bisulfite sequencing

Genomic DNA isolated from bone marrow cells was digested
with Xhol and treated with sodium bisulfite as described (Clark
et al. 1994). Bisulfite-treated DNA was amplified by seminested
PCR under standard conditions using ExTaqg Hot Start Version
(TaKaRa). Oligonucleotide sequences were 1401F (5'-TTTT
GAATTATTATAAGGAA-3') and 2159R (5'-ATCAAATATC
CTCATAAATA-3') for primary PCR, and 1401F and 1842R (5'-
ACAACCCTAATCTTTACACA-3’) for secondary PCR. The
amplified DNA fragment was subcloned into a pGEM-T Easy
vector (Promega) for sequencing.

Uniparental hematopoietic stem cells

In vitro hematopoietic differentiation

Methylcellulose colony-forming assays in medium supplied
with a cytokine cocktail (M3434; StemCell Technologies) were
performed after 6 d of ES cell differentiation as described
(Kennedy and Keller 2003).

For transplantation, ES cells were differentiated for 6 d, then
transduced with MSCVHoxB4iGFP and cultured on OP9 stro-
mal cells for 12 d as described (Kyba et al. 2002, 2003; Rideout
et al. 2002). Differentiated cells were transplanted into lethally
irradiated (9.5 gy), NK-depleted (i.p. injection of Anti-asialo
GM1 [Wako] 24 h prior to transplant) B6129Sv mice.

Statistical analysis

One-way analysis of variance (ANOVA) and Kruskal-Wallis
ANOVA on Ranks were applied using SigmaStat software.
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