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Uniparental zygotes with two paternal (androgenetic, AG) or two maternal genomes (gynogenetic, GG) can-
not develop into viable offsprings but form blastocysts from which pluripotent embryonic stem (ES) cells
can be derived. For most organs, it is unclear whether uniparental ES cells can give rise to stably expandable
somatic stem cells that can repair injured tissues. Even if previous reports indicated that the capacity of AG ES
cells to differentiate in vitro into pan-neural progenitor cells (pNPCs) and into cells expressing neural mark-
ers is similar to biparental [normal fertilized (N)] ES cells, their potential for functional neurogenesis is not
known. Here we show that murine AG pNPCs give rise to neuron-like cells, which then generate sodium-driven
action potentials while maintaining fidelity of imprinted gene expression. Neural engraftment after intracere-
bral transplantation was achieved only by late (22 days) AG and N pNPCs with in vitro low colony-forming
cell (CFC) capacity. However, persisting CFC formation seen, in particular, in early (13 or 16 days) differen-
tiation cultures of N and AG pNPCs correlated with a high incidence of trigerm layer teratomas. As AG ES
cells display functional neurogenesis and in vivo stability similar to N ES cells, they represent a unique model
system to study the roles of paternal and maternal genomes on neural development and on the development of

imprinting-associated brain diseases.
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INTRODUCTION

Pluripotent stem cells are invaluable tools for study-
ing cell and tissue differentiation. They can be isolated
from different sources including the embryonic inner cell
mass (ICM), primordial germ cells, epiblast, and repro-
grammed somatic cells (iPS cells) (14). Pluripotent stem
cells can also be derived from the genetic information
of paternal or maternal gametes exclusively. Uniparental
embryos with two maternal genomes [gynogenetic (GG)
or parthenogenetic (PG)] or two paternal genomes
[androgenetic (AG)] have been experimentally generated
in several mammalian species, including mouse [AG/GG

(36,46) and PG (23)], long-tailed macaque fascicularis
[PG (10)], and human [PG (30,35,43)]. While some ver-
tebrate species such as lizards and snakes can reproduce
successfully by parthenogenesis, mammalian uniparental
embryos, although able to give rise to embryonic stem
(ES) cells, do not develop into viable offspring due to cell
autonomous defects as a result of unbalanced parent-of-
origin-specific gene expression (39). Deregulated expres-
sion of imprinted genes, by either genetic or epigenetic
alterations, can cause developmental abnormalities and
cancer. In the brain, more than 1,300 transcripts are
imprinted (1,15,24,50), implying that balanced expression
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of imprinted genes is critical to brain development and
function. Indeed, altered imprinting in the brain results
in developmental and behavioral disorders (13,51). It is
therefore not surprising that earlier analyses in a murine
chimera model reported cell autonomous differences in
the differentiation properties of AG and PG cells (29).
Due to the severe phenotype of AG ES cells chimeras
and due to the absence of primate and human AG ESCs
(2,36,47), the developmental potential of AG ES cells
has not been analyzed in detail. Our recent findings,
however, indicated an equivalency of bi- and uniparental
AG ES cells, as both normally fertilized (N) and AG ES
cells underwent in vitro and in vivo development into
hematopoietic and neural cell types including dopamin-
ergic neurons (9,17,19).

To further address the tissue-specific differentiation
potential for neural tissues, we determined the capac-
ity of AG ES cells to undergo in vitro differentiation
into functional neurons. Using a stereotactic transplan-
tation paradigm, we assessed the safety and engraftment
potential of AG ES-derived neural progenitor cells in
vivo.

MATERIALS AND METHODS
ES Cell Culture

AG (AGA2,AGB6), N (wtB1) enhanced green fluores-
cent protein (eGFP) transgenic male murine ES cells used
in this study have been previously described (17,20). V6.5
wild-type male murine ES cells were purchased from Open
Biosystems, Thermo Scientific (St. Leon-Rot, Germany).
AG and N ES cells were cultured on Mitomycin C-treated
primary self-isolated murine embryonic fibroblasts (MEFs;
Mitomycin-C from Sigma-Aldrich, Steinheim, Germany)
in ESC growth medium, which consisted of Dulbecco’s
modified Eagle’s medium (DMEM) (PAA Laboratories,
Colbe, Germany) supplemented with 15% ES cell-tested
fetal calf serum (FCS) (PAA), leukemia inhibitory fac-
tor (LIF)-conditioned DMEM (PAA), 1% non-essential
amino acids (PAA), penicillin/streptomycin (100 U/ml)
(PAA), 2 mM L-glutamine (PAA), 1 mM sodium pyruvate
(PAA), and 0.1 mM B-mercaptoethanol (Sigma-Aldrich,
Taufkirchen, Germany), as previously described (17). ES
cells used for in vitro differentiation and transplantation
experiments were at passages 20—40.

Generation and Differentiation of pNPCs

ES cells were differentiated into neural lineages as
described (6,25,40). For neural differentiation, MEFs
were separated from ES cell cultures using differential
adhesion. 1.5x10° ES cells were resuspended in 10 ml
DMEM supplemented with 10% (v/v) FCS, 1% (v/v) non-
essential amino acids, penicillin/streptomycin (100 U/ml),
2 mM L-glutamine, 1 mM sodium pyruvate, and 0.1 mM
B-mercaptoethanol and plated on nonadherent Petri
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dishes (Greiner Bio One, Essen, Germany). After 5 days,
embryoid bodies (EBs) were transferred to tissue culture
plates (NUNC, Wiesbaden, Germany) and cultured in
neural selection medium ITS/Fn consisting of DMEM/
Ham’s F-12 (PAA), penicillin/streptomycin (100 U/ml),
2 mM L-glutamine, human transferrin (50 g/ml) (Sigma-
Aldrich), 30 nM sodium selenite (Sigma-Aldrich), insu-
lin (5 g/ml) (Sigma-Aldrich), and fibronectin (2.5 pg/
ml) (Sigma-Aldrich). After 4 days, cells were trypsinized
(Sigma-Aldrich), triturated, and further cultivated on
polyornithine- and laminin-coated dishes (Sigma-Aldrich)
for 4 days in N3 medium (Gibco-Invitrogen, Karlsruhe,
Germany) supplemented with 50 ng/ml fibroblast growth
factor-2 (FGF2) (PeproTech, Hamburg, Germany) in
DMEM/Ham’s F-12. Pan-neural progenitor cells (pNPCs)
were passaged every third day up to 22 days.

For induction of neuronal differentiation, day 16
pNPCs of AG and N origin were plated on poly-D-
lysine (PDL, Sigma-Aldrich) coated 12-mm cover slips
(Menzel, Braunschweig, Germany) in four-well plates
(NUNC) at a density of 44,000 cells/cm? and grown in
500 wl of Neurobasal medium (Invitrogen, Karlsruhe,
Germany) supplemented with 2 mM L-glutamine, peni-
cillin/streptomycin (100 U/ml), and 2% B27 supplement
(Invitrogen) for 7 days (D7) or 14 days (D14). Half of
the medium (250 ul) was substituted with fresh medium
every 48 h.

Immunofluorescence Staining in Cell Culture

Cells were washed twice with ice-cold phosphate-
buffered saline (PBS, Sigma-Aldrich, pH 7.4), fixed in
4% paraformaldehyde-PBS (Sigma-Aldrich) for 15 min,
permeabilized with 0.2% Triton-X (Sigma-Aldrich) in
PBS for 10 min, and blocked for 30 min with 10% normal
horse serum (NHS) in PBS (Jackson Immunoresearch,
Hamburg, Germany). The cells were incubated in pri-
mary antibody solution (1% NHS in PBS with primary
antibodies) for 60 min, rinsed three times in PBS, and
incubated with the secondary antibody solution (1% NHS
in PBS with secondary antibodies) for 60 min. Finally,
the cells were rinsed three times in PBS and embedded
in an anti-bleaching Mowiol reagent with 300 nM 4’,6-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich).

The following antibodies were used: mouse mono-
clonal anti-microtubule associated protein-2 (MAP-2;
1:200, Millipore, Schwalbach, Germany), mouse mono-
clonal anti-nestin (1:500, BD Pharmingen, Heidelberg,
Germany), rabbit polyclonal anti-synapsin (1:500, Synaptic
Systems, Gottingen, Germany), guinea pig polyclonal anti-
Tau (1:500, Synaptic Systems), cyanine 3 (Cy3)-labeled
goat anti-rabbit, Cy3-labeled goat anti-mouse, Dylight
596-labeled goat anti-guinea pig, Dylight 649-labeled goat
anti-rabbit, Dylight 649-labeled goat anti-mouse (1:500,
Jackson ImmunoResearch).
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Image Acquisition, Image Processing

Cell culture samples and brain sections were photo-
graphed with a Leica LSM TCS SP5 confocal microscope
(Leica, Wetzlar, Germany). Due to the three-dimensional
distribution of cell processes, Z-stacks with a 0.1-um
interval were combined with the “Z-stack project” func-
tion of ImageJ (MBF “ImageJ for Microscopy”; NIH,
Bethesda, MD, USA). The different color channels were
merged with the “merge channel” function of Image J.

Whole-Cell Patch Clamp Analysis

Cells grown on glass coverslips in neuronal differentia-
tion medium for 14 days were transferred into a recording
chamber and continuously superfused with extracellular
solution containing 125 mM NaCl, 25 mM NaHCO3,
25 mM glucose, 2.5 mM KCl, 1.25 mM NaH,PO,, 2 mM
CaCl,, 2 mM MgCl, (purged by 95% CO_,/5% O,; all from
Sigma-Aldrich). The K*and Na* ion channel antagonists
tetraecthylammonium chloride (TEA, Sigma-Aldrich,
30 mM), or tetrodotoxin (TTX, Sigma-Aldrich, 1 pM),
respectively, were added to the extracellular solution. All
experiments were performed at room temperature using
an EPC 10 double patch clamp amplifier and pulse soft-
ware (HEKA, Lambrecht, Germany). Electrodes were
pulled from thick-walled borosilicate glass and filled
with intracellular solution (140 mM KCl, 10 mM HEPES,
10 mM EGTA, 2 mM Na,ATP, 2 mM MgCl,)) and had
a resistance between 3 and 4.5 MQ. Cells were held in
whole-cell configuration at —80 mV and were discarded if
the series resistance was higher than 25 MQ at the begin-
ning of the measurements.

Analysis of Gene Expression Using
Quantitative RT-PCR

Total RNA was isolated from cultured cells by
using peqGOLD RNAPure (peqlLab Biotechnologie,
Gottingen, Germany). Prior to reverse transcription, RNA
isolates were treated with DNase I (Ambion, Applied
Biosystems, Foster City, CA, USA). RNAs were reverse-
transcribed into cDNAs using Moloney Murine Leuke-
mia Virus (M-MLV) reverse transcriptase (Invitrogen).
Quantitative RT-PCR reactions were performed and
quantified with a Rotor-GeneTM 3000 (Corbett Life
Science, LTF Labortechnologie, Wasserburg, Germany)
using ABsolute QPCR SYBR Green mixes (ABgene,
Hamburg, Germany). Samples were further normal-
ized to B-actin. The identity of PCR products was con-
firmed by melting curve analysis. The calculation of
relative gene expressions in AG cells compared to N was
performed using the 24 method. Primer sequences
for real-time RT-PCR (60°C) were B-actin (forward/
reverse): GAT ATC GCT GCG CTG GTC GTC/ACG
CAG CTC ATT GTA GAA GGT GTG G; delta-like 1
homolog (DIkl): TGT CAA TGG AGT CTG CAA GG/
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AGG GAG AAC CAT TGA TCA CG; H19 [imprinted
maternally expressed transcript (non-protein coding)]:
CAT GTC TGG GCC TTT GAA/TTG GCT CCA GGA
TGA TGT; insulin-like growth factor 2 (1gf2): CTA AGA
CTT GGA TCC CAG AAC C/GTT CTT CTC CTT
GGG TTC TTT C; insulin-like growth factor 2 recep-
tor (Igf2r): TAG TTG CAG CTC TTT GCA CG/ACA
GCT CAA ACC TGA AGC G; Impact: ACG TTT CCC
CAT TTT ACAAG/CTC TAC ATATGA TTT TCT CTA
C; Nanog: TCT TCC TGG TCC CCA CAG TTT/GCA
AGA ATA GTT CTC GGG ATG AA; Nestin: CAG AGA
GGC GCT GGA ACA GAG ATT/AGA CAT AGG TGG
GAT GGG AGT GCT; octamer binding transcription
factor 4 (Oct4): CCG TGA AGT TGG AGA AGG TG/
GAA GCG ACA GAT GGT GGT CT; RNA exonuclease
1 homolog (RexI): GGC CAG TCC AGA ATA CCA GA/
GAA CTC GCT TCC AGA ACC TG; U2 small nuclear
RNA auxiliary factor 2 (U2af): TAA GGC AGC ACC
ACT TGG AC/CAT GGG AAG CCA GCT TAA AC;
ubiquitin protein ligase E3A (Ube3a): CAC ATA TGA
TGA AGC TAC GA/CAC ACT CCC TTC ATATTC C;
maternally expressed zinc finger, imprinted 1 (Ziml):
GAG AAG CCG TAC TGC TGT CA/CTT GCA CCG
GTA CCT GGA GT. Expression analyses of Musashi and
cluster of differentiation 133 (CD133) genes by RT-PCR
(60°C) were performed using QuantiTect Primer Assays
(Qiagen, Diisseldorf, Germany).

Analysis of Gene Expression Using
Semiquantitative RT-PCR

For analysis of genes expressed during neuronal dif-
ferentiation total RNA was isolated from cultured cells
(ESCs, d16 pNPCs and D7 pNPCs) by using TRIzol®
(Invitrogen). Prior to cDNA generation, RNA isolates
were treated with DNase I (Thermo Scientific). RNA
was quantified spectrophotometrically and 1 pg taken
for cDNA synthesis. M-MLV reverse transcriptase was
used for reverse transcription of RNA into cDNA.
Conditions for amplification with Taq Polymerase (HT
Biotechnology, Cambridge, UK) were 94°C, 1 min; 60°C,
30 s; 72°C, 1 min (35 cycles). All reactions were per-
formed on a peqStar 96 universal thermocycler (Peqlab
GMBH, Erlangen, Germany) at 60°C. B-Actin was used
as a control. Primers (Eurofins MWG Operon, Ebersberg,
Germany) used for semiquantitative RT-PCR were 3-actin
(forward/reverse): GAT ATC GCT GCG CTG GTC
GTC/CGC AGC TCATTG TAG AAG GTG TGG; iono-
tropic alpha-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionate glutamate receptor 1 (AMPAI): CAA GTT TTC
CCG TTG ACA CAT C/CGG CTG TAT CCAAGA CTC
TCT G; calcium channel, voltage-dependent, L type, ot 1C
subunit (CaV1.2): ATG AAA ACA CGA GGATGT ACG
TT/ACT GAC GGT AGA GAT GGT TGC; y-aminobutyric
acid (GABA) A receptor, subunit o I (Gaba, o). GTC
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ACC AGT TTC GGA CCA GT/TCA CGG TCA ACC
TCATGG TG.

Bisulfite Sequencing

Bisulfite sequencing of genomic DNA isolated from
ESCs and pNPCs using the DNeasy Tissue Kit (Qiagen,
Hilden, Germany) was performed as described (17,27).
Analysis of sequences and diagram generation was per-
formed using BiQ Analyzer (http://big-analyzer.bioinf.
mpi-sb.mpg.de) (4).

Colony-Forming Cell (CFC) Assay

To investigate the ability to form colonies, ES cells
or pNPCs were cultured under ES cell culture condi-
tions. After dissociation with trypsin, single cell suspen-
sions were plated on 24-well MEF plates (NUNC) at cell
densities of 200-500 for ES cells or 10°~10° for pNPCs.
Cells were cultured for 5 days in ESC growth medium
as mentioned above. The number of ES cell-type alka-
line phosphatase (AP)-active colonies was determined
by staining of fixed cultures with the “leukocyte alkaline
phosphatase” kit (Sigma-Aldrich) according to manufac-
turer’s instructions. AP-positive ES cell-type colonies
were counted and CFC frequencies of ES cell or pNPC
cultures calculated based on the following morphologi-
cal criteria: ES cell colonies on MEF feeders: round,
clear boundary, strong AP staining (11); pNPC type colo-
nies: not clear edged, less AP staining (Supplementary
Fig. 1; http://www.strahlenkunde.uni-wuerzburg.de/ags/
Suppl_material_Wolber_Ahmad_Choi_et_al.htm).

Stereotactic Transplantation

All experiments were approved by and conducted in
accordance with the laws and regulations of the regu-
latory authorities for animal care and use in Lower
Franconia, Germany. The lesions caused by cryogenic
injury are circumscribed and reproducible in size, loca-
tion, and pathophysiological processes (42). Four-week-
old male C57BL6 mice (Charles River Wiga GmbH,
Sulzfeld, Germany) were anesthetized with an intraperi-
toneal injection of ketamine (0.1 mg/g; Ketanest 10 mg/
ml: Pfizer-Pharma, Berlin, Germany) and xylazine (0.005
mg/g; Rompun 2%: Bayer Health Care, Leverkusen,
Germany). The parietal skull was exposed through a
scalp incision, and a freezing lesion was placed on the
right parietal cortex (coordinates from bregma: 1.5 mm
posterior, 1.5 mm lateral). As previously described (42),
the tip of a home-made cone-shaped copper cylinder with
tip diameter of 2 mm was cooled with liquid nitrogen
(—183°C) and stereotactically placed (stereotaxic appa-
ratus: TSE Systems, Bad Homburg, Germany) in direct
contact with the exposed parietal skull for 60 s. One week
after setting of the lesion, mice were reanesthetized with
ketamine-xylazine. Stereotactic injections into three sites
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surrounding the primary lesion were performed through
a burr hole on three sites on the right brain hemisphere
using the following coordinates from bregma: 1 mm,
2 mm, or 3 mm posterior; 1.5 mm lateral; 1.5 mm ventral
from the surface of the dura. A 1-ul volume of the ES
cell (1,000 cells/ul) or the pNPC (100,000 cells/ul) sus-
pension in Hank’s balanced salt solution (Sigma-Aldrich)
was slowly injected into each site over 2 min by using
a 5-ul Hamilton microsyringe (Hamilton, Reno, NV,
USA), and the needle was gradually withdrawn over a
period of 4 min. After transplantation, the scalp incision
was sutured (5-0 Prolene, Ethicon, Johnson & Johnson,
Livingston, UK), and the mice returned to their home
cages. Recipients were monitored daily. Animals with
any abnormalities were sacrificed immediately, and the
brains were removed for histological analysis. All ani-
mals receiving grafts of ES cells, day 13 or day 16 pNPCs
were sacrificed within 1 month posttransplant. Symptom-
free animals with day 22 pNPC grafts were allowed to
survive 3 months posttransplantation. At this point, mice
were deeply anesthetized with ketamine—zylazine solu-
tion and a 20-ml volume of PBS followed with a 20-ml
volume of 4% (w/v) paraformaldehyde (Applichem,
Darmstadt, Germany) in PBS was perfused intracardially
before removal of the brain.

Histology and Immunofluorescence Staining
of Brain Cryosections

Brains were postfixed in 4% (w/v) paraformaldehyde
(Applichem) in PBS for 1 day, cryoprotected in 16%
(w/v) glucose (Applichem) in PBS for 2 days, embed-
ded in TissueTek O.C.T. (Sakura Finetek, Heppenheim,
Germany), frozen on dry ice, and stored at—80°C. Sagittal
10-um-thick cryosections of the lesioned and transplanted
right hemisphere were cut with a freezing microtome
(Leica Biosystems, Nussloch, Germany) at —20°C. Every
10th section within the lesioned hemisphere was stained
with hematoxylin—eosin (Sigma-Aldrich) for histologi-
cal analysis of the lesion and engrafted donor material.
Histological analysis was performed on hematoxylin—
eosin stained sections. According to the 2007 guidelines
of Nature Biotechnology teratomas were defined as
tumors with differentiated tissue derived from more than
one germ layer (12). Based on the presence of ectoder-
mal, mesodermal, and endodermal differentiation, tumors
were classified as teratomas with three germ layers (3GL).
These teratomas were large and consisted of differenti-
ated mesoderm (skeletal muscle, cartilage), ectoderm
(neuroectoderm, keratinocytes, or ectodermal cavities),
and endoderm (ciliated epithelium). Teratomas with two
germ layers (2GL) were smaller and consisted of ectoder-
mal and mesodermal derivatives. Additionally observed
tissue clusters consisting of solely neuroectoderm were
classified as neuroectoderm. To assess the survival and
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differentiation of donor cells in transplanted brains, the
engraftment of eGFP-labeled cells was assessed by immu-
nohistochemical staining using a chicken polyclonal
anti-eGFP (1:1,000, Abcam, Cambridge, UK), primary
antibody, and a Cy2-labeled sheep anti-chicken (1:200,
Abcam) secondary antibody.

Differentiated donor cells, neuroectodermal prolifera-
tion, 2GL and 3GL teratomas were assessed by immuno-
histochemical staining. Cryosections were dried for 30 min
at room temperature, boiled in 10 mM sodium citrate buf-
fer pH 6 (Sigma-Aldrich) in a microwave, and cooled
down for 30 min at room temperature. Citrate buffer was
replaced with H O, and slides were washed three times in
PBS. After a 2-h incubation with PBS containing 5% NGS
(normal goat serum, Jackson Immunoresearch) and 0.1%
Triton-X, slides were incubated with the primary antibod-
ies in 5% NGS-PBS over night at 4°C. On the next day,
slides were washed three times in PBS and incubated for
1 h with the secondary antibodies in 5% NGS-PBS. The
slides were rinsed three times in PBS and embedded in an
antibleaching Mowiol reagent with 300 nM DAPI. The
following primary antibodies were used: rabbit polyclonal
anti-cleaved caspase-3 (1:200, Abcam), mouse monoclo-
nal anti-proliferating cell nuclear antigen (PCNA; 1:1,000,
BD Pharmingen), mouse monoclonal anti-stage specific
embryonic antigen 1 (SSEA-1; 1:200, BioLegend, Aachen
Germany), rabbit polyclonal anti-paired box 6 (Pax6;
1:200, Millipore), goat polyclonal anti-vimentin (1:200,
Sigma-Aldrich), rabbit polyclonal, anti-calretinin (1:500,
Synaptic Systems, Gottingen, Germany), and mouse mono-
clonal anti-NeuN (1:500, Millipore, Temecula, CA, USA).
Secondary antibodies were Cy3-labeled goat anti-rabbit,
Cy3-labeled goat anti-mouse, and Cy3-labeled rabbit anti-
goat (1:500, Jackson ImmunoResearch).

Statistical Analysis

Results are presented as mean+SD. Values of p<0.05
were considered statistically significant. Statistical signifi-
cance of the data was assessed by Student’s two-tailed test
for independent samples or with Mann—Whitney U-test for
not normally distributed data. Correlation of in vitro pluri-
potency with teratoma formation were calculated using
Pearson’s test and the teratoma frequencies by Fischer
exact probability test.

RESULTS
In Vitro Neural Potential of AG ES Cells

To assess their neural in vitro differentiation potential,
AG ES cells were subjected to a multistep differentiation
protocol that induces differentiation of ES cells into pan-
neural progenitor cells (pNPCs) by formation of floating
EBs, followed by EB attachment and pNPC formation
(Fig. 1A, B). >95% of AG and N pNPCs stained posi-
tive for nestin, an intermediate filament that is expressed
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predominantly in neural stem/progenitor cells as well
as endothelial cells (34). Both normal (N, derived from
fertilized embryos) and AG ES cell-derived pNPCs lost
expression of key pluripotency genes such as Oct4,
Nanog, and RexI after neural differentiation (Fig. 1C). In
parallel, following neural induction, differentiated cells
from ES cell cultures initiated the expression of neural
genes such as the neural stem cell marker Prominin-1/
CD133, the neural cell fate regulator Musashi and Nestin
(Fig. 1C). Overall, expression analysis of selected pluri-
potency and neural genes revealed no differences between
AG and N pNPC cultures. Day 22 AG-derived pNPC cul-
tures maintained parent of origin-specific expression of
several imprinted genes involved in brain development.
Genes expressed from the paternal allele, including Igf2
(insulin-like growth factor 2) and DIkl (protein delta
homolog 1), Impact and U2af (U2 auxiliary factor) were
upregulated, while maternally expressed genes such as
Igf2r (insulin-like growth factor 2 receptor), H19 (long
coding RNA), Ube3a (ubiquitin-protein ligase E3A), and
Ziml (zinc finger imprinted 1) were silenced (Fig. 1D).

Allele-specific gene expression entails differentially
methylated regions that carry parental allele-specific meth-
ylation profiles. Therefore, we analyzed methylation of
CpG islands of two imprinting regulatory regions: 1gf2r’s
differentially methylated region 2 (DMR2) and the inter-
genic differentially methylated region (IG-DMR) of Dik]1.
The Igf2r gene is maternally expressed and the DMR2 of
Igf2r, an intronic 3-kb CpG island, is maternally methy-
lated (3). Bisulfite-sequencing analysis showed that CpG
islands in DMR2 of Igf2r in AG pNPCs were predomi-
nantly not methylated, consistent with the maintenance
of parent-of-origin-specific marks (Fig. 1E). Imprinting
of the atypical NOTCH ligand DIk! is controlled by an
IG-DMR positioned between DIkl and the adjacent gene
maternally expressed 3 (non-protein coding) (Gtl2) (48).
The paternally inherited copy is expressed. Consistent
with a paternal origin, AG pNPCs show high-level DIkl
expression and a methylated IG-DMR (Fig. 1E).

AG ES cell-derived pNPCs were subject to neural
differentiation conditions for up to 14 days, followed by
analysis for neural markers, to investigate their differen-
tiation potential. Costaining with the dendritic marker
MAP-2 and the axonal marker Tau showed that cells with
neuron-like morphology in day 14 (D14) differentiation
cultures express markers of postmitotic neurons (MAP-2*
AG cells: 28 +10%; MAP-2* N cells: 30+ 11%, n=3) (Fig.
2A). Presynaptic synapsin-1-positive dots could also be
localized in the vicinity of dendritic processes expressing
MAP-2. Expression of ligand-gated excitatory (AMPAI)
and inhibitory (Gaba,ol) receptors and the voltage-gated
L-type calcium channel (CaV 1.2 subunit) in AG and N
pNPCs and differentiated cultures at day 7 (D7) further
demonstrated the neuronal fate (Fig. 2B).
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Electrophysiological Properties of AG
ES-Derived Neurons

To explore whether AG similar to N pNPC-derived
neuron-like cells develop functional membrane proper-
ties, cells with a neuron-like morphology were analyzed
in whole-cell patch clamp recordings (Fig. 3). In current
clamp (CC) mode, depolarizing step current injections (—50
pAto +130 pA, step size 20 pA) over a 500-ms time period
elicited action potentials with a frequency of up to 20 Hz in
all N- (n=11) and AG- (n=12) derived cells (Fig. 3A). In
voltage clamp (VC) mode, action potentials were induced
via stepwise cell depolarization (—-80 mV to +55 mV, step
size 15 mV) and corresponding voltage-gated Na* and K*
channel currents were measured in both N- and AG-derived
cells (Fig. 3B). When maximum in- and outward currents
for each stimulating voltage were plotted against the stimu-
lation voltage, AG- and N-derived neurons showed typical
neuronal current patterns and similar current/voltage curves
(Fig. 3C). The specificity of inward Na* ion and outward
K* ion currents was verified by selective pharmacological
blockers of sodium (tetrodotoxin) and potassium (tetraeth-
ylammonium) channels (Fig. 3E). The resting membrane
potential of N and AG neurons at day 7 of in vitro pNPC
differentiation ranged from —35 to =70 mV (N: 45 mV, 30
mV (median, range); AG: <41 mV, 15 mV). Other mem-
brane properties such as cell capacity (N: 13 pF, 10.5 pF
(median, range); AG: 8.8 pF, 7.4 pF) and inducible action
potentials (Fig. 3D) were also similar between N and AG
neurons and comparable to membrane properties reported
in neuronal cells directly reprogrammed from fibroblasts
(49). Together this indicates that AG pNPCs do not differ
from N pNPCs in their potential to generate functional neu-
ron-like cells in cell culture.
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In Vitro ES-Like Colony Formation
of AG-Derived pNPCs

To evaluate whether cells capable of forming ES cell-
type colonies are still present in differentiating pNPC cul-
tures, single cell suspensions of days 13-22 pNPCs were
exposed to ES culture conditions. As shown in Figure
4A and in Supplementary Figure 1 intensively alkaline
phosphatase-positive (AP*) ES cell-type colonies were
seen with undifferentiated ES cells. The colony forma-
tion decreased with increasing time of in vitro differ-
entiation similarly in N and AG cultures. We observed,
however, that the kinetics of loss of colony formation
varied between cell lines.

In Vivo Tumor Formation of AG-Derived pNPCs

To evaluate the capacity of AG ES cell-derived pNPCs
to engraft in vivo and to assess potential tumor forma-
tion, we injected single cell suspensions of AG pNPCs at
various stages of in vitro differentiation as well as undif-
ferentiated AG ES cells into the border zone of a cortical
cryolesion. N ES cells and pNPCs were injected as con-
trols. Highly reproducible lesions were induced by freez-
ing through the skull bone with a liquid nitrogen-cooled
copper cone (42). To avoid excessive loss of the trans-
planted cells due to acute postinjury inflammation (42),
stereotactic transplantations were performed 1 week after
lesion induction. Histological analysis of macroscopically
normal brains of day 22 transplant recipients revealed
small neuroectodermal cell clusters in 1 brain of 16 (1/16)
AG and 2/21 N pNPC recipients. Small teratomas consist-
ing of ecto- and mesodermal two germ layer components
(teratoma 2GL) were found in 4 brains of 16 (4/16) AG
and 3/21 N pNPC recipients (Fig. 4, Supplementary Fig. 2:
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Figure 1. Neural in vitro differentiation of AG ES cells. (A) Time-scale diagram (days) for embryonic stem (ES) cell-derived in
vitro neurogenesis via embryoid body (EB) formation, attached embryoid bodies (att. EBs), and pan-neural progenitor cells (pNPCs).
(B) Phase contrast images of corresponding stages of in vitro neural differentiation and of immunostainings of day 13 pNPCs with a
Nestin-specific antibody. Scale bars: 0.5 mm (ES) and 0.25 mm (EBs, att. EBs, and pNPCs). (C) Analysis of expression of pluripo-
tency and neural progenitor genes in androgenetic (AG) and normal (N) cells during neural differentiation by quantitative RT-PCR.
ESC, ES cells; d13, d16, d19, d22, ES cells differentiated for 13-22 days; Oct4, octamer binding transcription factor 4; Rex1, RNA
exonuclease 1 homolog; CD133, cluster of differentiation 133. The relative expression represents the fold change of gene expression
in AG and N cells. Fold change was calculated by the 224 method. Expression levels in AG and N ES cells were set to 1. n=3. (D)
Relative expression levels of imprinted genes in day 22 AG pNPCs determined by real-time RT-PCR and calculated using the 244
method. Igf2, insulin-like growth factor 2; DIk1, delta-like 1 homolog; U2af, U2 small nuclear RNA auxiliary factor 2; Impact; Igf2r,
insulin-like growth factor 2 receptor; H19, imprinted maternally expressed transcript (non-protein coding); Ube3a, ubiquitin protein
ligase E3A; Zim1, maternally expressed zinc finger, imprinted 1. Expression in N d22 pNPCs was set to 1. n=3. (E) Methylation status
of the differentially methylated region 2 (DMR2) of the /gf2r gene and the intergenic differentially methylated region (IG-DMR) of
the delta-like 1 homolog-maternally expressed 3 (non-protein coding) (DIkI-Gtl2) domain in AG and N ESC-derived day 22 pNPCs.
The methylation status of both DMRs is established during gametogenesis: the /gf2r DMR2 becomes methylated in the female ger-
mline, and the DIk1-GtI2 IG-DMR methylated in male gametes. Consistent with paternal-only origin, AG ESC derived pNPCs (AGB6,
AGAZ2) lack methylation at the /gf2r DMR2 (left) but maintain a fully methylated Dik1-Gtl2 IG-DMR (right). N ESC-derived pNPCs
(wtB1, V6.5) contain methylated and unmethylated alleles of both DMRs. Each row represents a separate DNA molecule (clone).



36 WOLBER ET AL.

D7 brain water

Figure 2. Immunophenotyping of AG ES cell-derived neurons. (A) Representative images of three biological replicates depicting
neuronal marker expression in AG (right) and N (left) pNPC-derived cells after 14 days of differentiation. Scale bars: 50 um. Upper
row, visualization of microtubule associated protein 2 (MAP-2)* dendritic (green) and Tau* axonal (red) processes. Lower row, colo-
calization of synapsin-1* presynaptic dots (red) on MAP-2* dendritic processes (green). Arrows in the inset indicate synapsin-1* areas.
(B) Analysis of expression of ligand and voltage gated channels in N and AG cells during neural differentiation by RT-PCR. ES,
undifferentiated ES cells; d16, pNPCs after 16 days of differentiation, D7, d16 pNPCs after additional 7 days of neural differentiation
(n=6); AMPAI, ionotropic alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionate glutamate receptor 1; CaV1.2, calcium channel,
voltage-dependent, L type, o 1C subunit; Gaba, o, gamma-aminobutyric acid (GABA) A receptor, subunit o 1.
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Figure 3. Electrophysiological properties of AG neurons. (A) Representative traces of membrane potential responding to step depo-
larization by current injection (depolarizations, black lines; hyperpolarizations, gray lines). Current injections (—50 pA, +10 pA) into
AG and N pNPC-derived neurons in current clamp (CC)-mode. (B) Representative traces of whole-cell currents in voltage clamp mode
responding to step depolarization by current injection. Inserts show sodium currents. Stimulation via stepwise increase of membrane
potential (-80 mV to +55 mV, step size 15 mV) in VC-mode. (C) Current (I)/voltage (V) curves of voltage clamp (VC)-stimulation.
Stimulation potential (mV) is plotted against the highest and the lowest measured current [current is normalized to cell size (pA/pF)].
Data represent mean+SD, n=3. (D) Frequency of maximum action potentials that could be induced in current clamp (CC)-mode.
Action potentials were induced by current injection (+10 pA) into AG (black column) and N cells (white column). (E) I/V curves of
VC-stimulation in AG-derived neurons before and after treatment with tea (tetraethylamonium, potassium channel blocker) or ttx
(tetrodotoxin, sodium channel blocker). Stimulation potential (mV) is plotted against the highest and the lowest measured current
[current was normalized to cell size (pA/pF)]. Data are mean+SD, n=3.
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http://www.strahlenkunde.uni-wuerzburg.de/ags/Suppl_
material_Wolber_Ahmad_Choi_et_al.htm). Smaller terato-
mas with two germ layers or neuroectodermal cell clusters
were only found following transplantation of day 22 pNPCs.
Not surprisingly, transplantation of undifferentiated AG or
N ES cells resulted in the formation of macroscopically
visible solid teratomas in the transplanted brain tissue of
all mice within 4 weeks. Similarly, most recipients of
day 13 or day 16 pNPCs developed highly differentiated
solitary teratomas consisting of all three germ layers that
grew confined to the injection site, regardless of N or AG
origin of the transplant.

Comparison of the in vitro CFC frequencies of the
transplanted cells with the occurrence of teratomas after
transplantation revealed a linear correlation between the
in vitro colony-forming capacity and teratoma formation
in vivo (Fig. 4B). Qualitatively, AG- and N-derived tera-
tomas had similar appearance and morphology.

To further characterize the small clusters immuno-
stainings for ES cell markers, markers for cell prolif-
eration and apoptosis were performed. As shown in
Supplementary Figure 3, small clusters stained positive
for cleaved caspase-3 and weakly positive for PCNA
indicating dying as well as proliferating cells. In contrast
to cells in 3GL teratomas that stained positive for PCNA
and SSEA1 and which were weakly positive for cleaved
caspase-3, cells in small clusters had lost expression of
the stem cell/progenitor cell marker SSEAT1 (8).

Neural/Glial Engraftment of AG-Derived pNPCs

Finally, we assessed the neural engraftment of AG ES
cell-derived pNPCs 3 months posttransplantation into
cryolesioned brains; 7/14 AG recipients and 10/15 N
recipients that had received day 22 pNPC transplants did
not show tumor formation (Fig. 4C). In these animals,
donor cells were found close to the injection site. eGFP*
ES cell derivatives exhibited various shapes and stained
positive for early neuronal and glial markers (Fig. 4D).
Quantification of eGFP* cells in brain sections revealed no
difference between AG and N transplants in respect to total
number of transplant-derived cells or number of transplant
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derivatives that had acquired neural morphology (eGFP*
donor cells with neural morphology: AGA2 recipients: 57
and 91 cells/mm?, n=2; AGB6 recipients: 124+63 cells/
mm?, n=4; wtB1 recipients 17085 cells/mm? n=3,
mean +standard deviation).

The eGFP* cells in brain sections stained positive for
the early markers (vimentin, Pax6) (Fig. 4D). Never-
theless, the engrafted eGFP* ES cell-derived pNPCs did
not form mature neurons after 3 months. Staining for late
neural markers (calretinin, NeuN, MAP-2, synapsin-1)
was restricted to the recipient’s neuronal tissue (data
not shown).

DISCUSSION

Here, we report that both AG and N ES-derived neural
progenitor cells successfully undergo neural in vitro dif-
ferentiation and engraft in a brain injury model in vivo,
with similar tumorgenicity of AG and N cells.

Dynamic developmental stage-regulated and cell type-
specific imprinting of brain gene expression has been
suggested to be important for normal brain development
(21). In addition to previous studies revealing biased con-
tribution of AG and PG cells in the brains of fetal stage
chimeras, a recent high-resolution analysis of parent-of-
origin-specific gene expression in the murine brain revealed
a preferential maternal contribution to gene expression in
the developing brain and a major paternal contribution in
the adult brain (24). Thus, functional differences of the
parental genomes during brain development and in the
adult brain may limit the neural differentiation capacity of
AG ES cells. Here, we observed that AG ES cells, despite
a missing maternal-specific genome, can undergo neuronal
in vitro development and in vivo engraftment similarly to
N ES cells. These results are consistent with our previous
studies demonstrating unrestricted distribution of AG ES
cell derivatives to neuronal and glial cell lineages in blas-
tocyst injection chimeras (9,17). The observation that AG
ES cell-derived neural progenitor/stem cells survive and
their further differentiation is possible in the absence of
a maternal genome indicates that AG ES cells may have
different differentiation potential compared to AG ICM
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Figure 4. Decreased ES colony and teratoma formation upon prolonged differentiation of AG ES cell-derived pNPCs and neural/
glial engraftment of day 22 pNPCs. (A) Frequencies of alkaline phosphatase* (AP*) colony formation after culture of undifferentiated
ES cells or dissociated day 13 to day 22 pNPCs in ES cell culture conditions. Inset shows the AP staining of day 13 pNPC-derived
colonies. AG lines, filled symbols; N lines, empty symbols. Scale bar: 0.5 mm. (B) Pearson’s correlation analysis of in vitro AP*
colony and in vivo teratoma formation of AG and N ES cells and of day 13, 16 and 22 pNPCs. (C) Teratoma formation in recipients
after transplantation of undifferentiated N and AG ES cells and of N and AG ES cell-derived pNPCs at different stages of in vitro
differentiation. Boxes represent the histological outcome for each recipient at time of sacrifice. Teratoma 3GL, 3 germ layers; tera-
toma 2GL, 2 germ layers. Recipients were monitored for tumor formation up to 3 months when they were sacrificed and analyzed.
(D) Representative images showing neural engraftment upon transplantation of day 22 AG pNPCs. Recipients were analyzed 3 months
after transplantation. Immunohistochemical staining and Z-stack analysis of brain samples show enhanced green fluorescent protein
(eGFP) positive donor cells (left) and cells with coexpression of eGFP and neural markers paired box 6 (Pax6; middle) and vimentin
(right). Scale bars: 50 um.
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cells. Furthermore, neural progenitor formation and fur-
ther differentiation can occur in the presence of abnormal
levels of imprinted genes. Several possibilities exist to
explain the apparent contradiction between these results
and the relevance of imprinted gene expression in the
brain. Parent of origin-specific transcriptional biases may
contribute to the complex social behavior of animals and
humans, but not or much less to the characteristics and
behavior of cells in vitro (28). Likewise, it is conceiv-
able that AG neural progenitor cells express functional
differences that are not measured by our analyses but
they could be important for the formation of synapses and
other cell—cell interactions. Finally, the normal (biparen-
tal) brain environment may guide the fate and differentia-
tion of uniparental donor cells. Indeed, recent studies on
transplanted neural stem/progenitor cells indicated a mul-
titude of environment-dependent influences on engrafted
cells in their new environment (33).

Early proliferation and neuronal differentiation fol-
lowed by neuronal maturation and functional activity
of the grafted hES- and hiPS-derived progenitor cells is
known to take place in the first weeks after transplantation
in rat models of stroke (7,41). These early events have
been suggested to improve recovery by inducing trophic
effects on the host brain whereas axonal sprouting and
synaptic inputs between the grafted cells and host brain
may lead to functional tissue reconstruction much later
during the stroke recovery (7,32,41). In the present study,
both AG and N pNPCs survived and expressed early dif-
ferentiation markers for neurons and glia 3 months after
intracerebral transplantation. However, even if the cells
exhibited neuron-like activity, expressed ligand and voltage-
gated ion channels and were able to generate action poten-
tials in vitro, we could not detect synaptic integration of
the transplanted cells in the recipient’s brain. It is con-
ceivable that the damaged brain environment negatively
influenced neuronal differentiation of the engrafted cells
in vivo, and therefore, the 3-month time point was too
early to detect such a functional maturation. Mouse ES
cell-derived pNPCs survive and show long-term engraft-
ment and integration 9 months after intracranial trans-
plantation in an intact brain while no cells survived in
an injured cortex after stroke (18). Similar results were
recently reported after transplantation of mouse neural
stem cells into an injured mouse spinal cord (33). In this
latter study extraction of the engrafted cells was only pos-
sible within the first days after grafting as most cells in the
injured neural tissue did not survive. In agreement with
these findings, we were able to detect only few engrafted
cells in the recipient brains 3 months after transplantation.
Therefore, a further analysis of their detailed phenotype
and differentiation profile by extraction and purification
was not possible. A functional integration of transplanted
hES cells even into fetal or newborn healthy mouse brain
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is detected only at earliest 4-18 months after intracere-
bral transplantation (31,38), and recent studies provide
evidence for direct inhibitory influences of the damaged
neuronal tissue on neuronal differentiation and matura-
tion of engrafted neural stem cells (32,33).

Concerns have beenraised over the safety of pluripotent
ES-derived tissue stem cells including ES-derived neural
stem cells whether there is the potential of tumor develop-
ment upon stem cell transplantation (22). Tumorigenicity
seems particularly critical for AG ES cells. Earlier stud-
ies reported that in vivo overexpression of the growth
factor Igf2 causes a perturbation of mesoderm formation
and a hyperplasia of heart cell types (37). In AG mouse
embryonic fibroblasts, increased Igf2 expression stimu-
lates proliferation that results in a rapid conversion of
AG MEFs to malignancy with tumor formation of short
latency (26). In AG pNPCs, we observed elevated levels
of several paternally expressed genes, including /gf2, and
reduced expression of the maternally expressed Igf2r.
Yet, both N and AG-derived pNPCs formed benign tera-
tomas after transplantation into the lesioned cortical tis-
sue of mice, similar to the teratoma formation observed
after intracerebral transplantation of biparental murine
ES-derived pNPCs into rodent models of brain injury
(5,16,44,45). Evidence for malignant transformation and
development of teratocarcinomas was not seen in our
material.

We observed a linear correlation between in vitro col-
ony forming activity and teratoma formation for both AG
and N pNPC cell cultures. Whereas the majority of recip-
ients transplanted with undifferentiated or days 13-19
pNPCs developed a 3GL teratoma in the grafting site,
recipients of day 22 pNPCs showed 3GL teratoma forma-
tion only in 1 brain of 17 (1/17) AG and 5/21 N pNPC
recipients. This suggests that long-term in vitro differen-
tiation reduces the proliferative and pluripotent potential
of ES cell derivatives and the risk of tumor formation.
This is in line with previously reported observations (16).
Measurements of colony-forming activity could be used
to predict safety at least in respect to teratoma formation to
avoid the uncontrolled growth of ectopic tissue that com-
press and potentially damage host brain parenchyma.

In contrast to undifferentiated AG ES cells and early
differentiation AG pNPCs that all led to formation of large
differentiated teratomas consisting of all three germ lay-
ers after transplantation, later stage differentiation cultures
tended to produce small size teratomas with ectodermal
and mesodermal components. These small clusters were
observed in recipient brains at 3 months posttransplanta-
tion, a time point when undifferentiated ES cells usually
have produced large teratomas (5,16,44,45). It is unclear
whether these donor cells would eventually develop into
large teratomas, or cease proliferation. However, an anal-
ysis of expression patterns of proliferation, apoptosis,
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and pluripotency markers suggest that small clusters dif-
fer from 3GL teratomas. The absence of SSEA1 and low
PCNA signals further indicate that clusters are not com-
prised of stem/progenitor cells and will cease prolifera-
tion. The fact that small clusters only become visible upon
close inspection of histological sections may indicate that
they have been overseen in the past. In a few animals, the
engrafted cells retained neural progenitor cell morphology
or formed neural rosette-like structures. We interpret this
as a sign of decreasing capacity for pluripotency consis-
tent with the reduced in vitro colony formation. The neu-
ral predifferentiation of ES cells into pNPCs and the brain
environment might have also biased the cellular composi-
tion of the donor towards ectodermal fate.

Together, we observed that AG ES cells exhibit neu-
ral developmental potential similar to that of N ES cells.
Despite the unbalanced imprinting in AG ES-derived
pNPCs and neural cells, neither their capacity to func-
tional neurogenesis in vitro nor their tumorgenicity in vivo
differ from N-derived cells. Due to the distinct features of
uniparental cells that are related to their origin, our results
indicate that AG neural stem cells can be used to study
parent of origin-specific effects on neurogenesis.
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