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Abstract

One strategy for stem cell-based therapy of the cerebral cortex involves the generation and 

transplantation of functional, histocompatible cortical-like neurons from embryonic stem cells 

(ESCs). Diploid parthenogenetic Pg-ESCs have recently emerged as a promising source of 

histocompatible ESC derivatives for organ regeneration but their utility for cerebral cortex therapy 

is unknown. A major concern with Pg-ESCs is genomic imprinting. In contrast with biparental Bp-

ESCs derived from fertilized oocytes, Pg-ESCs harbor two maternal genomes but no sperm-

derived genome. Pg-ESCs are therefore expected to have aberrant expression levels of maternally 

expressed (MEGs) and paternally expressed (PEGs) imprinted genes. Given the roles of imprinted 

genes in brain development, tissue homeostasis and cancer, their deregulation in Pg-ESCs might 

be incompatible with therapy. Here, we report that, unexpectedly, only one gene out of 7 MEGs 

and 12 PEGs was differentially expressed between Pg-ESCs and Bp-ESCs while 13 were 

differentially expressed between androgenetic Ag-ESCs and Bp-ESCs, indicating that Pg-ESCs 

but not Ag-ESCs, have a biparental-like imprinting compatible with therapy. In vitro, Pg-ESCs 

generated cortical-like progenitors and electrophysiologically active glutamatergic neurons that 

maintained the biparental-like expression levels for most imprinted genes. In vivo, Pg-ESCs 

participated to the cortical lineage in fetal chimeras. Finally, transplanted Pg-ESC derivatives 

integrated into the injured adult cortex and sent axonal projections in the host brain.
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In conclusion, mouse Pg-ESCs generate functional cortical-like neurons with biparental-like 

imprinting and their derivatives properly integrate into both the embryonic cortex and the injured 

adult cortex. Collectively, our data support the utility of Pg-ESCs for cortical therapy.
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Introduction

The cerebral cortex is crucial for higher cognitive, sensory and motor functions. In the adult 

cortex, there is no neurogenesis to compensate for neuronal loss caused by disease or injury 

[1]. Cortical-like neurons produced from normal, biparental (Bp) pluripotent cells, including 

mouse and human embryonic stem cells (ESCs), are a promising source of cortical 

transplants [2–4]. However, a major hurdle remains graft rejection because the central 

nervous system is not devoid of immunological responses [5]. For example, neural 

progenitors transplanted into the spinal cord are rejected due to a poor match with the major 

histocompatibility complex (MHC) of the host [6]. The use of induced pluripotent stem cells 

is promising to improve histocompatibility [7] but reprogramming might transmute the cell 

genome and epigenome, resulting in an impaired safety [8].

One emerging alternative is to use parthenogenetic ESCs (Pg-ESCs). Pg-ESCs are derived 

from unfertilized eggs and they contain two maternal genomes and no paternal genome [9]. 
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Pg-ESCs are frequently homozygous at MHC/HLA loci and can be therefore more easily 

selected for histocompatibility than normal biparental (Bp) ESC lines [7, 10, 11]. For 

example, a collection of human Pg-ESC lines established from 55 oocyte donors would 

perfectly match the three HLA loci for 80% of the Japanese population [12]. Furthermore, 

the neural derivatives of Pg-ESCs are more resistant to natural killer cells than Bp-ESC 

derivatives [13]. Mouse and human Pg-ESCs can be differentiated in vitro and in vivo into 

derivatives of all germ lineages [11, 14], including neural lineages [13, 15, 16]. Pg-ESCs 

have therefore emerged as a potent source of histocompatible cells for liver [17], heart [18], 

hematopoietic tissue [19], tendon [20] and the substantia nigra [16]. Finally, Pg-ESCs are a 

more accessible source with less ethical concerns than Bp blastocysts developed from sperm 

fertilized-eggs.

Two important issues need to be addressed when using Pg-ESCs for cortical therapy. The 

first issue, which concerns all tissues derived from Pg-ESCs, is about their parental 

imprinting. Imprinted expression of a small number of genes is required for proper 

embryonic development [21, 22] and tissue homeostasis by controlling tissue-resident stem 

cells [23]. Conversely, deregulation of imprinting triggers tumorigenesis in mouse [24] and 

abnormal levels of imprinted genes are frequently observed in human cancers [25]. Pg-ESCs 

are expected to display a drastic deregulation of imprinted genes, with high expressing 

maternally expressed genes (MEGs) and low expressing paternally expressed genes (PEGs) 

when compared to Bp-ESCs. Some studies have confirmed such expression bias for some 

imprinted genes while others have found that Pg-ESC imprinting is relatively similar to that 

of Bp-ESCs [18, 26–35]. Importantly, most of these studies were performed on few 

imprinted genes and/or only one Pg-ESC line. In addition, imprinting is developmental 

stage- and tissue-dependent [36] and these studies did not investigate PEGs and MEGs with 

ESC-specific expression patterns. In this context, using RNA-seq on hybrid ESC lines, we 

have recently established an extensive list of MEGs and PEGs specific to mouse Bp-ESCs 

[37].

The second issue is about the ability of Pg-ESCs to be differentiated into functional cortical-

like cells. Pg-ESC derivatives populate the cortex of chimeras in vivo [38]. However, 

whether Pg-ESC derivatives display specific features of cortical cells such as a radial 

orientation and expression of cortical markers is unknown. Numerous imprinted genes are 

expressed in a parent-of-origin dependent manner in the developing cortex generated in vivo, 

or in vitro from ESCs [37]; and some of them, including Cdkn1c [39], Plagl1 [40], Dlk1 [41] 

and Igf2 [42], are required for proper corticogenesis in the mouse. Humans suffering from 

imprinting disorders (including Angelman syndrome, Prader-Willi syndrome and transient 

neonatal diabetes mellitus) exhibit impaired corticogenesis [43–45]. Collectively, this 

suggests that Pg-ESCs might be not capable of undergoing normal corticogenesis because of 

aberrant expression levels of imprinted genes that are important for corticogenesis.

Here, we have first clarified the imprinting status of mouse Pg-ESCs by quantifying the 

expression levels of 26 imprinted genes, including 7 validated MEGs and 12 validated PEGs 

in ESCs [37], in three independent Pg-ESC lines, and in two normal Bp-ESC and two 

androgenetic Ag-ESC lines. Ag-ESCs have two paternal genomes and form tumors in 

chimeras [46]. Here, we confirm that Ag-ESC lines have low expressing MEGs and high 
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expressing PEGs [27, 34, 47]. Oppositely, we found that Pg-ESC imprinting was 

surprisingly biparental-like. Next, Pg-ESC lines were differentiated according to an 

established protocol of in vitro corticogenesis that reproduces the main features of in vivo 

corticogenesis [2], including the parent-of-origin dependent expression of imprinted genes 

[37]. We found that Pg-ESCs generated cortical-like progenitors and electrophysiologically 

active glutamatergic neurons. Importantly, cortical-like Pg derivatives maintained the 

biparental-like expression for most imprinted genes. Furthermore, Pg-ESC derivatives 

participated well to the cortical lineage in embryonic chimeras. Finally, transplanted Pg-ESC 

derivatives integrated into the injured adult cortex and sent axonal projections in the host 

brain.

In conclusion, Pg-ESCs generate functional cortical neurons with a biparental-like 

imprinting and Pg-ESC derivatives integrate properly into the mouse embryonic cortex and 

the injured adult cortex. Our study therefore gives support for the utility of Pg-ESC 

derivatives for future cellular therapies, including for neocortex repair.

Materials and Methods

ESC culture

The biparental (Bp) ESC lines were E14Tg2a –hereafter E14- [37], WT-B1 [19] and Tau-

eGFP [48]; the Ag-ESC lines were AK2 [49] and AG-B6 [19]; the Pg-ESC lines were PG-

BT6 [50] and PG-08-21 (both from Columbus, USA) and PR8 [49] (from Cambridge, UK). 

E14 was maintained on gelatin and the six other lines were propagated on mitomycin-treated 

MEFs in DMEM (Invitrogen) supplemented with 15% ESC-certified FBS (Invitrogen), 

0.1mM non-essential amino acids (Invitrogen), 1mM sodium pyruvate (Invitrogen), 0.1mM 

β-mercaptoethanol (Sigma), 50U/ml penicillin/streptomycin and 103U/ml LIF (Millipore) as 

described [37]. All ESC lines were regularly controlled to exclude the presence of 

mycoplasma using the Mycoalert kit (Lonza).

In vitro corticogenesis was performed as previously described [37, 51]. Before 

differentiation, all ESC lines were acclimated to the absence of feeders and grown on gelatin 

(as E14) for at least one passage. ESCs were plated at low density on gelatin-coated dishes 

or coverslips and cultured in DMEM/F12 supplemented with N2 supplement (Invitrogen) 

and cyclopamine (Merck) as described [37, 51]. ESCs were differentiated for 12 (d12) and 

21 (d21) days except for patch-clamp recordings (four weeks).

Generation of fetal chimeras

Chimeras were generated using WT-B1, AG-B6 and PG-08-21 ESCs, which contain a beta-

actin promoter with a CMV enhancer driving GFP expression (see supplementary 

information). ESCs were injected into C57BL/6J blastocysts followed by embryo transfer 

into pseudo pregnant CD-1 (Hsd:ICR (CD-1®; Harlan Laboratories) female mice [52]. 

Fetuses were recovered at E12.5 and chimeras identified using GFP fluorescence. These 

experiments were carried out in strict accordance with the recommendations in the Guide for 

the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol 
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was approved by the Animal Care and Use Committee (IACUC) at the Research Institute at 

Nationwide Children’s Hospital (Permit Number: # AR09-00051).

Grafting of ESC derivatives into the injured adult cortex

All grafting experiments were conducted in accordance with the European Communities 

Council Directive (2010/63/EU) and approved by the French Ministry for Agriculture 

(Permit Number: #10401). Four month-old adult C57BL/6 mice were anesthetized with 

ketamine and xylazine and parts of the left visual cortex and right motor cortex were 

aspirated. ~100,000 cells (in 1µl PBS with 0.6% glucose) derived from PG-08-021, Tau-GFP 

or WT-B1 ESCs differentiated for 13–16 days were injected into the lesion using a Hamilton 

pipette. Transplants were analyzed 15 to 18 days post-grafting. All mice (n=21) survived the 

transplantation procedure.

Immunostaining on in vitro and in vivo cortex

In vitro samples were processed as described [37, 51]. The brains of transplanted adult mice 

were first imaged using a Discovery.V12 stereomicroscope (Zeiss) to localize the presence 

of GFP+ grafts and then free-floating sections (100 µm thick) were made. Cryosections (20 

µm thick) were made from the heads of fetal chimeras sacrificed at E12.5. A detailed 

protocol for immunostaining, including the list of antibodies, is provided in supplementary 

information. Each staining was performed at least on three different animals of each 

genotype and on at least three different in vitro cortex samples.

Analysis of the expression of imprinted genes and cell fate markers

RT-qPCRs were performed as described [37]. The expression levels of 34 imprinted genes 

and 25 markers of cell fate were normalized to the expression levels of three housekeeping 

genes using the qPCR primers listed in Table S1.

DNA methylation

Genomic DNAs (gDNAs) were prepared using the Purelink genomic DNA kit (Life 

Technologies). For methylation analysis by targeted bisulfite sequencing of specific loci, 

bisulfite conversion was performed using the Epitech kit (Qiagen). PCR amplifications, 

cloning, and sequencing at the H19-DMR and IG-DMR were performed as described [37, 

53]. For methylation analysis by McrBC, gDNAs were either left untreated or digested by 

McrBC and qPCR was performed as described above. For each DNA locus, the Cp values 

for digested and undigested DNAs were measured in triplicate. 2−ΔCp values were obtained 

by normalizing using 3 genomic sequences resistant to McrBC digestion (Col1a2, Col3a1, 

and Col9a2). The % of DNA methylation at a given DNA locus was calculated as follows: % 

methylated DNA=100*(1−(2−ΔCp digested/2−ΔCp undigested)). Primers are listed in Table 

S1.

Patch-clamp recording

Whole-cell patch-clamp recording was performed at room temperature on cells with a 

typical cortical pyramidal morphology after 4 weeks of corticogenesis. Data were recorded 

using an Axopatch-200 amplifier (Molecular Devices, CA, USA), filtered with a HumBug 
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(Quest Scientific, Canada), digitized at 2 kHz (Digidata 1444A, Molecular Devices), and 

acquired using Clampex 10.2 software (Molecular Devices). Reagents are detailed in 

supplementary information.

Statistical analysis

Electrophysiological parameters were compared using an unpaired Student’s t-test between 

Bp neurons and uniparental neurons (p<0.05). Data are presented as mean + s.e.m. Mann-

Whitney test was used for McrBC-based methylation assays, using GraphPad Prism. For RT-

qPCR, a Mann-Whitney test was performed to determine p values that were then adjusted 

according to the Benjamini-Hochberg false discovery rate procedure. Values with an 

adjusted-p<0.05 were considered as significantly different between two conditions.

Results

Pg-ESCs exhibit normal levels of pluripotency and proliferation markers

We first evaluated the stemness of Pg-ESCs by quantifying the expression of four 

pluripotency and proliferation markers in three independent mouse Pg-ESC lines from two 

different sources. As controls, two biparental Bp-ESC and two androgenetic Ag-ESC lines 

(from two sources as well) were included. More than 95% of Pg-ESCs were POU5F1+, as 

were Bp-ESCs and Ag-ESCs (Fig. S1A, C, E, and quantified in G). Only a subset of ESCs 

of each line were NANOG+, as described for Bp-ESCs maintained in similar culture 

conditions [54] (Fig. S1B, D, F). The average expression levels of Pou5f1 and Nanog were 

similar in Pg-ESCs and Bp-ESCs (Fig. S1H, I), despite variability for Nanog between 

individual ESC lines (Fig. S2), The two proliferation markers Mki67 and Pcna were also 

expressed at comparable levels (Figs. S1J, K and S2), in agreement with a previous study 

showing that duration of the cell cycle is similar in Pg-ESCs and Bp-ESCs [55]. Thus, 

undifferentiated Pg-ESCs exhibit proper expression of two pluripotency and two 

proliferation markers.

Pg-ESCs display a biparental-like expression of imprinted genes

To clarify the imprinting status of the three Pg-ESC lines, we quantified the expression 

levels of 26 imprinted genes that we have previously identified as MEGs (7 genes), PEGs 

(12 genes) or biallelically expressed (BA, 7 genes) in ESCs [37]. As controls, the two Bp-

ESC and two Ag-ESC lines were also included. Because Pg-ESCs harbor two copies of 

maternal genome, they should have low expressing PEGs and high expressing MEGs. 

Surprisingly, we found that the expression levels of all 12 tested PEGs were not different 

between Pg-ESCs and Bp-ESCs and that H19 was the only differentially expressed MEG 

(adjusted-p<0.05) (Fig. 1A, B). Available published data show that biparental expression of 

at least a subset of imprinted genes is frequent in Pg-ESC lines ([18, 26–35], and Table S2). 

By contrast, Ag-ESCs behaved as expected for cells with two paternal genomes as 8 out of 

12 PEGs were more expressed and 6 out of 7 MEGs were less expressed in Ag-ESCs 

compared to Bp-ESCs (Fig. 1A, B), confirming previous findings [27, 34, 47]. The seven 

BA genes were similarly expressed in Pg-ESCs and Bp-ESCs, as expected and only Igf2r 
was differentially expressed in Ag-ESCs compared to Bp-ESCs (Fig. 1C, S3). The 

expression levels of most imprinted genes varied between individual ESC lines of the same 
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genotype (Fig. S3), even within the two Bp-ESC lines. Culture conditions could account for 

this variability [56]. However, despite this noticeable variability, the Bp-like expression 

levels of all tested imprinted genes except H19 (Fig. 1A, B) were still evident when 

considering the three Pg-ESC lines individually (Fig. S3). Thus, our results show that the 

expression levels of most imprinted genes in Pg-ESCs resembled those measured in Bp-

ESCs whereas Ag-ESCs largely retained the altered expression levels of imprinted genes 

expected for cells with two paternal genomes.

DNA methylation distinguishes both parental alleles on differentially methylated regions 

(DMRs) at imprinted loci and affects the expression levels of imprinted genes [21]. We 

therefore quantified DNA methylation, using an assay based on qPCR and McrBC, a 

methylation-sensitive enzyme [57]. We validated this assay on two control DNA regions in 

all seven ESC lines (Fig. S4) and measured the methylation levels of nine imprinted DMRs 

[21] (Fig. S5A, B). As observed for transcription levels, DNA methylation levels varied 

between lines. Notably, methylation levels of the E14 Bp-ESC line were globally lower than 

the expected 50% (Fig. S5A, B), confirming our findings using RRBS [37]. However, 

despite the variability between lines, there were some noticeable trends. First, in the two Ag-

ESC lines, methylation was absent at 2 out of 3 maternal DMRs and the 6 paternal DMRs 

were highly methylated (Fig S5A, B). In the three Pg-ESC lines, the two most affected 

DMRs were IG-DMR and H19-DMR (Fig. S5A, B). Bisulfite sequencing of clones 

confirmed that methylation of individual CpGs at these two paternal DMRs was lower in Pg-

ESCs compared to Bp-ESCs (Fig. S5C, D), as previously reported [35, 58].

Collectively, these findings show that Pg-ESCs did not maintain the pattern of expression for 

imprinted genes expected for cells with two maternal genomes. Instead, Pg-ESC imprinting 

(expression levels of imprinted genes and methylation at DMRs) largely resembled Bp-ESC 

imprinting. By contrast, Ag-ESC imprinting was consistent with cells harboring two paternal 

genomes.

Pg-ESCs generate electrophysiologically active cortical-like neurons in vitro

We next investigated whether Pg-ESCs generated functional cortical-like derivatives. We 

differentiated the seven Pg-, Ag- and Bp-lines according to a validated protocol of in vitro 

corticogenesis [51]. We studied the expression of cortical and non-cortical markers at mid-

corticogenesis (d12) and at the end of neurogenesis (d21) [2]. The two Pg-ESC lines Pg-BT6 

and Pg-08-21 consistently gave derivatives (n=4/4 experiments) while the third Pg-ESC line 

(PR8) gave derivatives in 2/4 attempts (cells died in the two failed attempts, not shown). At 

d12, all lines generated rosettes containing NESTIN+PAX6+ cells, a feature of cortical 

progenitors (Fig. 2A–F). To get qualitative insights into the identity of the derivatives of Pg-

ESCs and Ag-ESCs, we next performed RT-qPCR for a large repertoire of markers of 

cortical and non-cortical fates. Expression levels were normalized to that of E14, the gold 

standard for corticogenesis from mouse ESCs [2]. Of note, the expression levels of markers 

varied between lines of the same genotype, including between the two Bp lines as reflected 

by large error bars (Fig. 2G, H and S6). At d12, the expression levels of 15/16 cortical 

markers, including Pax6, Tbr1, Reln, and Bcl11b, were similar in Pg-ESCs and Bp-ESCs 

derivatives (Fig. 2G, Fig. S6A and not shown) and only Pou3f2 was differentially expressed 
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(Fig. S6A). The expression levels of proliferation markers were also similar (Fig. S6B) and 

markers of non-cortical fates were not different or lower in Pg than in Bp-ESC derivatives 

(Fig. S6C). After 21 days of corticogenesis, all 16 cortical and neural markers were similarly 

expressed between Pg and Bp derivatives (Fig. 2H, Fig. S6D). By contrast, the expression 

levels of five genes essential for corticogenesis at d12 (Fig. 2G, Fig. S6A) and of Foxg1 at 

d21 (Fig. 2H, Fig. S6D, and not shown) were lower in Ag-ESC than in Bp-ESC derivatives. 

Immunostaining confirmed the expression of specific markers of cortical layers [59] in Ag- 

and Pg-ESC derivatives: REELIN, TBR1, BCL11B and POU3F2 (Fig. 2I–T). Thus, 

qualitatively, Pg-ESCs and Ag-ESCs generated cells that express markers of bona fide 
cortical progenitors and neurons.

We next determined whether uniparental ESC-derived neurons were glutamatergic and 

biologically active, as reported for Bp-ESC-derived cortical neurons [2]. After four weeks in 

culture, Pg and Ag neurons expressed the synaptic marker HOMER1 (Fig. S7A–C). To get 

insight into the synaptic maturity and glutamatergic identity of uniparental neurons, we 

performed patch-clamp recordings. As Bp neurons, Ag and Pg neurons fired action 

potentials with a slow rising phase (Fig. 2U). Glutamatergic receptor antagonists (CNQX 

and AP5, Fig. 2V) blocked the miniature excitatory post-synaptic currents evoked by Bp, Ag 

and Pg neurons while we did not record any inhibitory GABAergic miniature event (not 

shown). This indicates that Bp, Pg and Ag neurons used glutamate as a neurotransmitter. 

Three other electrophysiological properties (Fig. S7D–F), including resting membrane 

potential (Fig. S7D), were also comparable between Bp and uniparental neurons. Thus, Pg-

ESCs and Ag-ESCs produced mature, glutamatergic, cortical-like neurons.

Pg cortical-like cells maintain the biparental-like expression levels of most imprinted 
genes

We next assessed whether differentiated Pg cells maintained the Bp-like imprinting of 

undifferentiated Pg-ESCs. We quantified in Pg, Ag and Bp derivatives the expression levels 

of 34 genes identified as PEGs (19 genes), MEGs (10 genes) or BA (5 genes) at d12 and d21 

of corticogenesis [37]. At d12, three PEGs and two MEGs (out of 29) were differentially 

expressed (adjusted-p<0.05) between Pg and Bp derivatives (Fig. 3A, B). At d21, only Dlk1, 

which shifts from a biallelic expression in ESCs to a paternal expression in differentiated 

cells [37, 57], was differentially expressed (Fig. 3D, E). H19 and Igf2 were close to be 

significantly differentially expressed (adjusted-p=0.06). In contrast to Pg derivatives, 11 

PEGs and 7 MEGs at d12 (Fig. 3A, B) and 8 PEGs and 8 MEGs at d21 (Fig. 3D, E) were 

differentially expressed in Ag compared to Bp derivatives with expected higher expressing 

PEGs and lower expressing MEGs. There was no difference in the expression levels of the 5 

BA genes between Bp and Pg or Ag derivatives (Fig. 3C, F). Although the expression levels 

of some imprinted genes varied between lines, the global trend of Bp-like expression of 

imprinted genes did occur in the two individual Pg-ESC lines for which we had at least three 

differentiated samples (Fig. S8). We conclude that cortical-like Pg derivatives maintained the 

Bp-like expression of most imprinted genes whereas Ag derivatives maintained their Ag-like 

expression pattern.
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Pg-ESC derivatives contribute to the cortical lineage during in vivo development

We next investigated whether Pg-ESC derivatives contribute to the cortical lineage in vivo. 

We produced chimeras by injecting GFP+ Pg-, Ag- or Bp-ESCs into C57BL/6 blastocysts, 

followed by embryo transfer into pseudo pregnant CD-1 mice. We analyzed the presumptive 

cortex (dorsal telencephalon) of 8 Pg, 7 Ag and 4 Bp chimeras at E12.5. The gross 

morphology of heads of all Pg chimeras was normal whereas two heads of Ag chimeras 

were overgrown (Table S3). The contribution of ESC derivatives (i.e. the amount of GFP+ 

cells) varied between animals and independently of their genotype (not shown). This likely 

reflects the known stochastic contribution of ESCs in chimeras [60]. Importantly, the cortex 

of all Pg and all Bp chimeras contained GFP+ cells, (Fig. 4A–C, G–I, Table S3), indicative 

of substantial contribution of Pg derivatives to the mouse cortex, as reported [38]. Six out of 

seven Ag chimeras had GFP+ cells in the cortex (Fig. 4D–F, Table S3). There was no 

apparent difference in the distributions of uniparental and Bp derivatives in the cortex (Table 

S3) and most cells had the expected radial orientation [61] (Fig. 4J–L). We next determined 

whether the derivatives of uniparental ESCs expressed cortical markers at the expected 

locations. Uniparental derivatives expressed the cortical progenitor marker NGN2 (Fig. 5A–

I, Fig. S9 and Table S3), at the expected intermediate zone [62]. All Pg chimeras but only 

4/6 Ag chimeras had some GFP+NGN2+ cells (Table S3). The spatial distribution of NGN2+ 

cells looked similar and restricted to the dorsal telencephalon (Fig. S9), suggesting that the 

dorsal and ventral territories were properly established in the telencephalon of Pg and Ag 

chimeras. In addition to NGN2+ cortical progenitors, the E12.5 cortex contains TBR1+ 

pioneer neurons and BCL11B+ deep layer neurons [59]. These neurons are in a thin cortical 

plate, under the marginal zone, which contains REELIN+ cells [59]. We retrieved Pg and Ag 

GFP+ with the typical punctate REELIN staining at the expected marginal zone and TBR1+ 

and BCL11B+ cells that seemed properly located in the cortical plate (Fig. 5J–R). There 

were Pg cells positive for each cortical marker in all examined brain sections (Table S3) but 

not for all Ag chimeras (Table S3). We conclude that Pg-ESC derivatives participated 

efficiently to the cortical lineage at E12.5 and that Ag-ESC contributed less.

Transplanted Pg-ESC derivatives integrate into the injured adult cerebral cortex

We next followed the behavior of grafted Pg-ESC derivatives in an established model of 

cortical injury [63]. Lesions were made in the right rostral part of the cortex (primary motor 

and somatosensory areas) and in the left caudal (visual) cortex of adult mice (n=21). Pg- and 

control Bp-ESC lines were differentiated for 13–16 days in vitro and their cortical-like 

derivatives were injected into the freshly lesioned cortex. Two-week post-grafting, we 

searched for the presence of grafts by imaging the whole brains under a fluorescent 

stereomicroscope (Fig. 6A–I). Most mice had a GFP+ transplant in their visual cortex (7/8 

animals for Pg and 5/13 for Bp, Table S4). The visual cortex was more efficiently targeted 

than the motor cortex (Fig. 6A–C and Table S4), as previously reported for Bp-ESCs [3]. 

Most transplants were correctly located, close to the lesion (Fig. 6A–I and Table S4). Only 

one animal had a visible teratoma (not shown), a proportion consistent with previous 

findings using Bp-ESCs [3]. To better characterize the transplants, we performed GFP 

immunostaining on free-floating sections. We confirmed the presence of GFP+ grafts and 

discovered additional small grafts in animals previously found negative when analyzed by 

stereomicroscope (Table S4). The size of Bp and Pg transplants was variable, ranging from a 
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partial reconstitution for most animals (Fig. 6J–O and Table S4) to a large reconstitution of 

the lesion cavity in a few cases (Fig. S10).

To get insight into the molecular identity of transplants and to trace their axonal projections, 

we performed immunostainings. Transplants contained numerous neurons (TUBB3+, Fig. 

6P, S), surrounded by host astrocytes (Fig. 6Q, T), as reported for Bp-ESC cortical 

transplants [3]. Some GFP+ cells within Pg and Bp transplants expressed the cortical marker 

POU3F2 (Fig. 6R, U). There were no TBR1+ cells (not shown). Importantly, both Bp and Pg 

transplanted neurons sent numerous GFP+ axons (Fig. 7A, B and Table S4). Some axons 

ended by a growth cone (Fig. 7I, J), which suggests they were developing immature axons 

looking for their target regions. Pg axonal projections seemed to follow specific cortical 

paths as previously reported for animals after two weeks of transplantation with Bp-ESC 

cortical-like derivatives [3]. Pg and Bp GFP+ axons notably invaded the corpus callosum 

(Fig. 7 C, D). Some axons crossed the midline (Fig. 7C, D) to reach the contralateral cortex 

(Fig. 7E, F) at several hundred microns away from the transplanted neurons. In addition to 

these cortico-cortical projections, in a few cases Pg and Bp transplants also sent subcortical 

projections, as evidenced by the presence of GFP+ projections into the striatum (Fig. 7G, H, 

and Table S4).

Thus, the cortical-like derivatives of Pg-ESC integrated into the injured adult cortex and they 

sent axons with a pattern of projection typical of cortical neurons.

Discussion

Here, we show that the expression levels of most imprinted genes in three mouse Pg-ESC 

lines resemble those of Bp-ESCs. Importantly, Pg-ESC cortical-like derivatives maintain this 

biparental-like expression. In addition, Pg-ESCs generate cortical-like neurons that are 

functional. Finally, Pg-ESC derivatives integrate properly in the developing cortex and in the 

injured adult cerebral cortex. Collectively, this supports the utility of Pg-ESCs derivatives for 

neocortical repair.

Previous studies have shown that Pg-ESCs display enhanced expression of some MEGs and 

reduced expression of some PEGs. However, biparental expression of at least a subset of 

imprinted genes is frequently observed ([18, 26–35], and Table S2). The expression levels of 

imprinted genes greatly vary between Pg-ESC lines [32, 64]. Similarly, we detected 

variability between ESC lines. Despite this variability, we found that Pg-ESC lines had a Bp-

like expression of most imprinted genes, in sharp contrast with Ag-ESC lines. Notably the 

expression of many MEGs is lost in Ag cells whereas the expression of a few PEGs is 

reduced but not lost in Pg-ESCs. The reason for biparental-like expression of imprinted 

genes in Pg-ESCs is largely unknown. Li et al. [35] showed that the process of in vitro 

culture alters the expression levels of many PEGs and methylation levels at some DMRs. In 

contrast to this global biparental-like behavior, we observed that two imprinted loci behaved 

as expected: the two paternal DMRs Ig-DMR and H19-DMR were hypomethylated as 

previously reported [35], with two high expressing MEGs (Mirg and H19, but not Meg3) 

and two low expressing PEGs (Dlk1 and Igf2) at d21. Interestingly, the genetic manipulation 

of these two imprinted loci is sufficient to generate parthenogenetic mice [65]. To our 
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knowledge, the long-term consequences of a deregulation of these two imprinted loci are 

unknown but given the roles of imprinted genes transcribed from these loci on proliferation 

[53] and stem cells [23, 66], teratoma formation should be checked when performing 

grafting experiments with Pg-ESC derivatives. Alternatively, the expression levels of genes 

located in the H19-Igf2 and Dlk1-Dio3 loci might be manipulated in Pg-ESCs so that they 

approach those of Bp-ESCs. For instance, a shRNA against H19 reduces its expression level 

while promoting cardiomyogenesis in Pg-ESCs [31]. Embryo aggregation also greatly 

improves the fidelity of imprinted gene expression of Pg-ESCs [67].

Despite these high expressing H19 and low expressing Igf2 and Dlk1, our Pg-ESCs lines 

generated cells with typical cortical features. Pg-ESCs were differentiated according to a 

corticogenesis protocol that is based on a minimalistic ‘by default‘ media [51], which 

suggests that by default Pg-ESCs differentiate into cortical-like derivatives, as reported for 

Bp-ESCs [2]. However, because the expression levels of cortical markers varied, even 

between the two Bp-ESC lines, we cannot conclude on the efficiency of this process. Two 

out of three Pg-ESC lines reproducibly generated cortical-like derivatives, suggesting that 

most mouse Pg-ESC lines have the capacity to generate cortical-like derivatives. Our in vitro 

studies also show that Pg-ESCs generated cortical-like neurons that were glutamatergic and 

electrophysiologically active. In vivo, Pg-ESCs participated to the cortical lineage in fetal 

chimeras. Finally, transplanted Pg-ESC derivatives integrated well into the injured adult 

cortex with Pg transplants sending long-range projections typical of cortical neurons. It will 

be important in the future to determine how these projections mature within the host brain 

and if they can improve the state of injured cerebral cortex.

In contrast to Pg-ESCs, Ag-ESCs largely retained the expression levels of imprinted genes 

expected for cells with two paternal genomes, which may be a roadblock for their future use 

in cell grafting experiments. Screening of several Ag-ESC lines may result in a line having 

Bp-like imprinting but our data and those of others [27, 34, 47] suggest that such a line 

might be difficult to find. Despites their imprinting status, we found that Ag-ESCs generated 

cortical-like cells in vitro and in embryonic chimeras, confirming and extending previous 

findings [47]. This suggests that either imprinting is not crucial for corticogenesis or that 

Ag-ESCs adopt compensatory mechanisms. However, the cortical potential of Ag might be 

lower than that of Bp and Pg-ESCs as five cortical markers were less expressed in Ag than in 

Bp derivatives in vitro. Additionally, 2/7 Ag chimeras had no or little contribution to cortex, 

while there was a good contribution for all Pg chimeras (8/8 animals). Thus, the cortical 

potential of Ag- might be lower than that of Pg-ESC derivatives, as suggested earlier by 

Keverne and coworkers [68].

Finally, the ultimate objective of using Pg-ESC derivatives for cortical therapy requires 

investigating whether human Pg-ESCs have the same biparental-like imprinting and potency 

to differentiate into cortical-like neurons. Few data are available on the imprinting status of 

human Pg-ESC lines but it was reported that their imprinting is not Bp-like [15, 69]. 

Considering variability between human ESC lines [70], screening numerous human Pg-ESC 

lines could possibly identify Pg lines with Bp-like imprinting. Human Pg-ESCs can be 

specified into functional neurons [15], including dopaminergic neurons [71], which indicates 

that they could be certainly oriented toward the cortical lineage. Ultimately, these human 
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cortical-like Pg neurons should be grafted into mouse cortex to determine how they integrate 

into the host circuitry, as previously reported for neurons derived from human Bp-ESCs [4], 

and whether they restore cortical functions.

Summary

Pg-ESCs generate functional cortical neurons with a biparental-like imprinting and Pg-ESC 

derivatives integrate properly in the embryonic cortex and in the injured adult cortex. Our 

study therefore increases the utility of Pg-ESC derivatives for cellular therapies, including 

neocortex repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The cerebral cortex is crucial for higher brain functions. There is no neurogenesis in the 

adult cortex to compensate for the loss of cortical neurons caused by disease or injury. 

Cortical-like neurons produced from normal, biparental (Bp) pluripotent cells, including 

mouse and human embryonic stem cells (ESCs), are a promising source of cortical 

transplants but their histocompatibility is limited. Parthenogenetic Pg-ESCs are more 

histocompatible ESCs but their application to cortical regeneration is unknown and their 

parental imprinting might be incompatible with therapy. We found that, in vitro, mouse 

Pg-ESCs generated progenitors and functional cortical-like neurons that displayed 

biparental-like expression of imprinted genes. In vivo, Pg-ESC derivatives integrated 

properly into the injured adult cortex. Our study therefore increases support for the utility 

of Pg-ESC derivatives for cellular therapies, including neocortex repair.
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Fig. 1. Pg-ESCs display a biparental-like expression of imprinted genes
Quantification of the expression levels of 12 PEGs (A), 7 MEGs (B) and 7 biallelically 

expressed (BA) genes (C) in Bp-, Ag- and Pg-ESCs by RT-qPCR. RNAs were prepared 

from the 2 Bp lines (E14, n=7 and WT-B1, n=6), the 2 Ag lines (AK2, n=5 and AG-B6, 

n=6) and the 3 Pg lines (PR8, n=5, PG-BT6, n=4, and PG-08-021, n=4). Bar graphs show 

the mean + s.e.m. from the 13 Bp, 11 Ag and 13 Pg samples. Expression in the control E14 

Bp-ESC line was taken as 100%. Expression levels in Pg vs. Bp and Ag vs. Bp ESCs were 

compared using a Mann-Whitney test followed by Benjamini-Hochberg correction for 

multiple tests. *, adjusted-p<0.05. Only H19 was differentially expressed between Pg and 
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Bp lines while 6 MEGs and 7 PEGs were differentially expressed between Ag and Bp ESC 

lines.
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Fig. 2. Pg-ESCs generate electrophysiologically active cortical-like neurons in vitro
A–F. Immunostainings for the dorsal marker PAX6 (red), the neural progenitor marker 

NESTIN (yellow) and nuclei labeling (DAPI, blue) in the derivatives of Bp-ESCs, Ag-ESCs 

and Pg-ESCs at d12 of in vitro corticogenesis. Scale bars: 20 µm. Data are representative of 

three independent experiments. Pictures shown are from E14, AG-B6 and Pg-BT6 lines. G, 
H. RT-qPCR quantification of the expression levels of markers of cortical progenitors (G) at 

d12 and of cortical neurons and layer markers at d21 (H) in Pg, Ag and Bp derivatives. Bar 

graphs show the mean + s.e.m. of Bp (E14, n=7 and WT-B1, n=5), Ag (AK2, n=5 and AG-

B6, n=6) and Pg (PG-BT6, n=4, PR8, n=2 and PG-08-021, n=4) cells. Expression in the 
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control E14 Bp-ESC line was taken as 100%. A Mann-Whitney test followed by Benjamini-

Hochberg correction for multiple tests was used. *: adjusted p<0.05. I–T. Immunostaining 

for REELIN and TUBB3/TBR1 at d12 and TUBB3/BCL11B and TUBB3/POU3F2 at d21 

of in vitro corticogenesis from E14 Bp-ESCs (I–L), Ag-BT6 (M–P) and PG-08-021 Pg-

ESCs (Q–T). Nuclei are in blue (DAPI). Scale bars: 20 µm. Data are representative of three 

independent experiments. U–V. Electrophysiological analysis showing that Pg and Ag 

neurons are functional and glutamatergic. U. Example traces of action potentials recorded 

from 10 Bp, 15 Ag and 12 Pg-derived neurons from 3 independent cultures. V. Spontaneous 

excitatory post-synaptic currents evoked by Bp, Ag and Pg neurons were blocked by 

application of the glutamate receptor antagonists CNQX and AP5.

Varrault et al. Page 20

Stem Cells. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Pg cortical-like cells maintain the biparental-like expression levels of most imprinted 
genes
RT-qPCR quantification of the expression levels of 19 PEGs (A, D), 10 MEGs (B, E) and 5 

BA genes (C, F) in Bp, Ag and Pg derivatives at d12 (A–C) and d21 (D–F) of in vitro 

corticogenesis. RNAs were prepared from the two Bp lines (E14, n=7 and WT-B1, n=6), the 

2 Ag lines (AK2, n=5 and AG-B6, n=6) and the 3 Pg lines (PG-BT6, n=4, PR8, n=2 and 

PG-08-021, n=4) at d12 and d21. Bar graphs show the mean + s.e.m. from the 13 Bp, 11 Ag 

and 10 Pg samples. Data were normalized to the mean of E14 taken as 100%. *: adjusted-

p<0.05. Note that at d21, only Dlk1 was differentially expressed between Pg and Bp lines 

while 16 imprinted genes were differentially expressed between Ag and Bp derivatives.
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Fig. 4. Pg-ESC derivatives populate the developing cortex of chimeras and have a radial 
orientation
A–I. The GFP+ derivatives of Bp-ESCs (A–C), Ag-ESCs (D–F) and Pg-ESCs (G–I) localize 

to the dorsal and ventral telencephalons (DT and VT, respectively) of mouse chimeras at 

E12.5. Sections were stained with DAPI (blue). C, F and I panels are higher magnifications 

of selected areas in B, E and H panels respectively that show the presence of GFP+ cells in 

the DT of chimeras. LV: lateral ventricle, MZ: marginal zone, Sk: skin/skull. Scale bars: 200 

µm. J–L. Typical orientation of GFP+ derivatives of Bp-ESCs (J), Ag-ESCs (K) and Pg-

ESCs (L) in the dorsal telencephalon of chimeras. Most uniparental-ESC derivatives had a 
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radial orientation (large arrowheads) and few had a tangential orientation (empty 

arrowheads). Some GFP+ cells sent processes typical of radial glia fibers (small 

arrowheads). The nuclear stain DAPI is in blue. LV: lateral ventricle, VZ: ventricular zone, 

IZ: intermediate zone, CP: cortical plate, MZ: marginal zone. Scale bars: 20 µm. Data are 

representative of 4 Bp, 5 Ag and 8 Pg chimeras (see table S3).
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Fig. 5. Pg-ESC derivatives express markers of cortical progenitors and neurons in the fetal 
cortex
A–I. Triple labelling for ESC derivatives (GFP+, green), NGN2 (red), and the nuclear stain 

DAPI (blue) in the dorsal telencephalon of Bp (A–C), Ag (D–F) and Pg (G–I) chimeras at 

E12.5. Arrowheads indicate double-labelled GFP+ NGN2+ cells. Scale bars: 20 µm. NGN2+ 

GFP+ cells were observed in 4/4 Bp, 4/6 Ag and 7/7 Pg chimeras (see table S3). GFP+ cells 

in the dorsal telencephalon of Bp (J–L), Ag (M–O) and Pg (P–R) chimeras expressed 

REELIN (red) (J, M, P), the marker of pioneer cortical neurons TBR1 (red) (K, N, Q) and 

the deep layer marker BCL11B (red) (L, O, R). Arrowheads indicate GFP+ cells expressing 
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a given cortical marker. Scale bars: 20 µm. LV: lateral ventricle, VZ: ventricular zone, IZ: 

intermediate zone, CP: cortical plate, MZ: marginal zone.
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Fig. 6. Transplanted Pg-ESC derivatives integrate into the injured adult cerebral cortex
A–I. Illustrative pictures obtained at a fluorescent stereomicroscope of injured mouse brains 

with no graft (A) or with transplants made of cortical-like derivatives generated from Bp-

ESCs (B) or Pg-ESC (C). Dashed lines show the presumptive injured cortical motor and 

visual areas. D–I are higher magnifications of A–C. The visual lesions of Bp (F) and Pg 

(H), and motor lesion of Pg (I) transplanted animals contained a transplant. J–O. Efficiency 

of Bp and Pg transplantation. Immunostainings against GFP were performed on free-floating 

sections. Examples illustrating the absence of graft (J, M) and the presence of GFP+ Bp (K, 

N) and Pg transplants (L, O). Scale bars: 1 mm. P–U. Cortical transplants express neural 
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markers. Immunostainings against TUBB3 (P, S), GFAP (Q, T), and POU3F2 (R, U) were 

performed on GFP+ cortical Bp and Pg transplants. Scale bars: 50 µm for P, Q, S, and T, and 

20 µm for R and U.
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Fig. 7. Pg transplants send axonal projections that are typical of cortical neurons
Both Bp and Pg transplants sent numerous GFP+ projections, in vicinity of the transplant 

(ipsilateral cortex –Ctx- (A, B), in the corpus callosum –CC- (C, D), in the contralateral 

cortex (E, F) and in the striatum (G, H). Some Bp and Pg axons ended by a growth cone-

like protrusion (I, J). Scale bars: 20 µm for A–B, 50 µm for C–H and 10 µm for I–J.
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