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Abstract

The pluripotent state, which isfirst established in the primitive ectoderm cells (PE) of blastocysts,
islost progressively and irreversibly during subsequent development?. For example, development
of postimplantation epiblast from PE involves significant transcriptional and epigenetic changes,
including DNA methylation and X inactivation?, which creates a robust epigenetic barrier and
prevents their reversion to a PE-like state. Epiblast cells are refractory to leukaemiainhibitory
factor (LIF)-STAT3 signaling, but they respond to Activin/bFGF to form self-renewing epiblast
stem cells (EpiSC), which exhibit essential properties of epiblast cells34, that differ from
embryonic stem cells (ESC) derived from PE®. Here we show reprogramming of advanced
epiblast cellsfrom E5.5 - E7.5 embryos with uniform expression of N-cadherin and inactive X
chromosome, to ES-like cells (rESC) in response to LIF-STAT3 signaling. Cultured epiblast cells
(cEpi) overcome the epigenetic barrier progressively as they proceed with the erasure of key
properties of epiblast cells, involving DNA demethylation, X reactivation and expression of E-
cadherin. The accompanying changes in the transcriptome result in aloss of phenotypic and
epigenetic memory of epiblast cells. Notably, using this new approach, we report reversion of
established EpiSC to rESC. Furthermore, unlike epiblast and EpiSC, rESC contribute to somatic
tissues and germ cellsin chimeras. Thisis atractable model to investigate signaling molecule
induced epigenetic reprogramming that can promote reacquisition of the fundamental pluripotent
State.

Previous studies showed that epiblast cells, unlike PE, are refractory to LIF-STAT3
signaling®#; instead they respond to Activin/bFGF to generate self-renewing EpiSC. EpiSC
differ epigenetically from ESC, as they have an inactive X-chromosome and they cannot
form chimeras when introduced into blastocysts. However, we set out to re-examine if
postimplantation epiblast cells could undergo reprogramming to ESC-like cellsin response
to LIF-STAT3 signaling. We isolated epiblast tissue on embryonic day (E) E5.5 - E7.5 from
transgenic embryos with an Oct4-APE-green fluorescent protein (GFP) reporter®. This
reporter, with the distal enhancer and lacking the proximal enhancer for Oct4, shows
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preferential expression in the PE, primordia germ cells (PGC) and ESC only, but not in the
epiblast or EpiSCS. Notably, the distal enhancer of Oct4 is an enhanceosome representing
the densest binding locus for the key pluripotency-specific transcripts in ESC; its activation
occurs only when all pluripotency-associated factors are expressed optimally asin PE and
ESC; these must be lacking in the epiblast and its derivative, EpiSC.

Next, for the culture of epiblast, we used LIF and fetal calf serum (FCS) on mouse
embryonic fibroblasts feeder cells (MEFs), which is the standard condition used for the
derivation of ESC from PE, and for reprogramming of somatic cells to induced pluripotent
stem cells (iPS)>811, The epiblast tissue was dissected to remove the most proximal region
(the site of PGC and PGC precursors?), and the outer visceral endoderm (Fig. 18). All the
epiblast cells uniformly showed an inactive X-chromosome, and were positive for N-
cadherin (see below). Notably, we then trypsinised the epiblast tissue and used single cell
suspension from individual epiblasts for culture, unlike previous studies where the epiblast
tissue was left intact34. Disruption of the epiblast, which undergoes rapid differentiation in
vivo, may break the existing cell-cell interactions and permit establishment of a new
signaling-induced transcriptional network in vitro. The majority of the resulting cultures
revealed large colonies after about 4 - 7 days (Fig. 1laand Table 1), with many alkaline
phosphatase (AP) positive cells (Fig.1a). However, all the epiblast cells at the outset, and
those forming the colonies were negative for Oct4-APE-GFP reporter expression, indicating
that the distal enhancer was yet inactive (Fig. 1a, b). We could propagate the cEpi colonies
following collagenase treatment without significant detectable morphological changes for at
least 20 passages, suggesting that these cells can be maintained in LIF/FCS.

Following culture of cEpi for 14 - 35 days, we started to detect expression of Oct4-APE-GFP
reporter for the first time, which were seen asindividual clusters of GFP-positive cells
within cEpi colonies, indicating activation of the distal enhanceosome of the Oct4-APE-GFP
reporter and a possible reversion to an ESC-like stateS. Subsequent culture of GFP-positive
cellswas carried out after disruption of cEpi colonies by treatment with trypsin, which is
detrimental to the survival of cEpi but promotes propagation of ESC-like cells. Subsequent
passaging of cells confirmed that the GFP-positive cells had started to acquire ESC-like
morphology with uniform GFP expression (Fig. 1b). We call these cells, reprogrammed
epiblast-ES-like cells (rESC).

The frequency of rESC derivation from E5.5 - E7.5 epiblast was not only relatively high at
around 22 - 36% (Table 1), but importantly, this frequency of derivation did not diminish
with increasing developmental age. This excludes a possibility that rare cells within the
epiblast undergo reprogramming since, if they exist, we might expect them to diminish in
number with increasing developmental age. Note also that the original epiblast cells were
uniformly negative for the Oct4-APE-GFP reporter but positive for N-cadherin and inactive
X-chromosome. Furthermore, AP staining (a hallmark of cells undergoing reprogramming)
of cEpi is more extensive and not confined to afew isolated cells (Fig. 1a), which are
sustained by LIF-STAT3 under our culture procedure. It isfrom these cEpi colonies that
clusters of GFP-positive ESC-like cells gradually emerge during subsequent culture (Fig.
1b). Thisisremarkable since no such ESC-like cells have previously been derived from
embryos as late as E7.5; derivation of ESC has been from PE present in the inner cell mass
(ICM) in blastocysts®7-10.11  Note that the previously described EPL cells213 and FAB-
SC!4, were derived from preimplantation or implanting blastocyst (Supplementary Table 1),
and not from the advanced postimplantation epiblast cells as we report here. Furthermore,
neither of them was examined for their epigenetic state nor for the status of the X
chromosome.
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To gain insight into how epiblast cells undergo reprogramming, we examined changesin
gene expression, which was evident from the progressive increase in AP staining in cEpi as
they advanced towards rESC (Fig. 1a-c). Analysis of the transcriptome revealed that the
cEpi were more closely related to their epiblast origin, asis the case for EpiSC34. Thus,
cEpi showed strong expression of Eomes, Fgf5, Sox17, Gata6, Leftyl and Cer1, but there
was little expression of Stella, Pecaml, Rex1 and Fbxol5. By contrast, rESC showed the
opposite transcriptome profile, with an increase in the expression of Stella, Pecamland
Rex1, and a concomitant loss of Fgf5, Eomes and Sox17 expression, which is indicative of
progressive reprogramming of epiblast derived cEpi to rESC phenotype (Fig. 2a). There was
also an overall and progressive increase in expression of the key pluripotency-specific genes
Oct4, Sox2, Nanog, Rex1, and Fbxo15 that reached levels comparable to ESC (Fig. 2aand
Supplementary Fig. 1, 2b). The advancement of reprogramming was also evident when
comparing early passages rESC (passage 4: P4) with slightly higher expression levels for
genes including Eomes and Leftyl, compared to their expression in P24 rESC (Fig. 2a),
suggesting a progressive loss of aresidua ‘memory’ of their epiblast origin (see below).
Comprehensive whole-genome microarray analysis confirmed that rESC are similar to
control ESC and differ from cEpi (Fig. 2b, and Supplementary Fig. 3). These overall
changes in the transcriptome must account for the distal enhancer-driven activation of the
Oct4-APE-GFP reporter in rESC.

We next examined if LIF-STAT3 signaling is critical for the observed reprogramming of
epiblast cells. We detected STAT3-phosphorylation in cEpi suggesting that these cells, like
rESC and ESC respond to LIF signaling (Supplementary Fig. 4a). Notably, addition of the
JAK inhibitor (Calbiochem) that prevents phosphorylation of tyrosine 705 of STAT3 to
culture of E6.5 epiblast cells, initially allowed some cEpi colonies to develop, but they
gradually differentiated and failed to undergo reprogramming to rESC (Supplementary
Table 2). Thisdemonstrates that LIF-STAT3 is crucial for sustaining cEpi and their
reprogramming to rESC. Furthermore, culture of rESC in medium with the JAK inhibitor
caused a striking reversal towards the transcriptional state of cEpi, with adeclinein the
expression of Stella, Pecaml and Rex1, and a concomitant increase in the expression of Fgfs
and Eomes, whereas culture of cEpi for three days resulted in no significant changesin the
transcriptional profile (Supplementary Fig. 4b). A number of STATS3 targets have been
identified in ESCY, including Fbxo15, Rex1 and Stat3 itself, and of the epigenetic modifiers,
Lin28, Ezh2 and Mbd3, suggesting that STAT3 has the potential to influence the
transcriptional and epigenetic state of cEpi.

To observe the dynamic changesin cell surface properties during reprogramming of cEpi to
rESC, we examined progressive changes in the expression of E-cadherin and N-cadherin in
E6.5 epiblast cells (Fig. 3). Whereas expression of both E-cadherin and N-cadherin was
detected in E6.5 epiblast uniformly, trypsinisation of these cells prior to culture led to the
loss of these adhesion molecules. During subsequent culture, we then detected
heterogeneous N-cadherin expression in cEpi. However, with further reprogramming to
rESC, there was a complete loss of N-cadherin, which was replaced by uniform expression
of E-cadherin. This observation is consistent with the evidence suggesting that LIF-STAT3
promotes up regulation of E-cadherin to levels detected in ESC14. Thus, changes in the cell
surface property reveal the dynamic nature of the process that is promoted by LIF-STAT3
signaling.

Next, we examined epigenetic changesin epiblast during reprogramming to rESC. Notably,
reactivation of the late-replicating inactive X chromosome in the epiblast!®, would indicate a
major epigenetic change'®, since we found that all of the E6.5 epiblast cells (96/96 cells;
Supplementary Fig 5a) had the characteristic accumulation of histone H3 lysine 27
trimethylation (H3K27me3) epigenetic mark, which is diagnostic for the inactive X17:18,
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Furthermore, after culture of epiblast cellsfor 12 days, nearly al of the cEpi (99/100 cells)
still had inactivated X-chromosome, but after 25 days, there was evidence for gradual X
reactivation since only 62% of the cells (37/60 cells) had the H3K27me3 ‘spot’ (Fig. 4a).
The number of cellswith the inactive X declined further to only 9% after 35 days of culture
(7/80 cells). These observations show continuing epigenetic reprogramming of epiblast cells
through cEpi phenotype towards reversion to rESC, where none of the cells had the
characteristic H3K27me3 spot. Reactivation of the X chromosome, a hallmark of epigenetic
reprogramming, is also seen following somatic nuclear transplantation into oocytes, in
mouse iPS cells, aswell asin ESC-somatic cell hybrids!®-23,

Next, we examined epigenetic changes with respect to DNA methylation of the promoter
region of two pluripotency genes, Stella and Rex1. Both these genes, (and others such as
Pecaml) are repressed in the epiblast but active in PE and ESC?. Initially, the promoter
regions of Sella and Rex1 were unmethylated in the epiblast, but they may be poised for
enduring repression by DNA methylation (Fig. 4b). Indeed, Sella and Rex1 loci undergo
DNA methylation during the derivation of EpiSC and remain repressed thereafter (see
below). Thisis also the casein cEpi, where both Sella and Rex1 loci became methylated,
albeit transiently (Fig. 4b), since with continuing culture of cEpi, they became demethylated.
This represents an important epigenetic reprogramming event towards rESC, leading to the
changes in the transcriptome described above. Consistently, we also found that rESC
derived from epiblast cells with the Stella-GFP reporter, showed activation of this reporter
(Supplementary Fig. 2a). Once established, the rESC epigenotype was stable and heritable.
The epigenetic and transcriptional changes in rESC distinguish them from EpiSC derived in
response to Activin/bFGF signaling, which retain key properties of epiblast cells, including
inactive X and with some key genes such as Stella, Pecaml and Rex1 in arepressed state.
These findings are relevant for human ESC (hESC), which resemble EpiSC, and not ESC or
rESC.

Although very unlikely, we wanted to exclude a possibility that rESC could have originated
from PGC in epiblast cultures. First, the epiblast tissue used in our experiments was
dissected away from the most proximal region to exclude PGC precursorsin E6.5, and PGC
from E7.5 embryos. Importantly, there is no further allocation to PGC from epiblast after
E7.5 (Ref. 25). Second, PGC could not survive in the culture conditions used to propagate
cEpi, since they require FGF2 and stem cell factor (SCF) for proliferation, aswell asfor
dedifferentiation into pluripotent embryonic germ cells (EGC). It is known that ESC largely
retain the parent of origin dependent DNA methylation of imprinted genes, which are fully
or partially erased in EGC derived from E8.5 PGC2527. We found that the imprinting status
in rESC was maintained asin ESC and Epi SC. This was confirmed with analysis of
methylation of three imprinted genesin rESC derived from E6.5 cEpi, E7.5 cEpi, and E6.5
Epi SC (see below) (Supplementary Fig. 5¢). The cumulative evidence makesit unlikely that
rESC could originate from PGC.

In view of our findings demonstrating reversion of the postimplantation epiblast cells, we
went onto to test if Epi SC, which resembles epiblast when cultured in Activin/bFGF over a
long period, could undergo reversion to rESC in our culture with LIF. We chose two
different EpiSC lines; one with the Oct4-APE-GFP reporter (Passage 20), and the other with
an X-GFP reporter?8. EpiSC with the X-GFP reporter were FACS sorted to establish lines
where the reporter was repressed because of its location on the inactive X chromosome
(Passage23) (Supplementary Fig. 5b). Hence, neither of these EpiSC lines showed GFP
expression suggesting their stable repression in culture containing Activin/bFGF, which
have AP positive cells (Supplementary Fig. 6a). Following their culture with LIF on feeder
cellsfor 10 to 20 days, we detected GFP-positive cells, from which we established rESC as
before. Expression of the X-GFP reporter indicates reactivation of the inactive X.
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Furthermore, we aso found that Sella and Rex1 that are stably repressed in EpiSC by DNA
methylation, became de-repressed in rESC following DNA demethylation of their promoter
regions (Fig. 4b).

In two previous studies, reversion of EpiSC in response to changes in culture conditions
proved impossible without the introduction of the exogenous KIf4 or c-Myc transcription
factor?2:30, However, in our culture procedure containing LIF-FCS on feeder cells are
evidently conducive for theinitial survival of Epi SC before their reversion to rESC without
requiring exogenous transcription factors. We had previously shown that ESC in LIF-FCS
exist in a metastable state and fluctuate between ESC and epiblast-like states but without
proceeding completely to the Epi SC-like state. The presence of feeders also apparently helps
to promote a shift towards ESC-like state?*.

Finally, we tested the developmental potential of rESC derived from EpiSC and
postimplantation epiblast in chimeric embryos, by introducing them into normal blastocysts.
Using rESC from epiblast with the ROSA-lacZ reporter, we detected an extensive
contribution in devel oping embryos (Supplementary Fig. 7), aswell asin adults with germ
line transmission, a key property of pluripotency (Fig. 5a, Supplementary Fig. 7 and
Supplementary Table 3). While the early passage rESC from epiblast also contributed to the
extraembryonic ectoderm (EXE; a derivative of the trophectoderm lineage) in E6.5 embryos
(Fig. 5b), this was not the case with late passage rESC (Supplementary Table 5 and Fig. 5¢).
This suggests transient retention of the residual memory in rESC of their epiblast origin, a
characteristic shared with EpiSC that are prone to differentiation into trophectoderm cellsin
vitro3# (Supplementary Table 5). With progressive changesin their transcriptome and the
epigenetic state, rESC undergo reprogramming and erase all the key characteristics of their
origin from epiblast cells. Most significant was also the observation that the rESC derived
from EpiSC could participate in chimeras and contribute to the germ linein E13.5 embryos
(Supplementary Fig. 6b and Supplementary Table 4). It has not proved possible to generate
chimeras with Epi SC34, indicating that functionally, rESC derived from EpiSC have
undergone a stable reversion to an ESC-like state.

In conclusion, we demonstrate that postimplantation epiblast cells and established Epi SC
can overcome arobust epigenetic barrier and undergo reversion to rESC. Reprogramming of
epiblast in response to LIF-STAT3 differs from the response to Activin/bFGF when epiblast
cells develop into self-renewing EpiSC. However, EpiSC, unlike rESC, retain significant
properties of the original postimplantation epiblast cells, transcriptionally and epigenetically.
This distinction is crucial and of practical significance because hESC resemble EpiSC3431,
Our study of epiblast derived cEpi and rESC provides anovel and tractable experimental
model for critical insights into the signal-induced epigenetic reprogramming, including
erasure of DNA methylation and X-reactivation. A major barrier to reprogramming of
somatic cells to iPS show many similar features to those seen during reversion of epiblast to
rESC?19:32.33 Notably, specification of PGC is also accompanied by epigenetic
reprogramming that brings the germ cell lineage epigenetically closer to PE (Ref. 34,35;
Hayashi et a., unpublished). Thus, the underlying mechanismsinvolved in PGC
specification and during the experimental reversion of epiblast to rESC provide novel
insights on epigenetic reprogramming that are of wide interest and relevant to human
diseases, stem cells and regenerative medicine.

Methods Summary

Derivation of rESC from mouse postimplantation epiblast (E5.5 - E7.5). The embryo was
dissected with forceps, and the epiblast was isolated by cutting out the extraembryonic and
proximal epiblast cells with glass needles. The epiblast was then treated with EGTA and
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trypsin, dissociated into single cells by pipetting with a hand-pulled glass capillary. The
single cell suspension of epiblast cells was cultured in standard ESC medium with LIF and
FCS on feeder cells. The formed colonies were called cEpi (cultured Epiblast cells), and
were regularly passaged on feeder cellsat 3 - 6 daysinterval. Following culture of cEpi for
14 - 35 days, about 10 - 50 GFP-positive cells appeared in individua cEpi colonies. When
these colonies containing GFP-positive cells grew to 100 - 200 pm diameter, they were
treated with trypsin, and the resulting cells were cultured to produce GFP-positive colonies.
Werefer to these cells as rESC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Reprogramming epiblast cells from E6.5 embryos to generate rESC. (a) Derivation of cEpi
from E6.5 epiblast. Epiblast tissue was divested of the proximal region (white line, panel 1)
and visceral endoderm; a single cell suspension (black arrow) was cultured, which formed
cEpi colonies. Note AP positive cellsin cEpi in the last panel. (b) Derivation of rESC from
cEpi. Note the appearance of clusters of Oct4-APE-GFP-positive cellsin cEpi colonies
(black arrowheads), and corresponding white arrowheads for GFP in the panel below. Note
that the rESC are uniformly AP positive. Scale bar: 100pm. (¢) Schematic representation of
reprogramming of epiblast through cEpi, and finally rESC.
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Figure 2.

Changesin gene expression profile. (a) Reverse transcription real -time PCR of marker genes
in EpiSC, cEpi, rESC at early (P4) and late (P24) passages, and ESC. Note progressive |oss
of markers of epiblast detected in cEpi and EpiSC (at the top) and enhancement of
expression of genesin rESC that resemble ESC (b) Whole-genome cluster analysis of
transcriptomes of cEpi, rESC at early (P4) and late (P24) passages, and ESC. The labeled
numbers are the corresponded Pearson correlation coefficients between different cDNA
samples. Note that rESC resemble ESC and not cEpi that are more like the original epiblast
cells as described above. Note also the changes between the early (P4) and late (P24)
passages of rESC.
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Figure 3.

Dynamic changesin cell surface adhesion molecules; both E-cadherin and N-cadherin are
detected uniformly in E6.5 epiblast, which is undetectable in single cell suspension. During
culture, N-cadherin expression is heterogeneous in cEpi and eventually disappears
completely and replaced by E-cadherin in rESC. Scale bar: 20pum.
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Figure4.

Epigenetics changes during reprogramming of epiblast cells. (a) Female cEpi exhibit
uniform accumulation of H3K27me3 associated with the inactive X (white arrowhead),
which is gradually lost from individual cells during culture and finally lost in rESC. Scale
bar: 20 um (b) Changesin DNA methylation of Stella and Rex1 during reprogramming of
epiblast. Although Sella and Rex1 are repressed in epiblast cells, these loci are initially
unmethylated; they undergo DNA methylation transiently in cEpi and stably in EpiSC.
Reprogramming to form rESC results in the loss of DNA methylation.
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Contribution of rESC to chimeras. (a) Progeny derived from chimerawith rESC showing
germline transmission indicated by black arrow. (b) E6.5 chimerawith ROSA-lacZ rESC:
Note contribution of early passage rESC both to the epiblast and to the extraembryonic
ectoderm (EXE), a derivative of trophectoderm cells. (¢) E6.5 chimera derived with ROSA-
lacZ ESC; Note contribution predominantly to the epiblast. (d) Schematic representation of
reprogramming of cEpi and Epi SC to rESC. Note the epigenetic and transcriptional changes
during reprogramming of cEpi and EpiSC.
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Table 1

Derivation of rESC lines from mouse postimplantation embryos. The embryos were isolated from E5.5 - E7.5
129/sv or ROSA129/Sv females mated with Oct4-APE-GFP transgenic males. The epiblast part was dissected
and digested into single cell suspension. cEpi colonies emerged after 4 - 7 daysin culture, and rESC were 20
observed after 14 - 35 days.

Transgenic lines Stage of embryos  No. of embryos CE'\:)?.HOIIGS rE';(OJI I(i)::es
Oct4-APE-GFP E5.5 2 14/22 (64%) 6122 (27%)
Oct4-APE-GFP E6.5 17 10/17 (59%)  4/17 (24%)
Rosa-LacZ/Oct4-APE-GFP E6.5 28 22/28 (79%) 10/28 (36%)
Oct4-APE-GFP E7.5 23 7123 (30%)  5/23 (22%)
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