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Abstract

Multiple pluripotent cell populations, which together comprise the pluripotent cell lineage,
have been identified. The mechanisms that control the progression between these popula-
tions are still poorly understood. The formation of early primitive ectoderm-like (EPL) cells
from mouse embryonic stem (mES) cells provides a model to understand how one such
transition is regulated. EPL cells form from mES cells in response to L-proline uptake
through the transporter Sic38a2. Using inhibitors of cell signaling we have shown that Src
family kinases, p38 MAPK, ERK1/2 and GSKS3 are required for the transition between
mES and EPL cells. ERK1/2, c-Src and GSK3 are likely to be enforcing a receptive,
primed state in mES cells, while Src family kinases and p38 MAPK are involved in the
establishment of EPL cells. Inhibition of these pathways prevented the acquisition of most,
but not all, features of EPL cells, suggesting that other pathways are required. L-proline
activation of differentiation is mediated through metabolism and changes to intracellular
metabolite levels, specifically reactive oxygen species. The implication of multiple signaling
pathways in the process suggests a model in which the context of Src family kinase activa-
tion determines the outcomes of pluripotent cell differentiation.

Introduction

The pluripotent cell lineage in the mouse embryo is founded in the forming blastocyst and
develops through a series of functionally distinct intermediate populations before
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differentiating at gastrulation. Four identifiable pluripotent cell populations, or states, have
been identified in vivo-the epiblast precursor cell, the epiblast of the Inner Cell Mass (ICM),
and the early and late epiblast of the post-implantation embryo [1-3]. Culture equivalents of
these populations have been established from mouse. Primed embryonic stem (mES) cells 4,
5] and epiblast stem cells (EpiSCs) [6-8], which represent the epiblast of the ICM and the late
epiblast of the post-implantation embryo, respectively, have been isolated directly from the
embryo. Naive ES cells, an in vitro equivalent of the early epiblast of the ICM, have been
formed from primed mES cells in culture [9-12]. Lastly, the epiblast, or primitive ectoderm, of
the early post-implantation embryo can be formed in culture through the differentiation of
primed mES cells to early primitive ectoderm-like (EPL) cells [13],[14, 15]. EpiSC-like cells can
also be derived from mES cells by culture in FGF and Activin A [16-18]. These populations of
pluripotent cells are now well recognized, but the molecular mechanisms that regulate progres-
sion between them are not well understood.

EPL cell formation occurs when mES cells are cultured in MEDII, medium conditioned by
HepG2 cells [13-15], or in medium containing the active component of MEDII, L-proline [19-
22]. Expression of Oct4, Sox2 and alkaline phosphatase, and a differentiation potential in cul-
ture that includes mesoderm, endoderm and ectoderm, identifies EPL cells as pluripotent [13,
23-28]. The changes in colony morphology, gene expression [13, 14, 24, 29], proliferation rate
[20], and developmental potential [15, 24, 25] that accompany EPL cell formation identify
these cells as primitive ectoderm-like. EPL cell formation is dependent on elevated concentra-
tions of L-proline within the medium (> 100 uM) [19, 20], and is inhibited by LIF [13]. The
uptake of L-proline through the sodium-coupled neutral amino acid transporter 2 (Slc38a2,
also known as SNAT2) on the surface of the cells is required for activity, and the inhibition of
L-proline uptake through SNAT?2 prevents EPL cell formation [19]. Collectively, these studies
describe a system that models the transition from the epiblast of the ICM to early primitive
ectoderm, and that can be used to understand the regulation of this event.

Little is known of how the internalization of L-proline by ES cells, when presented in MEDII
or added exogenously, induces EPL cell formation. Changes in cell morphology characteristic
of the system have been shown to require the metabolism of L-proline and generation of reac-
tive oxygen species (ROS) [21]. Here we consider the role of signaling pathways in EPL cell for-
mation. We describe the effect of pharmacologically inhibiting the Src family kinases and
mitogen-activated protein kinase (MAPK) pathways (p38 MAPK and Extracellular signal-reg-
ulated kinases 1 and 2 (ERK1/2)) on the formation and maintenance of EPL cells. We show
that inhibition of Src family kinases and p38 MAPK pathways, and pathways implicated in
naive cell formation, affected the formation and maintenance of EPL cells. Inhibition of a single
pathway could not completely prevent EPL cell formation, suggesting the requirement of mul-
tiple signaling pathways in the process. These data have been used to develop a model for the
process of pluripotent cell lineage progression and the formation of the primitive ectoderm
based on a metabolic switch and increasing intracellular ROS.

Results

Inhibition of ERK1/2 signaling prevents EPL cell formation and
maintenance in culture

EPL cells are routinely formed from primed mES cells in culture [13, 20]. The inhibition of
ERK activity in mES cells promotes the transition of primed mES cells to the naive state [9, 11].
The ability of MEDII to induce EPL cells from a mES cell population in which MEK1 signalling
had been inhibited, and therefore lacking phosphorylated ERK1/2, was tested. Phosphorylated
(p)ERK2 was detected in ES cells; phosphorylation was lost in cells cultured with the MEK
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Table 1. Summary of inhibitors used in this study.

Compound | Chemical name [uM] | Type of inhibition Specificity References’

PD0325901 | N-[(2R)-2,3-dihydroxypropoxy]-3,4-difluoro-2-[(2-fluoro- | 1 Non-ATP competitive | MEK1%* [9,11,31-33]
4-iodophenyl)amino]-benzamide binding inhibition

PP2 Pyrazolo-pyrimidine 4-amino-5-(4-chlorophenyl)-7-(t- | 10 | ATP competitive Src*, p56-%4, p59FYNT4 Hek?, [34-39]
butyl)pyrazolo[3,4-d]pyrimidine binding inhibition EGFR?®, RIP2%, CK15®° and GAK®.2

SB203580 | 4-(4 -fluorophenyl)-2-(4"-methylsulfinylphenyl)-5-(4 10 | ATP competitive p38a MAPK*, p38p MAPK* and [31-38, 40—
“-pyridyl)-imidazole binding inhibition CK13°. 44]

SU6656 2-0x0-3-(4,5,6,7-tetrahydro-1 H-indol-2-ylmethylene)- ATP competitive MAPKAP-K1a*, AMPK*, PHK®, [34, 45, 46];
2,3-dihydro-1H-indole-5-sulfonic acid dimethylamide binding inhibition p56-*“4 and DYRK1A®,

' Selected references, prioritized to include those reporting on role of inhibitor in ES cell renewal and differentiation.
2 Inhibitor is reported to have activity on MEK1 but not on ERK1, ERK2, p38aMAPK or p38BMAPK [34].
3 PP2 has been shown to have a modest impact on the activity of p38a MAPK, p383 MAPK [34].

“ Detected in ES cells.
5 Not reported in ES cells.

doi:10.1371/journal.pone.0163244.t001

inhibitor PD0325901 [30](Table 1; Fig 1A). Addition of PD0325901 to ES cells in conjunction
with MEDII or L-proline prevented the adoption of EPL cell-like colony morphology (Fig 1B
and 1C; data not shown). The cells were analysed by qPCR for the expression of markers of
pluripotency (Oct4, Sox2 and Nanog), the early epiblast of the ICM/ES cells (RexI, Spp1 and
Gbx2) and the primitive ectoderm/EPL cells (Dnmt3b, Otx2 and Fgf5; Fgf5 was only examined
in cells cultured in MEDII [20]). Cells cultured in MEDII + PD0325901 failed to up regulated
Fgf5and Dnmt3b expression and maintained Nanog, Rex1 and Spp1 expression when com-
pared to cells cultured in MEDII, consistent with maintenance of an ES cell-like state in the
absence of MEK activity (Fig 1D).

EPL cell formation requires signaling through SRC family kinases

There are nine members of the Src family kinases, seven of which have been shown to be
expressed in mES cells; c-Src, p56LCk, p59FY"T, Hck, Lyn, Fgr and Yes [30, 38, 47](JK, EW and
JR, personal communication), and c-Src activity is required for the formation of a primitive
ectoderm-like cell from mES cells in culture [38, 39]. PP2, at a concentration of 10 uM, was
used to inhibit Src, p56", p59™™" and Hck in mES cells (Table 1). At this concentration the
phosphorylation of Src family members was reduced (Fig 2A) and cells did not adopt an EPL
cell colony morphology in response to MEDII (S1 Fig). The addition of PP2 reduced colony
size, which was likely a consequence of the inhibition of pluripotent cell proliferation (S1 Fig).
The addition of PP2 maintained or increased the expression of pluripotent and mES cell mark-
ers, with the exception of Gbx2, in mES cells cultured in MEDII- or L-proline-containing
medium, and reduced the expression of Dnmt3b and Fgf5,but not Otx2, (Fig 2D and S2 Fig).

When differentiated as embryoid bodies (EBs), EPL cells increase expression of differentia-
tion markers earlier than mES cells [20, 24]. mES cells and EPL cells were aggregated to form
EBs and analysed on days 2, 3 and 4 for the expression of markers of the primitive streak (T,
Mixl1, Fgf8, Wnt3 and TgfB1) and nascent mesoderm (BMP4) by RT-PCR (Fig 2D). Differenti-
ation markers were up regulated approximately 48 hours earlier in EBs derived from EPL cells
when compared to those derived from mES cells. EBs derived from mES cells cultured in
MEDII supplemented with PP2 up regulated differentiation markers approximately 24 hours
earlier than mES cell-derived EBs (Fig 2E, S1 Fig). The advancement of differentiated gene
expression in EBs derived from cells cultured in L-proline has always been much less than in
EBs derived from EPL cells [20]. Despite this, the addition of PP2 to the cells prior to the
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Fig 1. Inhibition of MEK1 prevents the formation of EPL cells in response to MEDII. A. mES cells were pre-treated with 1 yM
PD0325901 for 60 minutes. 200 uM L-proline was added, as denoted, and the cells incubated for a further 60 minutes. Cells were
collected and analysed by western blot for the presence of phosphorylated ERK1 or ERK2. Total ERK1/2 was used as a loading control.
The intensity of the pERK2 band was measured using Quantity One software (BioRad) and represented as a proportion of total ERK1/
2. Error bars represent SEM; n = 4; * p < 0.05 when compared to mES cells. B-C. mES cells were cultured in MEDII- and DMSO-
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containing medium (B) and MEDII- and 1uM PD0325901-contianing medium (C) for 3 days. Scale bar =200 ym. D. MEDII- and DMSO-
containing medium (®) and MEDII- and 1pM PD0325901-contianing medium (o) for 3 days. RNA from these cells was analyzed for
expression of Oct4, Sox2, Nanog, Rex1, Spp1, Gbx2, Dnmt3b, Otx2 and Fgf5 by real-time PCR. Expression was normalized to 8-actin
and expressed relative to mES cells (Fgf5 has been expressed relative to MEDII + DMSO). Error bars represent SEM; n = 3. mES cells
+ MEDII + PD0325901 were compared to mES cells + MEDII + DMSO (** p < 0.05) or mES cells (# p < 0.05).

doi:10.1371/journal.pone.0163244.9001

formation of EBs did impact differentiation kinetics, with a delay in the expression of the dif-
ferentiation marker T (S2 Fig).

p38 MAP Kinase in EPL cell formation

A kinome screen of mES cells exposed to L-proline showed increased phosphorylation of p38c.
MAPK, p38p MAPK and Heat shock protein 2 (Hspb2, also known as Hsp27) (S3A Fig), sug-
gesting that the p38 MAPK pathway could be activated [48, 49]. MAP kinase pathways have
been implicated in early mES cell differentiation decisions and the formation of the germ line-
ages in culture [31-33, 40-44]. Western blot showed the presence of pHspb2 in mES cells and
mES cell treated with L-proline (Fig 3A). Phosphorylated Hspb2 levels were significantly
reduced in by the inhibitor SB203580 (Fig 3A).

The addition of 10 uM SB203580 during EPL cell formation resulted in subtle changes in
colony morphology across the population, with many colonies having a more rounded appear-
ance and refractive edges, characteristics of mES cell colonies and not EPL cell colonies (Fig 3B
and 3C; data not shown). The expression of Dnmt3b and Fgf5,but not Otx2, was reduced with
the addition of SB203580 to cells cultured in MEDII-containing or L-proline-containing
medium (Fig 3D and S2 Fig). These data suggest that p38 MAPK was required for the
increased expression of these genes. The expression of Rex1, Sppl and Gbx2 was generally unaf-
fected by the addition of SB203580 and was not restored to levels comparable those in
untreated mES cells. mES cells cultured in MEDII- or L-proline-containing medium and
SB203580 were differentiated as EBs and the expression of T analysed (Fig 3E and S2 Fig).
SB203580 prevented the acquisition of EPL cell differentiation kinetics.

mES cells that lack the p38a MAPK isoform have been established [50]. p38a” cells showed
equivalent expression of Nanog, RexI and Spp1 when compared to the parental line, but higher
expression of Gbx2 and significantly lower basal expression of Dnmt3b, Otx2 and Fgf5 (S3B
Fig). The addition of MEDII to p38a”~ mES cells resulted in increased expression of the primi-
tive ectoderm markers. These cells, however, failed to down-regulation the ES cell markers
(S3C Fig). These data suggest that the loss of p38« affects the formation of EPL cells from mES
cells but did not recapitulate the addition of SB203580.

The role of signaling pathways in the maintenance of EPL cells in culture

Signaling through the ERK2, Src family kinase and p38 MAPK all play a role in the formation
of EPL cells from mES cells. Signaling inhibitors were added to extant EPL cells to assess the
roles these pathways may play in EPL cell maintenance. Inhibition of MEK1/ERK2 in EPL cells
resulted in a mixed population of pluripotent and differentiated cell colonies, with alkaline
phosphatase positive cell colonies, adopting a compact, 3-dimensional structure rather than an
epithelial structure (Fig 4A and 4B). The population showed a significant up regulation of
Nanog, Rex1 and Spp1 expression, maintenance of Oct4 and Sox2 expression and a reduction
in EPL cell marker expression when compared to EPL cells (Fig 4E). The addition of PP2 to
EPL cells also disrupted colony morphology, with a number, but not all, colonies within the
culture rounding up (Fig 4C); these colonies were positive for alkaline phosphatase activity.
These cells expressed significantly more Nanog and Sox2 compared to EPL cells. Increased
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Fig 2. Src Family Kinases are required for the formation of EPL cells in response to MEDII A. mES cells were
cultured with or without L-proline and PP2, as denoted. Total protein was extracted after 24 hours and analysed by
western blot for the presence of phosphorylation of Src family proteins (pSFK). B-tubulin was used to normalise for
protein loaded. B, C. mES cells were cultured in medium supplemented with MEDII and DMSO (A) or MEDII and

10 uM PP2 (B) for 3 days. Scale bar =200 um. D. mES cells were cultured in medium supplemented with MEDII and
DMSO (=) or MEDII and 10 uM PP2 (o), for 3 days. RNA from these cells was analyzed for transcripts of Oct4, Sox2,
Nanog, Rex1, Spp1, Gbx2, Dnmt3b, Otx2 and Fgf5 by real-time PCR. Expression was normalized to 8-actinand
expressed relative to ES cells (Fgf5 has been expressed relative to MEDII + DMSO). Error bars represent SEM;

n = 3. ES cells in MEDII + PP2 were compared to cells cultured in MEDII + DMSO (** p < 0.05) or ES cells (#

p < 0.05). E. mES cells were cultured in ES cell medium supplemented with MEDII, DMSO or MEDII and 10 yM PP2
for 3 days and formed into EBs. EBs were collected on days 2, 3 and 4, RNA was isolated and analyzed for
expression of T, Mix/1 and Gapdhby RT-PCR. n=3.

doi:10.1371/journal.pone.0163244.9002

expression of Rex! and Spp1, and decreased expression of Dnmt3b and Fgf5,in these cells was
consistent with the cells acquiring a more ES cell-like gene expression profile (Fig 4F). These
changes did not all reach parity with ES cell gene expression (data not shown). The expression
of Gbx2 and Otx2 was unaffected by the addition of PP2. EPL cells in which p38 MAPK had
been inhibited appeared to be more differentiated than controls and there were qualitatively
fewer alkaline phosphatase cells (Fig 4D). Gene expression analysis detected no significant dif-
ferences in the expression of the pluripotent, ES cell or EPL cell markers (Fig 4G), suggesting
that an EPL cell gene expression profile was maintained. Despite the appearance of more differ-
entiated cells within this population, gene expression analysis could not detect a role for p38
MAPK in EPL cell maintenance.

ROS-signalling and EPL cell formation

Several lines of evidence suggest that c-SRC can be activated by increased intracellular ROS
[16, 51]. Likewise, others have implicated ROS in the activation of p38 MAPK (for example
[52-54]). Metabolism of L-proline by proline dehydrogenase within the cell can result in
increased intracellular ROS levels [55], providing a potential link between L-proline uptake and
signaling pathway activation. mES cells with and without L-proline were assayed for steady
state levels of intracellular ROS qualitatively and quantitatively (Fig 5). Qualitatively, a popula-
tion of ES cells comprised a mix of ROS-bright and ROS-dull cells (Fig 5A); this was reflected
in a basal level of biochemically detected ROS within the population (Fig 5D). The addition of
L-proline resulted in an increase in the number of ROS-bright cells in the population and a con-
comitant increase in the levels of ROS detected (Fig 5B and 5D). The PRODH inhibitor
3,4-dehydro-L-proline (DHP) reduced the levels of ROS in L-proline-treated cells to basal lev-
els, but had no impact on ROS levels in untreated mES cells. Addition of an antioxidant, ascor-
bic acid (Fig 5C) or glutathione (GSH; Fig 5D), abolished ROS-bright cells in the population
and reduced the levels of ROS to below basal (mES cell) levels. Finally, inhibiting L-proline
metabolism with DHP reduced the expression of Dnmt3b and Otx2 in L-proline-treated cells
(Fig 5E), suggesting a requirement for metabolism in the regulation of EPL cell gene
expression.

Discussion
EPL cell inductive factors act on a primed ES cell population

mES cells can be cultured in the naive or the primed state. The naive pluripotent cell state is
achieved by preventing signaling through ERK1/2 in combination with a GSK3{3 inhibitor, and
thereby maintaining cells in an intrinsically self-maintaining state regulated by Nanog and
shielded from differentiation signals [9, 11]. With increasing ERK signaling mES cells become
primed, or able to respond to differentiation signals [31], while deletion of Erk2-/- biases cells
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Fig 3. The role of p38 MAPK in the formation of EPL cells in response to MEDII. A. mES cells were pre-
treated with 10 uM SB203580 for 60 minutes. 200 uM L-proline was added, as denoted and the cells
incubated for a further 60 minutes. Cells were collected and analysed by western blot for the presence of
phosphorylated pHspb2. Total Hspb2 was used as a loading control. B, C. mES cells were cultured medium
supplemented with MEDII and DMSO (A) or MEDII and 10 uM SB203580 for 3 days. Scale bar =200 ym. D.
mES cells were cultured in medium supplemented with MEDII and DMSO (=) or MEDII and 10 yM SB203580
(o) for 3 days. RNA from these cells was analyzed for expression of Oct4, Sox2, Nanog Rex1, Spp1, Gbx2,
Dnmt3b, Otx2 and Fgf5 by real-time PCR. Expression was normalized to 3-actin and expressed relative to
mES cells (Fgf5 has been expressed relative to MEDII + DMSO). Error bars represent SEM; n = 4. mES cells
+ MEDII + SB203580 were compared to mES cells + MEDII + DMSO (** p < 0.05) or mES cells (# p < 0.05).
E. mES cells were cultured in ES cell medium supplemented with MEDII, DMSO or MEDII and 10 uM 10 uM
SB203580 for 3 days and formed into EBs. EBs were collected on days 2, 3 and 4, RNA was isolated and
analyzed for expression of Tand Gapdhby RT-PCR.n=3.

doi:10.1371/journal.pone.0163244.9003

towards self-renewal [56]. Inhibition of ERK2 signaling prevented the formation of EPL cells in
response to l-proline or MEDII, suggesting that active ERK2, and the concomitant primed
mES cell state, was required for EPL cell formation. Inhibition of Src activity can replace the
inhibition of ERK signaling in the maintenance of naive mES cells [57, 58], and ¢-Src inhibition
has been shown to promote the formation of naive human pluripotent cells [59]. The ability of
PP2 to inhibit the formation of EPL cells from ES cells in response to l-proline or MEDII is
consistent with a requirement for a primed mES cell substrate in primitive ectoderm
formation.

Acquisition and maintenance of the EPL cell state requires the activity of
multiple intracellular pathways

Src family kinase signaling was required for the maintenance of the EPL cell state in culture,
and suggests a role for this pathway beyond facilitating mES cell priming. Several reports have
noted the functional similarity between human (h)ES cells and primitive ectoderm-like cell
lines from mouse, EPL cells and EpiSCs [26, 60, 61]. Pluripotency in hES cells is maintained, in
part, by fibroblast growth factor-2 (FGF-2). Analysis of the pathways activated by FGF signal-
ling in hES cells demonstrated tyrosine phosphorylation of Src family kinases and Src sub-
strates [62]. This was interpreted as indicating a role for Src kinase activity in the maintenance
of hES cell pluripotency by FGF-2, and is consistent with the role of Src family kinase activity
in maintaining the primitive ectoderm-like identity of EPL cells in culture.

The formation of EPL cells from mES cells, like the formation of primitive ectoderm from
pluripotent cells of the blastocyst, is accompanied by epithelialisation of the pluripotent cells.
PP2 prevented this change in colony morphology and promoted growth in compact colonies;
others have seen this effect [63]. This effect has also been seen in non-pluripotent cells, in
which PP2 inhibited cell migration, and also, surprisingly, in fibroblasts deficient in c-Src, Yes
and Fyn, suggesting that migration in these cells depended on a non-Src family kinase mecha-
nism that is affected by PP2 [63]. Consistent with this, the Src family inhibitor SU6656 did not
inhibit the epithelialisation of mES cells cultured in MEDII (Data not shown). It is yet to be
determined if the mechanisms that regulate colony morphology changes seen in pluripotent
cell lineage progression are equivalent to those that regulate migration in somatic cells.

Treatment of mES cells with r-proline resulted in increased p38 MAPK phosphorylation.
Inhibition of p38 MAPK activity during EPL cell formation impacted the change in colony
morphology, prevented the up regulation of primitive ectoderm markers Dnmt3b and Fgf5and
blocked the change in differentiation kinetics that accompanies EPL cell formation, suggesting
arole for p38 MAPK in the establishment of EPL cells. Inhibiting signaling through p38
MAPK did not, however, restore the expression of pluripotent / ES cell markers. The deletion
of p38a resulted reduced basal expression of primitive ectoderm markers when compared to
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Fig 4. The role of ERK1/2, Src Family Kinases and p38 MAPK in the maintenance of EPL cells. A-D.
Photomicrographs of mES cells cultured in MEDII for 2 days and subsequently in MEDII containing medium
supplemented with DMSO (A), 1 uM PD0325901 (B) 10 uM PP2 (C) and 10 yM SB203580 (D). Cells were
stained for alkaline phosphatase activity (red/purple stain). Scale bar = 200 um. E, F. mES cells were
cultured in MEDII for 2 days and subsequently in MEDII containing medium supplemented with DMSO (),
DMSO with 1 yM PD0325901 (E, o), DMSO with 10 uM PP2 (F, o) or DMSO with 10 uM SB203580 (G, o).
RNA from these cells was analyzed for expression of Oct4, Sox2, Nanog, Rex1, Spp1, Gbx2, Dnmt3b and
Otx2 by real-time PCR. Expression was normalized to 8-actin. Error bars represent SEM; n = 3. EPL cells
cultured in MEDII with inhibitor were compared to EPL cells in MEDII with DMSO, ** p < 0.05, or mES cells,
# p< 0.05.

doi:10.1371/journal.pone.0163244.9004

WT cells; expression of these markers increased with the addition of MEDII but there was no
accompanying alteration in differentiation kinetics (data not shown). Previous reports showed
that knockdown of p383, the second highest p38 MAPK isoform found in ES cells, in p38a”"
ES cells did not affect ES cell differentiation [64]. Although the loss of p38a did prevent aspects
of EPL cell formation, p38a”~ mES cells do not phenocopy mES cells cultured in a p38 MAPK
inhibitor, suggesting that in the absence of other p38a factors, including p3883, may regulate
EPL cell marker gene expression.

Multiple pathways regulate pluripotent lineage progression

MES cells in culture do not grow as a homogenous population but exist in a metastable state.
Heterogeneity has been revealed by the non-uniform expression of Zfp42, Dppa3, Nanog,
Pecam1 and Otx2 in cells expressing Oct4 [65-70]. These genes mark interchangeable pluripo-
tent cell states corresponding to an ICM-like, Otx2-low state and a later pluripotent cell state,
marked by higher Ofx2 expression, that coexist and ensure the self-renewal and perpetuation
of pluripotency and a susceptibility to differentiation factors [10]. Otx2 has been shown to be
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Fig 5. The addition of L-proline to ES cells increases ROS. A-C. MitoSox Red staining of mES incubated with 200 uM I-proline (B) or L-proline and
ascorbic acid (C) and compared to untreated cells (A). Hoechst staining of the same fields of view are shown in Ai, Bi and Ci. D. ROS levels were measured
as fluorescence using ROS-Glo™ H,0, Assay (Promega) in cells that had been incubated with L-proline, 150 yM DHP or 1 mM GSH, as denoted. Results
are shown as arbitrary fluorescent units. n = 4, *p<0.05 when compared with mES cells. # p<0.05 when compared with mES cells incubated with L-proline.
E. The expression of Dnmt3b and Otx2was analysed in mES cells cultured in medium supplemented 200 uM L-proline or 200 uM L-proline and 150 uM
DHP. Expression was normalized to B-actin and expressed relative to mES cells. Error bars represent SEM; n = 4. Comparisons were made to mES cells
(*p < 0.05) or mES cells cultured with 200 uM L-proline (# p < 0.05).

doi:10.1371/journal.pone.0163244.9005
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Fig 6. The regulation of progression of the pluripotent lineage in culture. The cell states represented in vitro,
naive mES cells, primed mES cells and EPL cells have been aligned with the expression of Nanog and Otx2 and
with their deduced intracellular signaling activity. Inducers of lineage progression are shown in orange; Calcineurin
exerts its effects through dephosphorylation of NFAT and promotes NFAT translocation to the nucleus.

doi:10.1371/journal.pone.0163244.9006

intrinsic to the metastable state; overexpression of Otx2 resulted in a population of cells repre-
sentative of late epiblast of the post-implantation embryo and EpiSC, while Otx2”" mES cells
are highly enriched for Nanog-expressing cells and predisposed to self-renewal [69]. Otx2 has
also been shown to be required for the transition of mES cells from the ICM-like state and
later, primed, pluripotent cell states [71]. Ofx2 has been used here as a marker of EPL cells.
Inhibition of neither Src family kinases, p38 MAPK, nor MEK1/ERK?2 affected the regulation
of Otx2 expression during the formation of EPL cells, although the loss of ERK1/2 signalling in
formed EPL cells did reduce the expression of Otx2 (54 Fig). The inability to prevent Otx2
expression when mES cells are exposed to L-proline or MEDII may underlie the failure of these
inhibitors to prevent all aspects of differentiation and to maintain an mES cell in culture.
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Several transcriptional modules have been identified in the regulation of mES cells pluripo-
tency, each potentially regulating different gene cohorts and regulated by different upstream
triggers [72-76]. It is likely that Src family kinases, p38 MAPK and ERK2 signaling regulate
some, but not all, of these transcriptional modules, resulting in the incomplete inhibition of
EPL cell formation and maintenance of Otx2 expression.

Multiple pluripotent cell states in culture

The regulation of pluripotent lineage progression is not well understood, but these findings,
coupled with the findings of others, can be integrated into a model of the process (Fig 6). In
culture, mES cells in the naive state are hypothesized to represent the earlier pluripotent cells of
the lineage [12, 77]. In culture, these cells are maintained by supressing GSK3p signaling in
combination with the inhibition of ERK1/2 signaling (through the inhibition of MEK1), Src
family kinases or calcineurin [9, 11, 57, 58]. It is thought that calcineurin signaling collaborates
with ERK signaling to activate Src, which in turn drives the priming of the cells for differentia-
tion [58]; inhibition of any of these signalling components will prevent Src activation. In
primed mES cells ERK activity is present. The absence of calcineurin signaling in these cells
[58] will likely prevent the up regulation and activation of c-Src in response to ERK1/2
signaling.

The transition of mES cells to EPL cells involves the activation of Src family kinases and p38
MAPK and occurs in response to L-proline. The addition of L-proline to primed mES cells
increases ROS within the cell population. The enzyme central to proline metabolism in the cell,
proline dehydrogenase (PRODH or POX), converts L-proline to A'-pyrroline-5-carboxylate
(P5C), with the concomitant transfer of electrons to oxygen and generation of ROS [78, 79].
ROS increases in mES cells were prevented by inhibition of PRODH, and EPL cell morphology
could be prevented by ROS scavengers and PRODH inhibition [21], suggesting a role for pro-
line metabolism in mES cell differentiation. c-Src and p38 MAPK can be activated by increased
intracellular ROS [51, 53, 54, 80], providing a pathway for the control of differentiation by L-
proline. The action of MEDII and 1-proline, through ROS induction, does not appear to be
able to overcome the suppression of Src activation that can be achieved when MEK1 is
inhibited.

The question arises to the relevance of calcineurin or L-proline in the regulation of Src activ-
ity within ES cells. The combination of ERK and calcineurin resulted in differentiation of mES
cells to cells of the extraembryonic lineages, primarily trophectoderm and endoderm [58],
whereas the combination of ERK and L-proline results in the formation of EPL cells and subse-
quently cells of the germ lineages [15, 24, 25, 81]. These likely represent different pathways to
activate c-Src that achieve alternate cellular outcomes, potentially through the differential regu-
lation of p38 MAPK, and place Src family kinase signaling as pivotal in ES cell differentiation.

Materials and Methods
Cell culture

D3 mouse mES cell line [82] was maintained as described previously in Rathjen and Rathjen,
2003 [83]. EPL cells were formed by culturing mES cells in medium supplemented with 50%
MEDII, or medium supplemented with LIF and 200 pM L-proline (Sigma-Aldrich) [20, 83].
Chemical inhibitors (PP2 (Calbiochem), SB203580 (Tocris Bioscience), SU6656 (Sigma
Aldrich) and PD0325901 (Selleck Chemicals)) were added every 24 hours or as described in
the text. Inhibition of SRC family kinase phosphorylation by PP2 was still apparent at 24 hours
(Fig 1G), suggesting this inhibitor was stable in these culture conditions. Inhibition p38 MAPK
by SB203580 was clear after 60 minutes (Fig 3A) but was less predictable at 24 hours (data not
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shown), suggesting activity remained after extended culture but some potency had been lost.
Inhibition of ERK2 phosphorylation by PD0325901 was obvious after 60 minutes (Fig 5A) but
was not detected at 24 hours (data not shown), suggesting this inhibitor was not stable in cul-
ture over this time. MES cells were seeded at a density of 2.5 x 10* cells / cm” onto tissue cul-
ture-treated plasticware (Nunc'™), pretreated with 0.2% fetal porcine gelatin (Sigma-Aldrich).
Cells were cultured for 3 days (in 50% MEDII) or 4 days (with 200 uM L-proline) with daily
medium replenishment. Chemical inhibitors were suspended in dimethyl sulfoxide (DMSO)
(Sigma-Aldrich) and added to cells as described in the text. For EPL cell maintenance experi-
ments mES cells were cultured in medium supplemented with 50% MEDII for 2 days, followed
by the addition of chemical inhibitors to the medium for a further 2 days, as described in text.
Alkaline phosphatase activity was performed according to manufacturer’s instructions using
an alkaline phosphatase detection kit (Sigma-Aldrich; catalogue # 86C) with modifications to
allow staining in tissue culture plasticware [13]. Images were taken on an Olympus IX51 with
an F-view II digital camera (Olympus) or UC-30 digital camera. Embryoid bodies (EBs) were
formed from mES cells that had been cultured for 3 days (in 50% MEDII) or 4 days (with

200 uM r-proline) as described previously [83]; chemical inhibitors were added as described in
text.

Gene expression analysis

Reverse Transcriptase-PCR (RT-PCR): Total RNA was isolated from cells using TRIzol®
reagent (InvitrogenTM) as per the manufacturer’s instructions and DNasel treated (Ambion).
cDNA synthesis was performed using M-MLV Reverse Transcriptase (Promega). PCR reac-
tions, containing GoTaq® Green Master Mix (Promega), 200 nM each of forward and reverse
primers and 1 pl of cDNA were initially heated to 95°C for 2 minutes and then cycled through
95°C for 30 seconds, 60°C for 30 seconds and 72°C for 30 seconds on a MJ Research or Bio-rad
thermocycler. Primer sequences, the number of cycles used for each primer pair and the size of
the expected amplicon are listed in S1 Table.

Quantitative Real-time PCR (qPCR)

RNA was isolated, DNasel treated and cDNA was synthesized as for RT-PCR. Reactions, con-
sisting of cDNA, HOT FirePol EvaGreen Mix (Integrated Sciences) with 200 nM each of for-
ward and reverse primers, were amplified using MJ research thermocycler with a Chromo4
Continuous Fluorescence Detection System (M] Research) or Via™ 7 real time PCR system.
The samples were initially heated to 95°C for 15 minutes followed by 40 cycles of 95°C for 155,
60°C for 15 s and 72°C for 30 s. The cycle threshold (Ct) values for S-actin were normalized
across samples and the raw Ct values were analyzed using Q-Gene software package [84].
Primer sequences are listed in S1 Table.

Western Blot

Total cellular protein was extracted from mES cells with 200 pl Laemmli sample buffer (Bio-
rad) containing B-mercaptoethanol (Sigma-Aldrich), protease inhibitor (#P-8350; Sigma-
Aldrich) and phosphatase inhibitor, as per manufacturer’s instructions. Protein extract was
incubated at 100°C for 10 minutes and separated using a 10% SDS polyacrylamide gel. Stan-
dard immunoblot procedures were followed and proteins were visualized using the Immun-
Star™ WesternC™ Chemiluminescence Kit (Bio-Rad) and a Bio-Rad ChemiDoc'™ XRS as
per the manufacturer’s instructions. Antibodies, antibody suppliers and dilutions used are
stated in S1 Table. Band intensities were estimated using Quantity One software (Bio-Rad).
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Kinome array

mES cells were transferred to DMEM + 0.1% FCS (Life technologies) for 4 hours prior to set-
ting up the assay. At time 0, cells were mechanically removed from the plastic and aliquots of
approximately 1 x 107 cells were treated with LIF (5 minutes), 200 uM L-proline (5 and 15 min-
utes) or maintained in DMEM + 0.1% FCS (15 minutes). Cells were lysed and lysates applied
to a Proteome Profiler™ Human Phospo-MAPK Array (R&D Systems, catalogue # ARY002B)
as per the manufacturer’s instructions. Signals were developed using enhanced chemilumines-
cence (GE Lifescience) and quantified using QuantityOne (Bio-Rad).

BrdU Assay

mES cells were cultured with 5 Bromo 2’ deoxyuridine (BrdU) (10 uM; Sigma Aldrich) for 2
hours before cells were washed and reduced to a single cell suspension. Cells were fixed in ice-
cold 70% ethanol, permeabilised in 1 M HCI, and BrdU incorporation detected using an o.-
BrdU monoclonal antibody (Bioclone Australia) in combination with a rabbit a-mouse IgG
Alexa Fluor 488 secondary antibody (Invitrogen). Cells that had incorporated BrdU were
quantified by flow cytommetry.

ROS analysis

Live cell imaging. mES cells were seeded at 2.5 x 10* cells per well into 96 well black imag-
ing plates (BD Falcon, 31053) and cultured for 4 days. L-proline (200 pM) was added on day 3,
and ascorbic acid (200 uM) was added 4 hours prior to imaging. 30 minutes prior to imaging,
MitoSOX™ Red mitochondrial superoxide indicator (5 uM, Invitrogen, M36008) and Hoechst
(Life Technologies, H3570) were added as per the manufacturer’s specifications. Cells were
washed in live cell imaging buffer (DMEM without Phenol Red (Gibco, 31053), 10% Foetal calf
serum (Life Technologies), 0.1mM B-mercaptoethanol (Sigma)) and imaged using a Leica
DMIRB inverted fluorescent microscope (Leica Microsystems), connected to a Hamamatsu
ORCA-ER digital camera. NIS Elements D software (version 4.0, Nikon®) was used to view
the images and control exposure times.

Biochemical analysis of ROS. ROS production was quantified using the ROS-Glo™ H,0,
Assay (Promega, G8820). MES cells were seeded at 1 x 10° cells per well into a 96 well white
imaging plates (BD Falcon, 351130) and allowed to adhere overnight. 200 uM L-proline was
added at the time of seeding as denoted in the text. 4 hours prior to performing the assay, DHP
(150 uM; Sigma Aldrich) or 1 mM GSH (Sigma-Aldrich, PHR1359) were. The H,O, substrate
solution was added 1 hour after treatments were added and the plate was incubated at 37°C for
an additional 3 hours. Cells were washed with PBS, the ROS-Glo detection solution was added
to with PBS to a total volume of 200 pl and the cells were incubated at room temperature for 20
minutes. Luminescence readings were taken using the GloMax®) -96 Microplate luminometer
(Promega).

Statistical Analysis

Experiments were analyzed using one-way ANOVA followed by Tukey’s multiple comparison
post-hoc test and significance was achieved at p = 0.05 or less with the use of Graphpad Prism.

Supporting Information

S1 Fig. PP2 impacts the colony morphology, proliferation rate and differentiation kinetics
of pluripotent cells in cluture. A. ES cells were cultured in ESCM and ESCM + 200 pM L-pro-
line with or without 10 uM PP2, as indicated, for 4 days. Scale bar = 200 pum. B. ES cells were
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cultured in MEDII + DMSO and MEDII + 5, 10 or 20 uM PP2 for 3 days. Scale bar = 200 pum.
Although a clear change in the appearance of colonies could be seen with 5 uM PP2 when com-
pared to MEDII + DMSO, full suppression of EPL cell morphology was seen at 10 and 20 pM.
C. ES cells were cultured with 5 and 20 uM PP2 for 5 (®) or 6 (0) days. Cells in S-phase were
identified by immunofluorescence for incorporated BrdU followed by flow cytometry. The
number of cells incorporating BrdU is shown relative to ES cells. Error bars represent SEM;

n = 3. Comparisons were made to untreated ES cells, ** p < 0.01. D. ES cells were cultured in
ESCM, MEDII, MEDII + DMSO and MEDII + 10 uM PP2, as indicated, for 3 days and formed
into EBs. EBs were collected on days 2, 3 and 4. RNA was isolated and analyzed for expression
of Fgf8, Wnt3, Tgff31, Bmp4 and Gapdh by RT-PCR; n = 3, a representative image is shown.
(TIF)

S2 Fig. The impact of signaling inhibitors on the action of L-proline. A, B. ES cells were cul-
tured in medium supplemented with 200 pM L-proline and DMSO (™) or L-proline and 10 uM
PP2 (o) (A) or 10 uM SB203580 (00)(B), for 4 days. RNA from these cells was analyzed for tran-
scripts of Oct4, Sox2, Nanog, Rex1, Spp1, Gbx2, Dnmt3b, Otx2 and Fgf5 by real-time PCR.
Expression was normalized to $-actin and expressed relative to ES cells. Error bars represent
SEM; n = 3. ES cells in Proline + PP2 were compared to cells cultured in Proline + DMSO (**

p <0.05) or ES cells (# p < 0.05). C, D. ES cells were cultured with L-proline + DMSO, L-pro-
line +10 uM PP2 (C) and L-proline +10 uM SB203580 (D) for 4 days before being formed into
embryoid bodies (EBs). EBs were analysed as for the expression of T by RT-PCR. n = 3.

(TIF)

S3 Fig. A role for p38 MAPK signaling in EPL cell formation. A. ES cells were treated with
LIF or 100 pM of L-proline for 5 or 20 minutes, as indicated. Cells were lysed and protein
bound to the kinome array and binding quantified. Binding to antibodies specific

for pp38a., pp38p, pHsbp2 and MSK?2 is shown; n = 2, values have been averaged. B. WT ES
cell and p38a. KO ES cells were cultured in ESCM. RNA was analyzed by qPCR for the expres-
sion of Nanog, Rexl, Spp1, Gbx2, Fgf5, Dnmt3b and Otx2. Expression was normalized to Oct4
and expressed relative to WT ES cells. Error bars represent SEM; n = 3. **p < 0.01 when com-
pared to WT ES cells. Loss of p38a. decreased expression of primitive ectoderm markers in the
ES cell population. C. p38c KO ES cells were cultured in ESCM and MEDII for 3 days to form
EPL cells. RNA was analyzed by qPCR for the expression of Nanog, Rex1, Spp1, Gbx2, Fgf5,
Dnmt3b and Otx2 by real-time PCR. Expression was normalized to Oct4 and expressed relative
to p38a KO ES cells. Error bars represent SEM; n = 3. **p < 0.01, *p < 0.05 when compared to
KO ES cells.

(TIF)

S4 Fig. The effect of inhibiting Src family kinase signaling with SU6656. ES cells were cul-
tured in MEDII + DMSO and MEDII + 1, 2 or 4 uM SU6656 for 3 days. Scale bar = 200 pum.
(TIF)

S1 Table. Details of primers and antibodies used in this research.
(DOCX)
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