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Abstract: Historically, primordial germ cells (PGCs) have been a good model to study pluripotency. Despite their
low numbers and limited accessibility in the mouse embryo, they can be easily and rapidly reprogrammed at high
efficiency with external physicochemical factors and do not require transcription factor transfection. Employing this
model to deepen our understanding of cell reprogramming, we specifically aimed to determine the relevance of Ca%*
signal transduction pathway components in the reprogramming process. Our results showed that PGC reprogram-
ming requires a normal extracellular [Ca?*] range, in contrast to neoplastic or transformed cells, which can continue
to proliferate in Ca?*-deficient media, differentiating normal reprogramming from neoplastic transformation. Our
results also showed that a spike in extracellular [Ca?*] of 1-3 mM can directly reprogram PGC. Intracellular manipu-
lation of Ca?* signal transduction pathway components revealed that inhibition of classical Ca?* and diacylglycerol
(DAG)-dependent PKCs, or intriguingly, of only the novel DAG-dependent PKC, PKCe, were able to induce reprogram-
ming. PKCe inhibition changed the metabolism of PGCs toward glycolysis, increasing the proportion of inactive mito-
chondria. This metabolic switch from oxidative phosphorylation to glycolysis is mediated by hypoxia-inducible factors
(HIFs), given we found upregulation of both HIF1a and HIF2a in the first 48 hours of culturing. PKCe inhibition did
not change the classical pluripotency gene expression of PGCs, Oct4, or Nanog. PKCe inhibition changed the histone
acetylation of PGCs, with histones H2B, H3, and H4 becoming acetylated in PKCe-inhibited cultures (markers were
H2BacK20, H3acK9, and H4acK5K8, K12, K16), suggesting that reprogramming by PKCe inhibition is mediated by
histone acetylation.
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Introduction chemical factors such as FGF2 [4-6], the

mitogens retinoic acid and forskolin [7, 8], the

Primordial germ cells (PGCs) are gamete pre-
cursors during embryonic life. As such, they
retain some pluripotency clues, such as alka-
line phosphatase activity, stage-specific em-
bryonic antigens, and Lin28, Oct4, Sox2, and
Nanog expression (for a review see [1]).

Historically, PGCs have been a good model to
study pluripotency because, despite their low
numbers (approximately 25 cells per 8.5 days
post coitum [dpc] mouse embryo), they can
easily be reprogrammed at high efficiency (typi-
cally 10% [2], and up to 20% with a combina-
tion of factors [3]), and with external physico-

epigenetic modulator trichostatin A [9], mito-
gen-activated protein kinase/extracellular-sig-
nal-regulated kinase (MAP/ERK) and GSK3 in-
hibitors [10], and more recently by hypoxia (hy-
poxia-induced EG-like cells, hi-EGL [2]). Each
of these factors alone reprograms unipotent
PGCs to pluripotent embryonic germ cells
(EGCs), which are similar to embryonic stem
cells (ESCs), and induced pluripotent stem cells
(iPSCs), with minor differences such as epigen-
etic state [1, 11, 12]. Another advantage is that
PGC reprogramming is faster than that of iPSC
derivation, taking only about a week to com-
plete [6]. Accordingly, using this model to deep-
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en our understanding of cell reprogramming
has highlighted several important processes,
such as the disconnection of self-renewal and
pluripotency acquisition itself, a metabolic shift
toward glycolysis having a direct role in repro-
gramming, the implications of histone acetyla-
tion, and the need for a reactive oxygen species
(ROS) spike and autophagy for reprogramming
[2, 11, 13].

In a previous study comparing the expression
of pluripotent EGCs with PGCs by suppression
subtractive hybridization and microarray analy-
sis [2] and National Center for Biotechnology
Information Gene Expression Omnibus data-
base depository, accessible through GEO Se-
ries accession number GSE61472, we found
differences in several genes related to cal-
cium signaling; thus, in our study, we aimed to
deepen our understanding of the relevance of
Ca?* signal transduction pathway components
in the reprogramming process.

Materials and methods
PGC isolation and culture conditions

We used 8.5-days post coitum (dpc) embryos
from Oct4-green fluorescent protein (GFP)
transgenic mice of the C57BL/6 strain for this
study. The isolation and culture of the PGCs
were performed as described previously [2].
Briefly, PGCs were cultured onto a confluent
monolayer of nutritious mitomycin C-treated
STO cells (Sandoz Thioguanine- and Ouabain-
resistant cells, immortalized mouse embryonic
fibroblasts), in Dulbecco’s Modified Eagle Me-
dium (DMEM) with 15% embryonic stem cell-
qualified fetal bovine serum (FBS) and supple-
mented with leukemia inhibitory factor (LIF)
(Millipore) and stem cell factor (SCF) (R&D
Systems), which are essential for PGC survival
and proliferation but do not induce reprogram-
ming. As a positive control for reprogramming,
either fibroblast growth factor-2 (FGF2) at 1 ng/
ml or 3% O, were used, Cultures were exposed
daily to calcium signaling-related soluble fac-
tors. Soluble factors were added in decreasing
logarithmic concentrations according to the
published literature to establish nontoxic rang-
es. Factors and final concentrations used were
as follows: ionomycin at 0.5 yM, flunarizine at
4 uM, thapsigargin at 0.1 nM, trifluoperazine at
20 uM, KN-62 at 0.8 uM, cyclosporin A at 100
nM, staurosporine at 15 nM, BAPTA-AM at 0.1

MM, FR236924 at 10 pM, Ro-31-8220 at 30
nM, and PKCe inhibitory peptide (PIP) at 10 nM.
All factors were from SigmaAldrich and were
added daily and continuously to the cultures
except for trifluoperazine, which was added for
1 h/day and KN-62 for 30 min/day.

Cultures were also exposed to various extra-
cellular Ca?" concentrations, by using DMEM
devoid of Ca?" and dialyzed (Pierce, Thermo-
Fisher) FBS, and then adding CaCl, at the
desired final concentrations.

Pluripotency and differentiation assays

To identify both isolated PGCs and pluripo-
tent EGC colonies, tissue-nonspecific alkaline
phosphatase (TNAP) staining was performed.
Colonies of 8 or more cells were regarded as
reprogrammed PGCs. A t-test was then per-
formed between experimental conditions, with
3 technical replicates and at least 3 biological
replicates. To demonstrate actual pluripotency,
embryoid bodies (EBs) and 3 germ layer differ-
entiations were obtained and demonstrated
from reprogrammed PGCs as in [13], using the
antibodies anti-albumin (Dako) for endoderm,
anti-vimentin (Dako) for mesoderm, and anti-
cytokeratins AE1/AE3 (Dako) for ectoderm de-
monstration by immunofluorescence.

Immunofluorescence

Immunofluorescence was performed after fixa-
tion using 4% paraformaldehyde at pH 7.4.
PGCs were identified by labeling for stage-spe-
cific embryonic antigen-1 (SSEA1) (R&D Sys-
tems). Double staining together with molecules
of interest was performed: hypoxia-inducible
factor (HIF) 1a (Abcam), HIF2a (Abcam), Nanog
(Abcam), KIf4 (R&D Systems), c-Myc (Santa
Cruz Biotechnology), H2BacK20 (Abcam),
H3acK9 (Abcam), and H4acK5K8, K12, K16
(Abcam). As controls, the mouse embryonic
stem cell line E14Tg2a, monkey Cos7, and
mouse NIH3T3 cell lines were used. Images
were obtained by confocal microscopy.

Mitochondrial activity

To show mitochondrial activity, flow cytometry
was performed after the addition of a mito-
chondrial JC-1 fluorescent probe (Life Techno-
logies) and subsequent fixation as previously
described [13] or with live cells to simultane-
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ously detect Oct4-GFP levels. Cell sorting was
also performed based on this design to isolate
PGCs by SSEA-1 and measure mitochondrial
activity by JC-1 fluorescence.

Gene expression analysis

Cell sorting was also performed to extract RNA
for specific gene expression analysis, using the
RNeasy Minikit (Qiagen). RNA was converted to
cDNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems), which
was then preamplified using TagMan PreAmp
Master Mix (Applied Biosystems) to reach en-
ough of a sample before performing quantita-
tive polymerase chain reaction (qPCR), using
B-actin as the reference gene. Primers were
CaMK2y Forward 5'-3’: acatccaaacattgtgegtct,
Reverse 3'-5": aaacaactcccctececggtaa; Ppp3cc
Forward 5’-3': accctgcagtttgtgaattttt, Reverse
3'-5": gaaagccagttgettggtte; Prkce Forward
5'-3": aagaaacaggaaacccctgac, Reverse 3-5':
acttgtggggcatgttgac; and B-actin Forward 5'-
3": ctgtattccectecategtg, Reverse 3'-5': aggag-
tccttetgacccatte. The conditions for gPCR were
10 min at 95°C and then 10 cycles of 15 s
at 95°C and 4 min at 60°C in a Biometra
TPersonal thermal cycler.

Statistical analysis

Statistical significance in cultures was assess-
ed by Student’s t-test with Fisher modification
in at least 3 separate experiments, each per-
formed in triplicate wells. EBs and spontane-
ous differentiation were performed at least 3
times. Flow cytometry results were assessed
by a parametric F-Snedecor test analysis. Sig-
nificance was considered at P <.05.

Results

Extracellular Ca®* is necessary for PGC survival
and reprogramming

Most cells require a strict Ca?* level for various
cellular functions, such as cell migration, inva-
sion, survival, proliferation, differentiation, and
apoptosis. As expected, PGC survival was Ca?*-
concentration dependent, and PGCs did not
survive on media containing less than 1 mM
Ca?* (Figure 1A). Similarly, PGCs were not able
to reprogram by the classical method of FGF2
addition until the extracellular Ca2* concentra-
tion reached 2 mM (Figure 1B).

Extracellular Ca®* concentrations 1-3 mM
reprogram PGCs in the absence of FGF2

Surprisingly, the addition of Ca?* to the extra-
cellular media in concentrations 1-3 mM re-
programmed PGCs even in the absence of
FGF2 (Figure 1C), without affecting PGC sur-
vival (Figure 1D). Higher concentrations nega-
tively affected both PGC survival and repro-
gramming (Figure 1C, 1D).

Ca* flux from extracellular to intracellular
space prevents reprogramming, whereas
blocking Ca?* entry does not affect reprogram-
ming efficiency

To ascertain whether these narrow Ca?* con-
centrations in the medium for reprogramming
correlated with the intracellular Ca?* require-
ments, we subjected the cultures in reprogram-
ming conditions to ionomycin, a cell membrane
permeabilizer that allows Ca?* flux into the cell;
and to the opposite, flunarizine, an antagonist
to type T Ca?'/Na* channels, thus preventing
Ca?* entry.

lonomycin did not affect PGC survival at O, 5
MM (Figure 1E), but it did prevent PGC repro-
gramming (Figure 1F), again suggesting that
high intracellular free Ca?* prevents reprogram-
ming. At higher concentrations, ionomycin was
toxic for PGCs (not shown). However, the addi-
tion of flunarizine did not affect reprogramm-
ing efficiency (Figure 1G, 1H), suggesting that
enough Ca?" had been stored in intracellular
compartments in regular media and thus could
be released for reprogramming.

Ca** release from the endoplasmic reticulum
might play a role in reprogramming

To confirm this hypothesis, cultures were ex-
posed to thapsigargin, a compound that liber-
ates Ca?* from the endoplasmic reticulum, and
BAPTA, an intracellular Ca?* chelator that res-
tricts intracellular free Ca?* availability. Thapsi-
gargin was toxic for PGCs at 10 nM and at 1 nM
(not shown), suggesting that high intracellular
Ca?* levels are toxic for PGCs. At a concentra-
tion of 0.1 nM, results were inconsistent with
half of the experiments showing reprogram-
ming (Figure S1A, S1B). In reprogramming con-
ditions, thapsigargin did not have any effect
(Figure S1A, S1B). In normal range Ca?* concen-
tration, BAPTA did not affect PGC survival or
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Figure 1. Number of PGCs (A, C, E, G) and reprogrammed EGCs (B, D, F, H)
under various culture conditions. (A) Extracellular Ca?* dose response in
reprogramming condition cultures. At least 1 mM concentration is needed
for PGC survival; (B) A minimum of 2 mM [Ca?*] is needed to allow for PGC
reprogramming; (C) Extracellular Ca%* dose response in non-reprogramming
conditions. Again, at least 1 mM concentration is needed for PGC survival;
(D) 1 mM to 3 mM [Ca?'] is enough to reprogram PGCs in non-reprogram-
ming conditions (absence of FGF2); (E) No differences were found in PGC
numbers in the presence of ionomycin, demonstrating it is neither toxic nor
induces augmented proliferation in cultures at this concentration; (F) lono-
mycin prevents PGC reprogramming by a statistically significant reduction
in reprogrammed EGC colonies; (G) No differences were found in PGC num-
bers by the addition of flunarizine, demonstrating that it is neither toxic nor

induces augmented proliferation
in cultures at this concentration;
(H) Flunarizine does not have an
effect on PGC reprogramming. An
asterisk represents a statistically
significant p value < .05.

reprogramming at concentra-
tions between 0.1 and 10 uM
(Figure S1C, S1D). These data
agree with the increased ex-
pression of Atp2a2 in repro-
grammed hiEGLs [2] and sug-
gest that endoplasmic reticu-
lum-released Ca?* levels must
be exquisitely fine-tuned for re-
programming.

Ca?*/calmodulin signal trans-
duction pathway inhibition is
not implicated in PGC repro-
gramming

To ascertain the implication of
the Ca?*/calmodulin signal tr-
ansduction family in PGC re-
programming, we inhibited the
pathway at various levels: at
the calmodulin protein with tri-
fluoperazine, at the calmodulin
kinase Il with KN-62, and at
the calcineurin with ciclosporin
A. None of these compounds
affected reprogramming effi-
ciency (Figure S2A-F), suggest-
ing that inhibition of this path-
way is not implicated. In ac-
cordance with these results,
quantitative reverse transcrip-
tion-polymerase chain reaction
(qRT-PCR) comparison betwe-
en PGCs and pluripotent hiEGL
levels of Camk2y and Ppp3cc
were only slightly upregulated

in hiEGLs (Eigure S2G).

Inhibition of the PKC pathways
is implicated in PGC repro-
gramming

To implicate protein kinase C
(PKC) in reprogramming, we
subjected the cultures to stau-
rosporine, an inhibitor of a
wide spectrum of PKCs (all 3
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Figure 2. Number of PGCs (A, C, E, G) and reprogrammed EGCs (B, D, F, H)
under non-reprogramming conditions (except for G&H) and different phar-
macological supplementation. (A, C, E, G) No differences were found in PGC

numbers in the presence of stau-
rosporine, Ro-31-8220, PIP, and
FR236924, demonstrating that
these compounds are neither toxic
nor induce augmented prolifera-
tion in cultures at the concentra-
tions employed. (B) Staurosporine
alone induces PGC reprogram-
ming, by a statistically significant
increase in reprogrammed EGC
colonies. (D) R0-31-8220 alone
induces PGC reprogramming, by a
statistically significant increase in
reprogrammed EGC colonies. (F)
PIP alone induces PGC reprogram-
ming, by a statistically significant
increase in reprogrammed EGC
colonies. (H) FR236924 does not
have an effect on PGC reprogram-
ming under hypoxic conditions. An
asterisk represents a statistically
significant p value < .05.

types, conventional isoforms
[, BI, Bll and y], novel isoforms
[PKC 9, €, n, y and 8], and aty-
pical isoforms [, A and 1]). In-
hibition of PKCs induced PGC
reprogramming in the absence
of FGF2 (Figure 2A, 2B).

To discern between the vari-
ous types of PKCs, cultures
were exposed to Ro-31-8220,
an inhibitor of conventional
PKCs (a, BI, BII, y; Ca2* and dia-
cylglycerol [DAG]-dependent).
Inhibition of such PKCs repro-
grammed PGCs (Figure 2C,
2D). In parallel, to ascertain
the role of DAG-dependent
novel PKCs (9, €, n, W, 8), cul-
tures were exposed to PIP, an
inhibitor of the translocation
of PKCe from the Golgi to the
cytoplasm, thus preventing its
binding to DAG and hence its
activation. This inhibitor was
capable of PGC reprogram-
ming in the absence of FGF2
(Figure 2E, 2F). When PKCe
was activated by FR236924 in
reprogramming conditions, no
effect was observed (Figure
2G, 2H). Accordingly, expres-
sion of Prkce was lower in
reprogrammed hiEGLs with re-
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Figure 3. EB formation and spontaneous differentiation of reprogrammed PGCs by PIP exposure. The markers for
endoderm, ectoderm, and mesoderm are, respectively, aloumin, AE1/AE3 cytokeratins, and vimentin. DAPI (blue)

shows every cell nucleus. Scale bars correspond to 25 pm.

spect to PGCs by gRT-PCR (Figure S2G). These
data indicate that both conventional and novel
PKCs might play a role in cell reprogramming.

The fact that a Ca?*-independent PKC isoform
inhibition was able to reprogram PGCs was very
intriguing Given PKCe was already identified
as downregulated in reprogrammed PGCs by
microarray analysis and validated by qRT-PCR
(Figure S2G), we pursued its role in PGC repro-
gramming. Colonies generated by PKCe inhibi-
tion were actually pluripotent, as demonstrated
by EB formation and differentiation into the 3
germ layers: endoderm, mesoderm, and ecto-
derm (Figure 3).

PKCe inhibition changed the metabolism of
PGCs mediated by HIF upregulation

To further explain how the inhibition of PKCe
resulted in PGC reprogramming, we examined
the cell metabolism. In particular, it has been
previously shown that in reprogramming con-
ditions there is a change from OXPHOS to gly-
colysis metabolism. In fact, we found that PIP
exposure increased the proportion of inactive
mitochondria in a similar manner as occurs
with hypoxic exposure (Figure 4).

This switch from OXPHOS to glycolysis is prob-
ably mediated by HIFs. Given hypoxia-induced

Am J Stem Cells 2021;10(1):1-17
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Figure 4. Flow cytometry data of PGC cultures show-
ing the percentage of SSEAL* cells displaying a green
signal from the JC-1 probe (inactive mitochondria),
a red signal (active mitochondria), or bivalent (both
types) under non-reprogramming normoxia conditi-
ons (A), reprogramming hypoxia conditions (B), or
PIP-supplemented cultures (C). An increase in inac-
tive mitochondria to the detriment of bivalent mito-
chondria is observed in normoxia after 5 days of PIP
supplementation (shown as percentage in D).

7

embryonic germ-like (hiEGLs) express HIF1lx
and both hiEGLs and PGCs express HIF2a, we
checked whether PGCs reprogrammed with PIP
in normoxia shared such a phenotype. This
study revealed an increase in HIF1la protein
expression (or stabilization) from 48 h onward
(Figure 5), decreasing at 6 days of culture
(Figure S3A). In the same manner, there was a
peak in HIF2a at 48 h (Figure 6) that was lost
by the sixth day of culture (Figure S3B). This
result suggests that both hypoxia and PKCe
inhibition share an upregulation of HIFs that
might be responsible for downstream events
leading to reprogramming.

PKCe inhibition did not change the classical
pluripotency gene expression of PGCs

Nanog expression was used as a pluripotency
marker. PGCs naturally express Nanog, and in
the case of differentiation, this expression
would be lost. Immunofluorescence studies
were performed in cultures in normoxia, PIP,
and hypoxia. The nuclear expression of Nanog
was maintained in all cases, as expected, add-
ing to the evidence that reprogramming toward
pluripotency had been achieved (Figure S4).

In PGC reprogramming conditions exerted by
hypoxia cultures, HIF1 stabilization promotes
deregulation of Oct4 levels, which in PGCs are
already high, lowering them to promote repro-
gramming [2]. To ascertain whether reprogram-
ming in normoxia by PIP uses the same mecha-
nism, we performed flow cytometry for Oct4-
GFP in such cultures. Intriguingly, although a
medium Oct-4 expression level population
arose in PIP supplemented cultures, the chan-
ge was not statistically significant (Figure S5).

Similarly, no expression of c-Myc (Figure 7A)
or KIf4 (Figure 7B) was detected in PIP-
supplemented cultures, indicating that PKCe
inhibition uses a different reprogramming set
of factors to achieve pluripotency.

PKCe inhibition changed the histone acetyla-
tion of PGCs

Given PKC activation increases the activity of
histone acetyltransferases [14], we aimed to
study the histone acetylation state of repro-
grammed PGCs by exposure to PIP. Actual his-
tone acetylation was evaluated by immunocy-
tochemistry against H2BacK20, H3acK9, and
H4acK5K8, K12, K16. Our results showed that

Am J Stem Cells 2021;10(1):1-17
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Figure 5. Confocal microscopy images for immunofluorescence against SSEA1 and HIF1a in PGC cultures. Samples
include Cos7 cells cultured in normoxic conditions as a negative control and in hypoxia as a positive control. Images
also show PGCs cultured in normoxia (Norm), hypoxia (Hyp), and PIP for 48 h. Note HIF1a expression in Cos7 and
PGCs in hypoxia and in PIP-supplemented cultures. Scale bars correspond to 25 um.

whereas histones H2B, H3, and H4 are nonac-
etylated in normoxic unipotent PGCs, they all
become acetylated in PIP-supplemented cul-
tures within as little as 48 h of treatment, simi-
larly to positive controls subjected to hypoxia
(Figure 8), suggesting that reprogramming by
PKCe inhibition is mediated by histone acety-
lation.

Discussion

Ca?* acts as a versatile messenger, effecting
the extracellular, cellular, and subcellular levels
at a wide dynamic time range. The extracellular
matrix is the largest source of free Ca?* ions in
a multicellular organism, at a concentration of
approximately 1.2 mM, a 10,000-fold higher

Am J Stem Cells 2021;10(1):1-17
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HIF2a
inhibitor
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Figure 6. Confocal microscopy images for immunofluorescence against SSEA1 and HIF2a in PGC cultures. Samples
include Cos7 cells cultured in normoxic conditions as a negative control and in hypoxia as a positive control. Images
also show PGCs cultured in normoxia (norm), hypoxia (Hyp), and PIP for 48 h. Note HIF2 expression in Cos7 and

PGCs in hypoxia and in PIP-supplemented cultures. Scale bars correspond to 25 um.

concentration than cytosol. Inside the cell, the
Ca?* concentration is maintained at 50-100 nM
by a wide signaling toolkit coordinating diverse
subcellular compartments (nuclei, lysosomes,
mitochondria, endoplasmic reticulum) and pro-
teins (receptors, channels, Ca2'-transporting
ATPases, Na*/Ca?* exchangers, and Ca?* bind-
ing proteins). Every cell expresses a different

set of proteins of the Ca?* signaling toolkit, cre-
ating systems with widely different spatial and
temporal properties [15].

Our results showed that PGC survival and re-
programming requires a normal extracellular
Ca?* concentration range. This finding is inter-
esting, given neoplastic or transformed cells

Am J Stem Cells 2021;10(1):1-17
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Figure 7. Immunofluorescence microscopy against SSEA1 and c-Myc (A) and KIf4 (B) in PGC cultures, showing a
negative reaction in SSEA1* cell (PGCs) nuclei in PIP-supplemented cultures. Images also show PGCs cultured in
normoxia (norm) and hypoxia (Hyp) for 48 h. Positive controls are the ESC line E14Tg2 and also hypoxic PGC cultures
are positive for cMyc. Scale bars correspond to 25 um.

H2BacK20 H3acK9 H4acK5,K8, K12,K16

Figure 8. Confocal merged images of H2BacK20, H3acK9, and H4acK5K8, K12, K16 immunofluorescence (in
green in the nuclei) of PGC cultures under normoxic, hypoxic, and PIP conditions, showing a positive reaction in
SSEA1* cells (PGCs, membranes in red). Blue shows nuclei with DAPI stain. Colocalization is seen as light blue.
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Positive controls are an NIH3T3 mouse cell line subjected to the histone deacetylase inhibitor Na* butyrate at 0.25
UM for 16 hours. Note histone acetylation in PGCs under reprogramming conditions only, both in hypoxia and PIP-
supplemented cultures. Scale bars correspond to 100 ym in every photograph.

can continue to proliferate in Ca?*-deficient
media [16, 17], differentiating normal repro-
gramming from neoplastic transformation.

Our results, showing that high intracellular Ca?*
concentrations are toxic for PGCs, are not sur-
prising. The accumulation of Ca?" inside the
cells mediates a cascade of destructive events,
including alterations in the critical functions of
enzymes and organelles and consequent ap-
optotic cell death (for a concise review see
[18]). This situation probably also accounts for
the toxic effects at high concentrations of both
ionomycin and thapsigargin. At lower concen-
trations, lonomycin prevented reprogramming,
whereas inconsistent effects of thapsigargin
were found in our cultures. Other studies have
shown discrepancies in the effects of thapsi-
gargin and ionomycin [19-21]. The fact that
thapsigargin increases AKT and PAX3-FOXO1
phosphorylation, could also be aiding in the
discrepancy, as AKT supports reprogramming
(see below).

Our results showed that a spike in Ca?* extra-
cellular concentration of 1-3 mM is able to
reprogram PGCs in the absence of FGF2. Al-
though we have not explored which calcium
channels are active in PGC cultures, it is obvi-
ous that a high Ca?* extracellular concentration
exerts changes in the concentration of free
intracellular calcium. These changes have
been shown to initiate specific courses of cell
behavior in many circumstances. For example,
one of the first events after fertilization, lead-
ing to physiological reprogramming of germ
cells, is an alteration of Ca?* levels (for a review
see [22]).

Calmodulin (CaM) is one of the most important
transducers of Ca?" signaling, and one of its
many effectors is Ca?'/calmodulin-dependent
protein kinase (CaMK), which is involved in
phosphorylation of transcription factors invol-
ved in the cell cycle [23]. Not surprisingly, CaM,
CAMKII, and calcineurin inhibitors did not af-
fect PGC reprogramming in our cultures, prob-
ably due to the fact that both CAMKII and
Ppp3cc (the catalytic subunit of protein phos-
phatase 2B holoenzyme [aka calcineurin]) are
upregulated in reprogrammed PGC by classical
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methods, suggesting that activation but not
inhibition of this pathway might be involved in
reprogramming.

An activation of this pathway also correlates
with the increased expression of Atp2a2 (the
gene encoding for sarcoendoplasmic reticulum
Ca?* ATPase isoform 2), which transports Ca?*
from the cytosol to the endoplasmic reticulum
[ER] lumen [24] in reprogrammed EGCs [2], and
also correlates with the inconsistent results
obtained with thapsigargin and the lack of
effect of BAPTA, all of which suggest that very
narrow ER Ca?*-released concentrations must
be exquisitely fine-tuned for reprogramming.

Minuscule changes in intracellular free Ca?*
are quickly converted into changes in the activ-
ity of several kinases, including the PKC family
[14]. Inhibition of all 3 families of PKCs with
staurosporine resulted in PGC reprogramming,
as occurred in the case of iPSC reprogramming
with other broad PKC inhibitors, such as
G66983 [25] and GF109203X [26]. By microar-
ray comparison between unipotent PGCs and
pluripotent EGCs, we had previously identified
differential expression of several PKC genes
encompassing all 3 types of PKCs: 3, €, and (.
Accordingly, our results also showed that a
mere soluble factor inhibiting classical PKCs
(Ca?" and DAG-dependent) and further inhibit-
ing only a novel PKCe (only DAG-dependent)
induced acquisition of pluripotency in PGCs,
as we and others had previously shown using
only hypoxia [2] and other compounds related
to glycolysis switch [13] or histone acetylation
[11, 13].

The fact that a Ca?*-independent PKC isoform
inhibition was able to reprogram PGCs was very
intriguing and prompted us to deepen the an-
alysis of how reprogramming was achieved.
Among PKCe isoform functions, the regulation
of Nanog by phosphorylating and stabilizing it
in a nuclear location stands out [27]. Our re-
sults showed that the inhibition of PKCe trans-
location promotes PGC reprogramming, where-
as its activation with FR236924 does not have
any effect. This result is striking, given the inhi-
bition of PKCe by interfering in its DAG binding
should in turn lower Nanog stability; however,
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Nanog remained unaltered in our PGC cultures.
A recent study has suggested that PKC does
not phosphorylate mouse Nanog as it does
human Nanog [28]. Nanog activation by phos-
phorylation could therefore have occurred via
a PKC-independent pathway in our study. Alter-
natively, given Nanog is already expressed in
unipotent PGCs, it is possible that this PKC
function is not operating in PGCs.

Other groundbreaking studies have shown sev-
eral PKCs to be involved in early events of mam-
malian fertilization, such as meiotic resumption
and egg activation [29]. PKC? translocates to
the meiotic spindle after fertilization [30], cor-
relating and outlasting Ca?* oscillations [31].
Representatives from all three PKC categories
(conventional PKCa and vy, atypical PKCC and A,
and novel PKCpu and ), are present in the unfer-
tilized egg until the 8-cell stage embryo at the
protein level [32]. All 11 PKC isotypes are ex-
pressed in undifferentiated ESC [33], persist-
ing in differentiating embryoid bodies, and 6 of
them (&, B, 0, 6, 1 and { were downregulated or
suppressed during cardiomyocyte differentia-
tion [33]). However, PKCC inhibition is not suffi-
cient to maintain pluripotency when ESC are
given differentiation cues [34]. Interestingly,
PKCe was upregulated in cardiomyocyte beat-
ing areas of ESC differentiation [33]. Similarly,
in our case, PKCe inhibition might be working
along with other isoforms (probably classical
PKCP and atypical PKC{) in maintaining pluripo-
tency. Further studies inhibiting individual iso-
forms would be necessary to clarify the role
each one plays in the transduction pathway of
PGC reprogramming.

Inhibition of another isoform, PKCA/I, has been
shown to boost the reprogramming efficiency in
iPSCs [35]. Low levels of PKCA/I could increase
metabolic reprogramming toward glycolysis,
HIF1 stabilization, and a pluripotent state [36]
altered mitochondrial function and promotion
of aerobic glycolysis are key to maintain and
induce pluripotency. However, signaling mecha-
nisms that regulate mitochondrial function and
reprogram metabolic preferences in self-renew-
ing versus differentiated PSC populations are
poorly understood. Here, using murine embry-
onic stem cells (ESCs), similar to our findings
for PKCe in PGC reprogramming. In fact, many
studies have shown that PKC isoforms can reg-
ulate HIF1lx in some types of cancer: PKC-(

13

transactivates HIF1a by promoting its associa-
tion with p300 in renal cancer [37], and PKCs
play an important role in increasing HIF1a gene
transcription [38]. Our results show that PKCe
inhibition is accompanied by both HIF1a and
HIF2a upregulation and an increase in inactive
mitochondria and thus an increase in glycolytic
metabolism.

When HIFs proteins are stabilized, they assem-
ble into a heterodimer that recognizes and
binds hypoxia-responsive elements (HRES) in
DNA, triggering the expression of hypoxia re-
sponse genes [39]. HREs contain the consen-
sus sequence RCGTG, found in hundreds of
genes. Among those, many are related to glu-
cose metabolism, TCA cycle, energy and amino-
acid metabolism, primarily aiding in the shift of
cell metabolism from oxidative phosphorylation
towards glycolysis (for a review see [40]). This
switch in the cell metabolism is required for
reprogramming of somatic cells to iPSCs [41],
and is an active process occurring at the begin-
ning of the reprogramming process. We have
previously demonstrated that in PGCs it is the
metabolic shift that activates the stem cell pro-
gram [2, 13]; for a review see [1].

HIF1 induces the glucose transporter, pyruvate
dehydrogenase kinase 1, lactate dehydroge-
nase A, and hexokinase expression needed for
high glycolytic activity. Also, HIF stabilization
through prolyl hydroxylase inhibition has been
shown to induce PGC reprogramming [2]. Our
reprogrammed cells in the presence of PIP
showed HIF1a and HIF2a upregulated expres-
sion levels similar to those of hypoxia-repro-
grammed EGCs (hiEGLs), with the same tempo-
ral pattern. This result could mean that the
reprogramming mechanism of PIP is similar to
that occurring in hypoxia, this is, metabolic
reprogramming and cellular rearrangement th-
rough autophagy by HIF1 inducing Bnip3 ex-
pression, which in turn may inhibit mTORC1
binding to Rheb, an mTOR activator [13]. It is
remarkable that distinct pathways leading to
reprogramming share HIF1lx expression as a
common feature. In previous studies, we had
shown that different ways of PGC reprogram-
ming show HIF1a upregulation and protein sta-
bilization after a 48-h culture, turning HIF1lo-
negative at approximately the sixth day of cul-
ture. Thus, HIF1a appears to be essential for
PGC reprogramming. Similarly, iPSC classical
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derivation is impaired if HIF1a is absent [42].
Also, ectopic expression of HIF1lx during the
reprogramming process promotes the emer-
gence of iPSC colonies [43].

In addition to the metabolic switch, a previous
study has shown that over 2% of all human ge-
nome is regulated by HIF1 in endothelial cells
[44]. HIFs regulate the expression of those
hundreds of genes heavily dependent on cell
type and cell context [40]. HIFs enable the
expression of genes involved in a great variety
of processes other than glucose and cell
metabolism, such as cell proliferation (for ex-
ample CyclinD2, IGF2), apoptosis (for example
Bnip3, Bcl-2), differentiation, autophagy, and
transcriptional regulation (for example DEC1,
ETS-1) and many others (see Table 1 in [40]).
Among genes directly regulated by HIFs are
also pluripotency genes such as Oct4 and
c-Myc, regulated by HIF2, or Notch and ETS-1,
regulated by HIF1 [45]. HIF1 also acts through
Activin/Nodal signaling to maintain pluripoten-
cy [46]. Moreover, very recently HIF1 has been
acknowledged to increase Actl6a expression
and thus histone acetylation and reprogram-
ming in iPSC [47]. Similar data were shown for
ESCs, in which Act16a inhibition led to primi-
tive endoderm differentiation [48]. In our cul-
tures, PKCe inhibition by PIP increases HIF1q,
which might account for the appearance of
H3K9ac markers.

Within intracellular signaling cascades, 3 pro-
teins have been positively identified as PKCe
substrates: protein kinases B (AKT), protein
kinase D, and the transcription factor signal
transducer and activator of transcription 3
[49]. Interestingly, HIFla stabilization also
increases AKT phosphorylation ([50], for a re-
view see [40]). In previous studies, we showed
that AKT signaling pathway activation increas-
es PGC proliferation [51]. In fact, PTEN7 mice
(thus, constitutive AKT pathway activation) sh-
ow increased PGC reprogramming ability and
teratoma formation [52].

Interestingly, AKT has been implicated in meta-
bolic reprogramming and histone acetylation
in tumor cells [53]. AKT pathway activation
increases the generation of glucose-derived
citrate, and then ATP-citrate-lyase cleaves it
into oxaloacetate and acetyl-CoA, which in turn
can be transferred to histones by histone acet-
yltransferases [54]. Thus, in our cultures, PKCe
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inhibition by PIP could also activate the AKT
pathway, which in turn might facilitate histone
acetylation-mediated reprogramming.

The glycolytic switch has also been shown to
increase acetyl-CoA production and elevate
histone acetylation in transformed cells [55].
Another product of glycolysis, pyruvate, acts as
an inhibitor of histone deacetylases (HDACs) 1
and 3 and thus promotes histone acetylation
[56]. Lactate, the end product of aerobic gly-
colysis, has also been reported to inhibit the
activity of HDACs [56]. In our cultures, PKCe
inhibition by PIP increased inactive mitochon-
dria, which would increase glycolysis and con-
sequently acetyl-CoA availability for histone
acetylation.

We have previously shown that histone acety-
lation was in fact capable of direct reprogram-
ming. We made use of valproic acid (VPA), a
wide histone deacetylase inhibitor, demons-
trating that VPA is capable of PGC reprogram-
ming in normoxia [13]. Interestingly, VPA-treat-
ed cultures were positive for cMyc. Another
HDAC inhibitor, trichostatin A, can reprogram
PGCs, also in the absence of FGF2 [1, 11].
HDAC inhibitors have been widely used in the
field of cell reprogramming, given their addition
to culture increases reprogramming efficiency.
Specifically, VPA has been shown to exert this
improvement in the rise of iPSCs, even making
Kif4 and cMyc dispensable from the repro-
gramming cocktail [57]. This result agrees with
our finding a lack of KIf4 and cMyc expression
in our PIP-reprogrammed PGC cultures.

The exact manner by which histone acetylation
reprograms PGCs is poorly understood. How-
ever, it is not surprising that epigenetic modifi-
cations relate to potency. PSCs display an
open chromatin conformation and active chro-
matin markers, such as H3K4me and H3K9ac
[45, 46]. Conversely, differentiated cells show
repressed chromatin markers, such as H3K27-
me. Partially differentiated cells show a biva-
lent chromatin, with both active and repress-
ing markers. AKT, one of the primary factors
related to PGC reprogramming as noted earlier,
also promotes a more active chromatin, mainly
by inhibition of Mbd3, a component of the
nucleosome remodeling deacetylase complex.
Mbd3 is important in heterochromatin forma-
tion, and its inhibition promotes reprogram-
ming in both EGC and iPSC derivation [60].
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Interestingly, PKC signaling is also involved in
the regulation of promoter activity via detach-
ment of HDAC1 from the promoter region and
by the reduction of DNA methyltransferase
activity [61].

In our cultures, inhibition of PKC induced HIF-
1, an increase in inactive mitochondria, and a
glycolytic switch, while maintaining Oct4 and
Nanog expression, resulting in histone acetyla-
tion and thus a more open-state chromatin-
promoting reprogramming.
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Figure S1. Number of PGCs (A, C) and reprogrammed EGCs (B, D) under different pharmacological supplementa-
tion. (A, C) No differences were found in PGC numbers in the presence of thapsigargin and BAPTA-AM, demonstrat-
ing that these compounds are neither toxic nor induce augmented proliferation in cultures at the concentrations em-
ployed. (B) Thapsigargin alone induces PGC reprogramming, by a statistically significant increase in reprogrammed
EGC colonies, but does not have an additive effect in reprogramming conditions (Hyp). (D) BAPTA-AM does not have
an effect on PGC reprogramming in nonreprograming (N) or reprogramming (H) conditions. An asterisk represents
statistical significance at P < .05.
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Figure S2. Number of PGCs (A, C, E) and reprogrammed EGCs (B, D, F) under different pharmacological supplemen-
tation. (A, C, E) No differences were found in PGC numbers in the presence of trifluoperazine, KN-62, or cyclosporin
A, demonstrating that these compounds are neither toxic nor induce augmented proliferation in the cultures at the
concentrations employed. (B, D, F) Neither compound influenced PGC reprogramming. (G) Relative expression of
Camk?2y (calcium/calmodulin-dependent protein kinase type Il gamma), PPP3CC (protein phosphatase 3 catalytic
subunit gamma) and PRKCE (protein kinase C epsilon) genes under normoxia and hypoxia conditions.
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Figure S3. Confocal microscopy images for immunofluorescence against SSEA1 and HIF1a (A) and HIF2a (B) in PGC
cultures. Images show PGCs cultured in normoxia (norm), hypoxia (Hyp), and PIP in normoxia for 6 days. No HIF1x
(A) or HIF2« (B) expression in PGCs was observed at this time. Scale bars correspond to 25 pm.
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Figure S4. Nanog immunofluorescence (red) in PIP-supplemented cultures. Positive control is the ES cell line
E14Tg2. SSEA1 (green) identifies PGC and EGCs. DAPI (blue) shows every cell nucleus. Note nuclear Nanog expres-
sion. Scale bars correspond to 25 ym.
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Figure S5. Oct4-GFP flow cytometry in PGC cultures under normoxia, hypoxia, normoxia, and PIP for 4 days. Nor-
moxic cultures show 2 separate populations with high and low Oct4-GFP levels, whereas reprogramming cultures
under hypoxia show a statistically significant appearance of a population with intermediate Oct4 levels. PIP results
are not significantly different from normoxia cultures. Asterisk shows significance at P < .05.



