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a  b  s  t  r  a  c  t

Human  pluripotent  stem  cells  provide  new  tools  for developmental  and  pharmacological  studies  as  well
as for  regenerative  medicine  applications.  Calcium  homeostasis  and  ligand-dependent  calcium  signaling
are  key  components  of  major  cellular  responses,  including  cell  proliferation,  differentiation  or  apoptosis.
Interestingly,  these  phenomena  have not  been  characterized  in  detail  as  yet  in  pluripotent  human  cell
sates.  Here  we review  the methods  applicable  for studying  both  short-  and  long-term  calcium  responses,
focusing  on  the  expression  of  fluorescent  calcium  indicator  proteins  and  imaging  methods  as  applied  in
pluripotent  human  stem  cells.  We  discuss  the  potential  regulatory  pathways  involving  calcium  responses
in  hPS  cells  and  compare  these  to  the  implicated  pathways  in mouse  PS  cells.  A  recent  development  in
the  stem  cell  field  is  the  recognition  of  so  called  “naïve”  states,  resembling  the earliest  potential  forms
of  stem  cells  during  development,  as  well  as the  “fuzzy”  stem  cells,  which  may  be  alternative  forms  of
pluripotent  cell  types,  therefore  we also  discuss  the  potential  role  of  calcium  homeostasis  in these  PS cell
types.

© 2016  Published  by  Elsevier  Ltd.

1. Introduction

Human pluripotent stem cell (hPSC) lines can be established
from the inner cell mass of blastocyst (embryonic stem cells—hESC
[1]) or by reprograming various somatic cells by using key tran-
scription factors (induced pluripotent stem cells—hiPSC [2]). In
addition, hPSCs can be generated with normal genetic background
or with patient-specific mutations, depending on the starting cell

Abbreviations: hPSC, human pluripotent stem cell; mPSC, mouse pluripotent
stem cell; hESC, human embryonic stem cell; iPSC, induced pluripotent stem cell;
GECI, genetically engineered calcium indicator; EGF, epidermal growth factor; FGF,
fibroblast growth factor; FGFR, fibroblast growth factor receptor; IGF, insulin-
like growth factor; TGF�, ransforming growth factor �; Wnt, Wingless/Integrated;
GPCR, G protein-coupled receptor; ERK, extracellular signal-regulated kinase; PI3K,
phosphoinositide 3-kinase; MEK, MAPK/ERK kinase; MAPK, mitogen-activated pro-
tein  kinase; PLC-�, phospholipase C-�;  mTOR, mammalian target of rapamycin;
FZ, frizzled; DVL, disheveled; PKC, protein kinase C; GSK3, glycogen synthase
kinase 3; LPA, lysophosphatidic acid; SERCA, sarcoplasmic/endoplasmic calcium
ATPase; CPA, cyclopiazonic acid; TG, thapsigargin; CAMKII, calcium/calmodulin-
dependent protein kinase II; AP, alkaline phosphatase; GABA, �-aminobutyric acid;
LIF,  leukemia inhibitory factor; JAK, Janus kinase; STAT, signal transducer and activa-
tor  of transcription; BMP, bone morphogenetic protein; HERVH, human endogenous
retrovirus H.

∗ Corresponding author at: Institute of Enzymology, Research Centre for NaturalQ2
Sciences, Hungarian Academy of Sciences, Magyar tudósok krt. 2, Budapest 1117,
Hungary. Fax: +36 1 382 6295.

E-mail addresses: apati@biomembrane.hu, apati.agota@gmail.com (Á. Apáti).

populations [3,4]. Irrespective of the source and procedure they are
generated, all hPSCs can be cultured practically for unlimited time
in vitro, and have the potential to differentiate into all cell types
(such as cardiomyocytes, hepatocytes, neural cell types etc.) of
human tissues and organs [5,6]. Therefore hPSCs represent unique
models for developmental studies or drug screening, and hopefully
also provide the basis of future cell-based medical therapies. Q3

Calcium signaling studies have been performed in a great num-
ber by using hPSC—derived, differentiated cell types (especially
neurons and cardiomyocytes) [7,8], while there are only lim-
ited data on calcium signaling in pluripotent stem cells. In the
current paper we provide an overview of the methodologies cur-
rently applied for such studies, summarize the signal transduction
pathways involving calcium movements in hPSCs, discuss the dif-
ferences between mouse and human PSCs in these regards, and
briefly survey the potential signaling differences in the newly
emerging alternative PSC states.

2. Methods for studying calcium signals in human PS cells

Currently the most widely applied methods for studying cal-
cium signaling pathways use fluorescent indicators combined with
imaging methods, allowing these investigations with a minimum
perturbance of the physiological cellular function. The applied
imaging methods include a great variety of fluorescence microcopy,
flow cytometry, confocal and two-photon microscopy techniques,
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while the basis of all these methods is the introduction of fluores-
cent calcium indicators into the living cells.

The application of small molecule, cell permeable synthetic
calcium indicators brought a breakthrough in studying cellular cal-
cium signaling (see Refs. [9,10]). These calcium sensitive dyes have
been and are still widely used in in vitro calcium signaling studies,
while their applications have numerous drawbacks. Loading of the
cells requires special conditions, and in many cases the liberation
of the calcium indicator dye from the cell permeable compound
generates toxic metabolites. Intracellular dye accumulation may
significantly alter signaling by providing a calcium buffer system.
The reproducibility of the loading procedure has to be carefully
controlled, and the distribution of the dye between cells and inside
particular cell compartments may  cause major problems. In addi-
tion, dye quenching and/or bleaching may  occur during extended
imaging periods (for details see Refs. [11,12]), and an in vivo appli-
cation of these dyes is strongly limited.

Genetically engineered calcium indicator proteins (GECIs)
address many of these limitations and serve as alternatives of cal-
cium sensitive dyes in signaling studies. The development of GECIs
resulted in the generation of a wide range of indicator proteins
with different optical properties. In addition, by using tissue spe-
cific promoters and selective cellular targeting modifications, these
proteins became most useful for calcium signaling analysis within
selected tissues, specific cell types or intracellular compartments
(see Refs. [13–17]). In most cases, under proper expression con-
ditions, GECIs have minimum effects on cellular activity, can be
used in vivo as well, and therefore are also suitable for long-term
studies (see Ref. [18]), although potential calcium buffering and
cellular signal perturbations may  still occur ([19]) (as reviewed in
Refs. [20,21]).

As a summary, calcium sensitive small molecular dyes have sev-
eral advantages over GECIs, including faster responses, near-linear
responses, and higher sensitivities [22,23]. In contrast, GECIs can
be better targeted into specific cell types or specific cell compart-
ments, allow long term measurements, and have better signal to
noise ratios at least in in vivo experiments [22]. A recent devel-
opment of GECIs has resulted in a new class of indicator proteins,
including GCaMP6, with higher sensitivity and detection reliabil-
ity even for individual action potentials in neurons [24]. Thus,
depending on the actual scientific question, investigators should
choose probes most suitable for a given application, considering
response kinetics, probe sensitivity, signal to noise ratio and other
aspects of the experimental goals. While cells and tissues differ-
entiated from PSCs have been widely used for calcium signaling
studies, we found only a limited number of data about such sig-
naling in pluripotent stem cells, and even these data are mainly
from mouse cell studies. Calcium signals in hESC-derived cardiomy-
ocytes and neural cell types have been measured in most cases
by calcium sensitive dyes: for cardiomyocytes Fura-2/AM [25–28],
Fluo-4/AM [29,30] or dsRed+ [27], while for neural cell types Fluo-
3/AM [8,31] Fura-2/AM [8,32] or Oregon green 488 Bapta-1 AM
[33] have been applied. In pluripotent cells the application of Fluo-
3/AM (mESC—[34], hESC—[8]) or Fluo-4/AM (mESC—[35–37], and
hESC [12]) has been reported. The application of GECIs, while
already widely reported in various functional studies, has only been
described in mPSCs [38] and in hPSCs, as well as in their differenti-
ated offsprings (see Apati et al. [39]).

In our recent studies [39], we have compared in detail the appli-
cation of the small molecule calcium sensitive fluorescent dye,
Fluo-4, and a GECI, GCaMP2, for studying calcium signaling in
human PSCs. We  essentially found that the differentiation prop-
erties were fully preserved in the cloned GCaMP2-expressing hESC
lines, and calcium imaging could be performed without the need
of any, potentially toxic dye-loading of the cells. Calcium signal-
ing measurements performed in our laboratory in such GCaMP2

expressing hPS cells, as compared to signaling in Fluo4 loaded
hPSCs, are shown in Fig. 1. As documented in Fig. 2, we have also
observed a more uniform distribution of GCaMP2 in the transgenic,
cloned human PSCs than in Fluo-4 dye-loaded preparations, while
a major difference was  observed regarding the subcellular distri-
bution of the calcium signals evoked by extracellular ligands. As
demonstrated, in Fluo-4 loaded cells the calcium signals were the
greatest in the nuclear areas, while in the GCaMP2 expressing cells
the cytoplasmic sensor protein gave the major signal (Fig. 2). As
discussed in the literature, it is unclear if a specific dye distribution
or the difference in the fluorescence properties is responsible for
the high nuclear signal observed when using small molecule cal-
cium sensors [40,41]. Still, it is a major advantage of the GCaMP2
protein that such a non-specific effect does not occur.

3. Signaling pathways involved in pluripotency state
maintenance and differentiation induction; possible role of
calcium-dependent pathways

There are numerous factors involved in the maintenance of the
human stem cell pluripotent state. The applied culturing conditions
and compounds used for maintaining pluripotency significantly
affect the basal activity of various signaling and effector pathways,
and the evident crosstalk between these signaling pathways ren-
ders even more difficult to elucidate the role of any individual
route. The potential heterogeneity of pluripotent stem cell sub-
populations (see Section 4) further complicates this picture. Still,
by now there is a generally accepted concept about the key sig-
naling pathways involved in the maintenance of human stem cell
pluripotency.

Detailed analysis of different culturing conditions [42–44] have
documented that the key ligands and receptors which are involved
in the maintenance of the pluripotent state of human ESCs are (A) Q4
FGF2 and IGF trough tyrosine kinase receptors, (B) TGFb ligands
(including TGFb, Nodal and Activin A) acting through the TGFb
receptor family, and (C) Wnt  ligands trough GPC receptors and
other GPCRs with tyrosine kinase activity. Comparative analysis of
the human and mouse embryonic stem cell transcriptomes con-
firmed that the components of these pathways are expressed at
high levels in the hPSCs (see below and [45,46]). In all these path-
ways, changes in cytoplasmic calcium concentrations may  have
significant modulating effects.

A.) Signals evoked by FGF2 seem to be indispensable for main-
taining hSC pluripotent state. FGF2, in combination with three
small molecule inhibitors, supports the long-term maintenance
of pluripotent hESC cultures [47], while blocking the FGF recep-
tor signaling leads to rapid differentiation of these cells [48,49].
In undifferentiated hPS cells FGF2 acts directly on FGFR by stim-
ulating signaling pathways downstream of the receptor [50,51],
as well as indirectly by modulating signals in feeder cells or in
the neighboring hPSC-derived niche cells [52–55]. Direct action
of FGF2 on FGF receptors initiates several coupled signaling
events, as summarized in Fig. 3.

The effect of FGF2 is concentration dependent on ERK activation
and on the consequent cellular responses (see review by Dalton
[56]). Low levels of FGF2 cause a mild elevation of ERK activity and
does not affect the PI3K/AKT pathway, while higher doses of FGF2
activate both pathways, and the activation of PI3K/AKT results in a
cross-inhibition on MEK  and ERK, reducing ERK activity [51] (Fig. 3).
The balanced, moderate level of activated ERK sustains the pluripo-
tent state [51,57], while a strong reduction of PI3K activity causes
elevated ERK activity followed by differentiation of PSCs (as shown
in mouse studies [58,59]).
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Fig. 1. Calcium signals in hPSCs growing in pluripotent conditions on MEF. Representative analysis of confocal microscopy imaging data in Fluo4-AM loaded (A) and GCaMP2Q7
expressing (B) hES cells after addition of ATP (100 �M),  ionomycin (5 �M) and EGTA (10 mM),  respectively. The maximum and minimum levels of the calcium-dependent
cellular fluorescence were estimated in the presence of ionomycin, and after the addition of excess EGTA to the medium, respectively. The fluorescence data were normalized
to  a calibrated range of cellular calcium levels (Fmax–Fmin). In the lower part of the figure (C), the cellular calcium levels were obtained by analyzing the data in these
measurements (Apati et al., unpublished experiments).

Since FGF2 also induces IGF-II production in feeder or hESC-
derived fibroblast-like cells, the generated IGF-II may  modulate
ERK activity by activating the PI3K/AKT signal through the IGF
receptor (Fig. 3) [52,56]. While the MAPK and PI3K/AKT pathways
induced by FGF2 have been extensively studied in hPSCs, there
are only limited data for other potential signaling events. Exam-
ination of tyrosine phosphorylation profiles in hESCs, stimulated
by FGF-2, demonstrated an increase in tyrosine phosphorylation
of all four FGFRs, and also some of their canonical downstream
effectors (eg. PLC-�, MAPK, PI3-K). In addition, a large num-
ber of pY-peptides, not directly involved in the canonical FGF

pathway (e.g., Src kinase substrates, additional receptor tyrosine
kinases and others), were observed following FGF-2 stimulation
[60]. This quantitative phosphoproteomic analysis suggests that
intracellular calcium modulation may become important through
the activation of the PLC-� pathway (Fig. 3), and an increase in
cytoplasmic calcium may further modulate the crosstalk between
growth-factor dependent signaling events. We  found no experi-
mental data as yet for calcium signals evoked by FGF2 or IGF II in
hPSCs.

Fig. 2. Calcium signal distribution in hPSCs. Representative images were taken during confocal microscopy measurements in Fluo4-AM loaded and GCaMP2 expressing hES
cells  after the addition of 5 �M ionomycin. The calcium responses were higher in the nuclear regions in Fluo-4 loaded hESCs, while the signals were more pronounced in the
cytoplasmic area in GCaMP2 expressing hESCs. Moreover, Fluo-4 dye distribution among the cells was  non-uniform (Apati et al., unpublished experiments).
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Fig. 3. Key components of the EGF and IGF receptor dependent pathways in PSCs.
The Ras-MAP kinase pathway: binding of ligands to the receptor monomers causes
dimerization and autophosphorylation of tyrosine residues. Ras activation occurs by
coupling to the receptor through adaptor proteins and exchange of GDP for GTP. Ras
binds to Raf and activates GTP hydrolysis to GDP. Raf activates MEK and MEK  acti-
vates ERK at the expense of ATP hydrolyzation. IP3/DAG pathway: Phospholipase
C-�  (PLC-�) is activated by the active tyrosine kinase receptor. Hydrolyzation of
phosphatidylinositol 4,5-bisphosphate (PIP2) by PLC-� produces two  distinct sec-
ond  messengers; inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3
binds to IP3 receptor, localized at the endoplasmic reticulum (ER) and induces Ca2+

release from the ER. Meanwhile DAG, remaining in the plasma membrane, activates
protein kinase C (PKC). PI3-kinase pathway: Activated phosphoinositide 3-kinase
(PI3-K) activates AKT by phosphorylation. AKT inhibits the activation of MEK  and
ERK by suppressing Raf kinase activity.

(A.) Activin A [43,61] and the other members of the TGF� lig-
and family (TGF�, Nodal) [62] have been shown to support
the maintenance of pluripotent state under feeder-cell free
conditions. The TGF� family members, through the activa-
tion of TGFb receptor and subsequently Smad 2, 3, initiate
the transcriptional activation of NANOG, and generate a well
characterized gene product for pluripotency. While there are
numerous data for a cross-talk between the PI3K/AKT-mTOR,
MAPK and SMAD2,3 signaling pathways (reviewed in Ref. [56]),
the involvement of calcium signaling in this crosstalk has not
yet been documented.

(B.) The extracellular signaling molecule Wnt  interacts with the
transmembrane receptor frizzled (FZ), a G protein coupled
receptor (GPRC), and the signal transducer disheveled (DVL)
induces three independent signaling pathways (Fig. 4). The
canonical pathway leads to �-catenin translocation into the
nucleus and activation of target genes. The planar cell polar-
ity pathway through the activation of Rho-GTPases induces
mostly changes in the cytoskeleton. The WNT/calcium path-
way activates protein kinase C (PKC) and elevates the
cytoplasmic calcium level, which in turn, activates various
calcium/calmodulin-dependent proteins [63]. A recent study
has shown that several Wnt  ligands increase cytosolic and
intranuclear Ca2+, and facilitate �-catenin entry into the
nucleus [64].

There are contradicting data regarding the role of Wnt  signal-
ing in maintaining pluripotency in hPSCs. Several published papers
indicate the role of Wnt  in supporting pluripotency [65,66], while
other data emphasize Wnt  signaling in hPSC differentiation [67].
Recently it has been suggested that different GSK3 pools may  play
different roles in the control of hPSCs fate determination [56].

In addition to the receptor FZ for Wnt  signaling, there are other
GPCRs which may  play a role in pluripotent cell fate. As shown
in Fig. 5, a combined action of selected GPCRs may  occur through
calcium independent and calcium-dependent pathways as well.

Fig. 4. Wnt  signaling pathways potentially involved in PSC maintenance and dif-
ferentiation. Canonical Wnt  pathway: Wnt  ligand binds to Frizzled (Fz) receptor.
The activated receptor forms a complex with the co-receptor LRP5/6. Disheveled
(DVL) is phosphorylated thus activated. In absence of Wnt, APC/Axin/GSK-3 com-
plex causes the proteosomal degradation of �-catenin. Activated DVL inhibits this
complex, resulting in the accumulation of �-catenin. �-catenin is translocated to
the nucleus and activates gene expression. (2) Non-canonical planar cell polarity
pathway: activated DVL forms a complex with an activator resulting in the activa-
tion  of Rho small G-protein. Ras is also activated by DVL and with the activated Rho
induces cytoskeleton regulation. (3) Non-canonical Wnt/calcium pathway: In this
pathway DVL is activated by Fz receptor directly and also through a G-protein. DVL
activates protein kinase C (PKC) and Ca2+ release from ER through PLC activation.
Ca2+ may  contribute to the translocation of �-catenin to the nucleus.

Ermakov et al. [68] suggested that an elevation of intracellu-
lar calcium may  have a significant role in the fate of hPSCs. They
found that an elevation of intracellular calcium, induced by the
GPCR receptor agonist LPA, or by SERCA pump inhibitors (CPA, TG
and chlorpromazine or clotrimazole), can substitute FGF2 under

Fig. 5. Potential involvement of GPC receptors in regulating stem cell fate. G protein-
coupled receptors (GPCRs) have principal signal transduction pathways: (1) cAMP
signal pathway: Ligand bound receptor activates heterotrimeric G protein. Upon
its  activation, G protein exchanges GDP for GTP and dissociates into GTP-bound
G� and G�� subunits. The G� subunit can activate and inactivate adenylyl cyclase
(AC) depending on G� class; stimulatory (Gs�) or inhibitory (Gi�), correspondingly.
If  AC is activated it uses ATP to produce cAMP. cAMP activates protein kinase A
(PKA) which then phosphorylates its target proteins. (2) IP3/DAG pathway: Phos-
pholipase C-� is activated by Gq� subunit. The hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP2) by PLC- � produces two distinct second messengers; inos-
itol  1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 binds to IP3 receptor
localized at the endoplasmic reticulum (ER) membrane and induces Ca2+ release
from the ER. Meanwhile DAG, remaining in the plasma membrane, activates pro-
tein kinase C (PKC). (3) Ras-MAP kinase pathway: Ras activation occurs by coupling
to the receptor through scaffolding proteins and exchange of GDP for GTP. Ras binds
to  Raf and GTP hydrolyses to GDP. Raf activates MEK  and MEK  activates ERK at
the  expense of ATP hydrolyzation. (4) PI3-kinase pathway: G�� subunit—activated
phosphoinositide 3-kinase (PI3-K) activates AKT by phosphorylation.
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feeder-free hPSC culturing conditions. According to this work, the
inhibition of the CAMKII kinase by the specific inhibitor KN-62
resulted in a decrease in alkaline phosphatase positive (AP+) colony
number, suggesting a role of CAMKII kinase in maintaining the
pluripotent state [68]. Still, the actual calcium signals evoked by LPA
or SERCA pump inhibitors in hPSCs have not been demonstrated.

In our recent studies cellular calcium signals induced by various
ligands of GPCRs (ATP, LPA, trypsin or angiotensin II) in undif-
ferentiated hES cells have been demonstrated, both in GCaMP2
expressing and in Fluo-4 loaded cells. In these experiments we
found no calcium signal evoked by other potential ligands, e.g.,
thrombin, histamine or GABA [39].

While this current paper focuses on calcium signals in pluripo-
tent state, there is an emerging new field related to potential
therapeutic applications of hPSC derived neural cell types, which
exhibit essential calcium signals. As Viero et al. [69] pointed out,
transplantation of hESC derived neural cell types is difficult and
ineffective; therefore the best option for cell therapy remains the
use of neural precursor cells (NPCs). Generation of suitable human
NPCs for neural differentiation and further transplantation is chal-
lenging because of the lack of standardized protocols and functional
studies. Forostyak et al. [32] and Viero et al. [69] demonstrated that
calcium signals in hPSC derived NPCs may  reflect their regeneration
capacity after transplantation. These NPCs exhibited spontaneous
calcium oscillations and calcium signals evoked by high K+, ATP,
glutamate, g-aminobutyric acid (GABA) and caffeine, indicating
that the electrophysiological and calcium handling properties of
NPCs are similar to those of matured neurons. These authors also
showed that calcium signals depend on culturing conditions, e.g.,
the passage number of culture, and the NPCs with the highest
activity of calcium signaling yielded the best results in terms of
functional improvement after transplantation. Similar Ca2+ signal-
ing patterns were found when an immortalized neural stem cell line
(SPC-01 derived from human fetal spinal cord) was studied [70],
showing functional L-and P/Q-typeCa2+ channels and the occur-
rence of spontaneous Ca2+ oscillations. Recently our group has also
established NPCs from iPS cells stably expressing GCaMP calcium
indicator proteins and found this system most relevant for studying
calcium signaling (unpublished studies).

A considerable problem in studying calcium signals in pluripo-
tent stem cells is a potentially major difference in the relevant
pathways between the most studied mouse PSCs (mPSC) and their
human counterparts. While in mPSCs the presence of LIF, act-
ing through the JAK—STAT pathway, and BMP, acting through
a SMAD-dependent pathway, are supporting the pluripotency
state, in hPSCs LIF is not required and BMP—SMAD induce cell
differentiation. FGF2 and related calcium signaling in hPSCs main-
tains pluripotency, while FGF2 and PI3K activation, mostly acting
through the elevation of cellular calcium, induce differentiation in
mPSCs (for details see Refs. [45,46,71]). Clearly, further studies are
required in both PS cell types to clarify the role of calcium signaling
in the maintenance of pluripotency and the induction of directed
stem cell differentiation.

4. Alternative pluripotency cell states – from naïve to fuzzy
– potential role and characteristics of signaling pathways

Based on mammalian, mostly mouse embryology reprogram-
ming studies, “naïve-state” pluripotent stem cells have been
claimed different from the “non-naïve” or “primed” PSCs – as first
suggested by Nichols and Smith in 2009 [72] – by several crite-
ria. According to this concept, in the pre-implantation embryos
the pluripotent stem cells are ‘naïve’, but they become ‘primed’
during post-implantation development, and most of the currently
available ES or iPS cells correspond to this latter state. While both

cell types express pluripotency markers, form teratomas in-vivo
and can differentiate into mature cells of all the three germ lay-
ers, naïve hPSCs express substantially reduced epigenetic markers,
survive single-cell cloning and may  form cross-species chimeras.
Naïve PSCs are also characterized by e.g.,  driving Oct4 transcription
by a distal enhancer, having a non-activated X chromosome state,
and major reduction in DNA methylation (see Refs. [72–74]).

As we  discussed above, mouse and human PSCs may  be quite
different in the signaling pathways maintaining pluripotency. Still,
there are numerous, reportedly successful efforts to convert primed
human PSCs to a naïve state [75–79], as well as to elucidate the
signaling pathways that regulate these different states of pluripo-
tency. In a recent work, Wang et al. [77] documented the presence
of a “naïve-like” subpopulation in human ES and iPS cells, showing
an elevated transcription of HERVH, a primate-specific endogenous
retrovirus, as a hallmark of this state.

The naïve state of pluripotency has been suggested to provide a
much broader and efficient developmental potential as compared
to the primed cell types. However, there is very little informa-
tion as yet regarding the signal transduction differences between
naïve and primed human stem cells. One report [78] documents
a reverse “toggling” of primed hESC lines by the addition of his-
tone deacetylase inhibitors, and subsequently MEK/ERK and GSK3
inhibitors, as well as FGF2. In addition, this report also demon-
strates a direct derivation of naïve PS cells from a human embryo by
using MEK/ERK and GSK3 inhibitors together with FGF2. Similarly, a
combined inhibition and alteration of these relevant signaling path-
ways was used by Gafni et al. [75], to generate human naïve-like ES
cells.

These data, in combination with the above described poten-
tial role of the MEK/ERK pathway and growth factors in altering
the calcium homeostasis in the pluripotent cells, may  raise
the role of calcium in these “toggling” experiments. However,
we found no report directly concerned with studying the rel-
evant calcium signaling pathways either in the naïve of the
“fuzzy” pluripotent stem cells. The Project Grandiose: high def-
inition characterization of the process of reprogramming cells
to pluripotency (www.stemformatics.org), provides a detailed
analysis of pluripotent stem cell variants regarding their pro-
teome, RNA transcriptome, epigenome—methylome (epigenetic
marks), microRNA + long non-coding RNA, extended with the inte-
gration of proteome, transcriptome and epigenome data (www.
stemformatics.org), thus hoping to provide a molecular encyclo-
pedia of reprogramming. Still, regulation of the signaling pathways
is not included in this analysis. We  hope that future research will
concentrate on these absolutely essential cellular phenomena as
well.
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