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Pluripotent stem cells only exist in a narrow window during
early embryonic development, whereas multipotent stem cells
are abundant throughout embryonic development and are re-
tained in various adult tissues and organs. While pluripotent
stem cell lines have been established from several species, in-
cluding mouse, rat, and human, it is still challenging to estab-
lish stable multipotent stem cell lines from embryonic or adult
tissues. Based on current knowledge, we anticipate that by ma-
nipulating extrinsic and intrinsic signaling pathways, most if
not all types of stem cells can be maintained in a long-term
culture. In this article, we summarize current culture condi-
tions established for the long-term maintenance of authentic
pluripotent and multipotent stem cells and the signaling path-
ways involved. We also discuss the general principles of stem
cell maintenance and propose several strategies on the estab-
lishment of novel stem cell lines through manipulation of sig-
naling pathways. [BMB Reports 2015; 48(12): 668-676]

INTRODUCTION

All stem cells share two key properties: self-renewal and
differentiation. The successful derivation of mouse embryonic
stem cells (ESCs) in 1981 indicates that, under proper culture
conditions, stem cells are capable of long-term self-renewal
while retaining the ability to differentiate into multiple types
of cells (1, 2). By using various culture conditions, stable plu-
ripotent stem cell lines have been established from several
species including mouse, rat, and human (3-9). However, the
generation and long-term propagation of authentic multi-
potent stem cells has been hampered by the lack of well-es-
tablished methods for maintenance such as those used for

*Corresponding author. Tel: +1-323-442-3308; Fax: +1-323-442-
4040; E-mail: qying@med.usc.edu

http://dx.doi.org/10.5483/BMBRep.2015.48.12.215
Received 20 October 2015

Keywords: Adult stem cells, Embryonic stem cell self-renewal,
Neural stem cells, Stem cells, Wnt/B-catenin pathway

ISSN: 1976-670X (electronic edition)

Copyright © 2015 by the The Korean Society for Biochemistry and Molecular Biology

mouse ESC culture. We anticipate that successful generation
and propagation of stable stem cell lines will require develop-
ment of culture conditions that captures the specific stem cell
state and facilitates their long-term self-renewal. The quantity
of stem cells that can be isolated from embryonic or adult tis-
sues is very limited; therefore, it is necessary to develop in vi-
tro culture conditions to expand stem cells so that we can use
these stem cells for a variety of biological studies, disease
modeling, and stem cell-based therapy.

The major signaling pathways involved in embryonic de-
velopment are likely also important in regulating stem cell
self-renewal, as suggested by numerous studies on the molec-
ular mechanisms of stem cell maintenance. Evidence from
the current culture conditions developed for the maintenance
of authentic stem cell lines suggests that manipulation of only
a few signaling pathways may be sufficient to keep the stem
cells at an undifferentiated state (10). In this article, we re-
view the key signaling pathways related to the maintenance
of different stem cell lines. We also discuss the general princi-
ples for stem cell maintenance and propose several strategies
on how to develop culture conditions for the long-term main-
tenance of authentic stem cell lines.

CRITERIA FOR AUTHENTIC STEM CELL LINES

Stem cells undergo either symmetric or asymmetric division.
When a stem cell undergoes a symmetric division, it pro-
duces two daughter cells that are identical to their mother. In
asymmetric division, a stem cell divides to generate one
daughter cell that is identical to the mother cell and another
daughter cell with more restricted potential (Fig. 1). It is gen-
erally believed that most, if not all, of stem cells that reside in
the body undergo asymmetric division to maintain tissue
homeostasis. In this review, we focus on stem cell main-
tenance in vitro. In theory, long-term maintenance of stem
cells in culture requires them to undergo symmetric division,
because the number of stem cells will not increase if they di-
vide asymmetrically. We propose that authentic stem cell
lines must meet the first criterion: the majority of stem cells in
the culture must undergo symmetric cell division.

The second criterion for authentic stem cell lines is that
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they must be able to self-renew in long-term culture while re-
taining the same identity and developmental potential as the
stem cells of origin in vivo. The identity of the stem cells can
be determined by single cell RNA seq and genome-wide epi-
genetic analysis. Genetic and epigenetic patterns of cultured
stem cells should be the same or similar to their in vivo
counterparts. For example, in a mammalian female embryo,
preimplantation inner cell mass (ICM) cells carry two active X
chromosomes (11-13). This epigenetic signature of ground
state pluripotency is shared with rodent ESCs and has be-
come a criterion for the development of the naive human
ESC culture condition (5, 6, 14-19). Authentic stem cell lines
should also retain the ability to differentiate into different
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Fig. 1. Symmetric and asymmetric stem cell division.

Table 1. Current well-established stem cell lines and their culture conditions
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progenies from their tissue of origin even after an extended
period of expansion in vitro.

The third criterion is that these stem cells should remain
karyotypically normal. The genomic stability during stem cell
maintenance is critical, especially for the application of stem
cell therapy. Stem cells should retain a normal karyotype
over long-term passage to avoid culture-induced genomic al-
terations and transformation.

Although numerous stem cell lines from different tissue ori-
gins have been reported, few can be considered authentic
stem cell lines that meet all three criteria. Below we list these
established authentic stem cell lines (also see Table 1) and
discuss their culture conditions and the major signaling path-
ways involved in their self-renewal.

ESCs

ESCs are derived from the ICM of the pre-implantation
blastocyst. The ICM only exists during a short period of time
in development. The derivation of ESCs proves that such a
transient cell stage can probably be retained indefinitely in vi-
tro given a proper culture condition. ESCs possess the ca-
pacity to become any type of cell in the body, and therefore
represent a powerful tool for regenerative medicine, human
disease modeling, and understanding biological development.
Although ESCs have reportedly been derived from several
species, including humans, only mouse and rat ESCs have
been confirmed to be true ESCs through the gold-standard

Stem cell lines Source of origin Key components Key signaling pathways Species tested Ref
Pluripotent
ESC ICM LIF + serum/BMP4 JAK/STAT3, SMAD Mouse 3
ICM CHIR + PDO3 Wht/B-catenin, MAPK Mouse, rat 4,5,6
EG cells PGC LIF + FGF2 + SCF JAK/STAT3, FGF Mouse 27-30
PGC LIF + FGF2 + Forskolin JAK/STAT3, FGF Human 25,26
PGC LIF + CHIR + PDO3 JAK/STAT3, Wnt/B-catenin, Mouse, rat 31
MAPK
EpiSC Epiblast Activin + FGF2 TGF-B/SMAD, FGF Mouse, human 7,8
Epiblast CHIR + IWR-1 Whnt/B-catenin Mouse, human 22
SSC Testis GDNF + FGF2 + LIF PI3K/AKT, MAPK Mouse, rat 33
Extraembryonic
TS Trophectoderm FGF4 + heparin + Activin/Nodal ~ FGF/ERK Mouse 23
XEN Primitive endoderm  FGF FGF/ERK Mouse 24
Adult tissue
NSC Primitive neural LIF + CHIR JAK/STAT, Wnt/B-catenin ~ Mouse, rat, human  35-37
ectoderm
Late embryonic or FGF2 + EGF MAPK, PI3K Mouse, human 38,39
adult brain
Intestinal stem cells  Intestine EGF + Noggin + R-spondin Whnt Mouse, human 34
Liver stem cells Liver EGF + Noggin + R-spondin + Whnt Mouse, human 44

Wnt-3A + FGF10 + HGF +

Nicotinamide
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germline transmission test (1, 2, 5, 6). The study of rodent
ESCs over the past three decades has provided a wealth of in-
formation indicating that these rodent ESCs meet the three cri-
teria and therefore can be considered authentic stem cell
lines. Genome-wide transcriptome analysis has further con-
firmed that rodent ESCs exhibit transcriptional similarities to
the ICM cells (20).

Mouse ESC self-renewal is normally mediated by leukemia
inhibitory factor (LIF)/signal transducer and activator of tran-
scription 3 (STAT3) signaling (21). Alternatively, as we dem-
onstrated, mouse ESC self-renewal can also be maintained if
glycogen synthase kinase 3 (GSK3) and mitogen-activated
protein kinase kinase (MEK) are simultaneously suppressed
by addition of two small molecule inhibitors (2i), CHIR99021
and PD0325901 (4). It is also possible to derive and maintain
rat ESCs using the 2i condition (5, 6).

Epiblast stem cells (EpiSCs)

EpiSCs are pluripotent stem cells derived from post-implan-
tation epiblasts (7, 8). EpiSCs express core pluripotency mark-
ers Oct4, Sox2, and Nanog, and are able to differentiate into
all three germ layers. However, EpiSCs are not competent to
contribute to chimera formation and therefore are develop-
mentally and functionally distinct from ESCs. Long-term self-re-
newal of mouse EpiSCs can be maintained in medium supple-
mented with fibroblast growth factor 2 (FGF2) and/or Activin
A. Recently, we demonstrated that a combination of two small
molecule inhibitors, CHIR99021 and IWRT1, also maintains
EpiSC self-renewal (22). IWR1, a tankyrase inhibitor, neg-
atively regulates Wnt/B-catenin signaling through stabilization
of Axin. CHIR99021 and IWR1 promote EpiSC self-renewal
through stabilization of B-catenin and retention of B-catenin in
the cytoplasm (22). Human ESCs are routinely cultured in me-
dium supplemented with FGF2/Activin A. These human ESCs
share defining features with mouse EpiSCs (7). Global gene ex-
pression profiling and epigenetic analysis have indicated that
mouse EpiSCs and human ESCs are closely related to epiblast
cells in the postimplantation embryos (7).

Extraembryonic stem cell lines

Two types of extraembryonic stem cell lines have been estab-
lished so far. One is trophoblast stem (TS) cells derived from
the trophectoderm lineage (23); another is extraembryonic en-
doderm stem (XEN) cells derived from primitive endoderm
(24). TS cells are maintained in vitro in the presence of FGF4
and heparin while retaining the ability to differentiate into
multiple cell types of the placenta. XEN cells can be estab-
lished and continuously passaged using the same TS cell cul-
ture condition or medium containing serum. TS and XEN cells
express markers typical of trophectoderm and extraembryonic
endoderm derivatives, respectively. The identities of cultured
TS and XEN cells are further confirmed by the chimera for-
mation assay. Chimeras generated by injection of TS or XEN
cells into preimplantation embryos show that the injected TS
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and XEN cells exclusively contribute to the trophoblastic com-
ponent of the placenta and the extraembryonic endoderm cell
types, respectively (23, 24).

Embryonic germ (EG) cells

Stable EG cell lines have been established from primordial
germ cells (PGCs) isolated from species such as human,
mouse, and rat (25-31). EG cells are very different from PGCs,
their in vivo source of origin, in that EG cells are pluripotent
whereas PGCs are unipotent and differentiate into only sperm
or oocytes. The conversion of unipotent PGCs to pluripotent
EG cells is considered a reprogramming event. Mouse and rat
EG cells can be derived and maintained in 2i. Other factors
that promote EG cell self-renewal include LIF, stem cell factor,
and FGF2. When injected into blastocysts, mouse and rat EG
cells maintained in 2i have been shown to contribute to the
formation of chimeras as well as transmit through germline.

Spermatogonial stem cells (SSCs)

SSCs are rare, representing only 0.03% of all germ cells in ro-
dent testes. Like other adult stem cells, SSCs maintain tissue
homeostasis by undergoing both self-renewal and differen-
tiation. In vivo, the niche factor glial cell line-derived neuro-
trophic factor (GDNF) plays a pivotal role in regulating SSC
self-renewal (32). GDNF is also important for the long-term ex-
pansion of SSCs in vitro, along with the other SSC self-renewal
factors epidermal growth factor (EGF), FGF2, and LIF (33).
Through manipulation of these self-renewal signaling path-
ways, a uniform SSC population with similar developmental
potential can be expanded in a culture dish. Under these cul-
ture conditions, differentiated cells are not favored for pro-
liferation and usually will be selected out through passages.
The extrinsic modulation of signaling pathways combined with
the cell-cell interaction between undifferentiated SSCs is suffi-
cient to maintain the stem cell identity in vitro.

Intestinal stem cells

In contrast to stem cells from embryonic tissues, most adult
stem cells reside in a quiescent state but readily exit quies-
cence and undergo self-renewal and differentiation in response
to stress, injury, and other environmental stimuli. In vivo, adult
stem cells often divide asymmetrically to generate two sister
cells with one retaining the same identity as the mother cell
and the other becoming a more differentiated progeny. Hans
Clever’s group developed an organoid culture system for the
long-term maintenance of intestinal stem cells in vitro (34). In
this method, Lgr5" stem cells are mixed with laminin-rich
Matrigel along with growth factors including R-spondin 1,
EGF, and Noggin. In response to the culture condition, Lgr5"
intestinal stem cells generate both Lgr5™ cells and differ-
entiated intestinal cells. The undifferentiated and differentiated
cells support each other’s growth and form crypt-villus
structures. Since the Lgr5" cell population expands rapidly, it
is likely that the majority of the Lgr5* cells within the organo-
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ids undergo symmetric cell division to produce more stem
cells. The organoid culture system could potentially be applied
to the maintenance of adult stem cells from other tissues.

Neural stem cells (NSCs)

Developmental studies have defined at least two stages of
NSCs: primitive and definitive NSCs. Primitive NSCs resemble
the earliest stage of neural cells arising during development
and can be isolated from the neuroectoderm of the E7.5
mouse embryo (35). These primitive NSCs are responsive to
LIF, but not FGF2/EGF for self-renewal (35-37). Definitive NSCs,
which are more committed to a neural identity than primitive
NSCs, first appear in the anterior neural plate of the E8.5
mouse embryo and persist throughout life. These definitive
NSCs can be transiently maintained in the presence of FGF2
and EGF (38, 39).

Other putative stem cell lines

It has been reported that dual inhibition of GSK3 and mamma-
lian target of rapamycin (mTOR) promotes hematopoietic stem
cell (HSC) self-renewal (40). Several other culture conditions
have been developed for the expansion of HSCs. However, in
all cases, HSCs were only maintained for a short period time
after which they underwent differentiation. Although muscle
stem cells can be expanded in vitro, their capacity to re-
generate damaged muscles is greatly diminished compared to
freshly isolated muscle stem cells (41, 42). Recently, through
mimicry of the endogenous microenvironment, four cytokines
secreted by T cells (IL-1a,, 1L-13, TNF-a,, and IFN-y) have been
determined to promote long-term expansion of muscle stem
cells (43). In contrast to the conventional method, muscle stem
cells maintained in medium supplemented with these four cy-
tokines retain the capacity to effectively regenerate muscle af-
ter transplantation. The expansion of muscle stem cells with-
out apparent loss of their differentiation potential has been an
important step towards the derivation of authentic muscle stem
cells. However, more systematic characterization is needed to
validate the identity of these cultured muscle stem cell lines.

UNANSWERED QUESTIONS IN STEM CELL BIOLOGY

In the three decades since the first derivation of mouse ESCs,
significant progress has been made in understanding the mo-
lecular mechanisms underlying stem cell self-renewal and
differentiation. Nonetheless, several key questions in stem
cell biology remain unanswered. Is it possible to establish
true ESCs from species other than mice and rats? So far, germ-
line competent ESC lines have been established only from
mice and rats. We and many other groups have tried but
failed to derive true ESC lines from different species including
pigs, rabbits, cows, chicken, and zebrafishes. Is the mecha-
nism of ESC self-renewal shared or distinct among different
species? Is it possible to maintain tissue-specific stem cells in
culture indefinitely in a similar manner to mouse and rat
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ESCs? The majority of tissue-specific stem cell types cannot
be maintained under current available culture conditions.
Some tissue-specific stem cells, such as NSCs, intestinal stem
cells, and skin stem cells, can be expanded in culture for an
extended period of time. Whether these expanded stem cells
retain the same identity as the original stem cells remains
unknown.

HYPOTHESES AND MODELS ON STEM CELL
MAINTENACE

To help develop strategies for addressing the above ques-
tions, we propose some new hypotheses and working models
on stem cell maintenance. Our first hypothesis is that the fun-
damental mechanism underlying the maintenance of the
same type of stem cells is likely conserved among different
species. Stem cells from the same tissue origin but different
species are likely to have differences in terms of their require-
ments for self-renewal and their characteristics. However,
these differences might be subtle and are attributable to the
variations in the response of the stem cells to specific micro-
environments and stimuli. We came up this hypothesis based
on the following evidence: 1. Both mouse and rat ESCs can
be derived and maintained in the same 2i condition. More re-
cently, naive state human ESCs resembling mouse ESCs were
generated using 2i-containing media. 2. Primed state pluri-
potent stem cells from mouse, rat, and human can all be
maintained in the same FGF2/Activin A or CHIR99021/IWR1
condition (7, 8, 22). 3. NSCs from different species can be de-
rived and maintained in similar culture conditions. This is al-
so true for other types of tissue-specific stem cells.

Our second hypothesis is that by manipulating a few signal-
ing pathways, most, if not all, pluripotent and tissue-specific
stem cells can be maintained in culture. Signaling pathways
have evolved into complex networks of interactions during
millions of years’ evolution. The development of a single zy-
gote into a whole organism involves proliferation, differenti-
ation, and patterning of a wide variety of cells and tissues.
Surprisingly, the whole development process is controlled
mainly by seven major signaling pathways including Wnt, re-
ceptor tyrosine kinase, Notch, Hedgehog, transforming
growth factor- (TGF-B), JAK/STAT, and nuclear receptor
pathways (45). In retrospect, we found that most of the estab-
lished authentic stem cell lines can be maintained in culture
by manipulating just two of the seven pathways. We antici-
pate that this is also largely true for the maintenance of other
stem cell lines that have yet to be established.

There are two key elements for the maintenance of stem
cells: proliferation and prevention of differentiation. We pro-
pose an ‘Engine-and-Wheel’ model to explain stem cell main-
tenance in vitro. The engine provides the motion of the car
while the steering wheel controls the direction of that
motion. We predict that the maintenance of most if not all
types of stem cells in culture might require modulation of just
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two signaling pathways, with one acting as the ‘Engine’ sig-
naling pathway and the other as the ‘Wheel’ signaling path-
way (Fig. 2). Using mouse ESCs as an example, we consider
Whnt/B-catenin the ‘Engine’ signal and mitogen-activated pro-
tein kinase (MAPK) pathway the ‘Wheel’ signal. Activation of
Whnt/B-catenin by CHIR99021-mediated inhibition of GSK3
drives both self-renewal and differentiation in mouse ESCs.
The differentiation-inducing effect of CHIR99021 is sup-
pressed by PD0325901 through inhibition of MAPK signal-
ing, resulting in mouse ESC self-renewal. It is likely that for
some types of stem cells, there is more than one ‘Engine’

Wheel Signaling
Engine Signaling
/

/

Differentia@nes

| Self-renewal Genes ‘/
bl  Specific Promoter

Fig. 2. lllustration of the ‘Engine-and-Wheel’ model in stem cell
maintenance. In stem cells, the ‘Engine’ signaling drives the ex-
pression of genes important for self-renewal as well as genes that
induce differentiation. The ‘Wheel’ signaling works together with
the ‘Engine’ signaling to maintain stem cell self-renewal by sup-
pressing the expression of the differentiation genes.

0
i

pathway or ‘Wheel’ pathway. For example, LIF/STAT3 is an-
other ‘Engine’ signaling pathway for mouse ESCs. LIF/STAT3
maintains mouse ESC self-renewal in collaboration with
TGF-B superfamily member BMP4, which acts as the ‘Wheel’
pathway. ‘Engine’ signaling and ‘Wheel’ signaling work to-
gether to achieve a certain degree of balance that is required
to keep stem cells undifferentiated while they are
proliferating. Studies on stem cell maintenance so far have
implicated Wnt/B-catenin to be the key ‘Engine’ signaling
pathway for a panel of stem cells including naive ESCs,
NSCs, HSCs, and intestinal stem cells.

In Waddington’s epigenetic landscape model (Fig. 3A), the
ball (representing a totipotent cell) can roll into different
paths of the valleys (representing different cell fates). As the
ball rolls down the valleys, the available paths and final desti-
nations become more restricted, illustrating the increased dif-
ferentiation of the cell (46). In Fig. 3B, we present a modified
version of the model to highlight the potency and plasticity of
stem cells maintained in culture. Stem cells exist in different
forms throughout life. Their potency becomes more and more
restricted as development proceeds. The plateaus where the
balls stand represent the different developmental stages at
which the potency of the stem cells can be captured and re-
tained in vitro. Within the plateau, the ball can move around
easily, implicating a certain degree of plasticity possessed by
the stem cells. In the mouse, the developmental stages be-
tween the zygote and the 8-cell stage embryo can be consid-
ered as the ‘totipotency plateau’, because any individual blas-
tomeres possess the plasticity to become a zygote and devel-
op into a whole embryo by culturing under defined
conditions. The maintenance of mouse ESCs in culture is an-
other plateau representing developmental stages between the
E2.5 morula embryo and the E4.5 late blastocyst stage
embryo. Global transcriptome and epigenome studies re-

Fig. 3. Comparison of epigenetic landscape in development and stem cell maintenance. (A) Waddington’s epigenetic landscape (adapted
from reference 46). (B) The modified version of epigenetic landscape for stem cell maintenance. Valleys represent the paths a stem cell
can follow towards distinct cell fate. Ridges in between the valleys block the cells from crossing into other independent lineages. Stem
cell lines established in vitro represent a range of stem cells in vivo. This range of area is represented by the plateau each of the ball

stands on.
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vealed that mouse ESCs cultured in 2i are similar to cells in
the E2.5-3.5 embryo while mouse ESCs maintained in LIF re-
semble epiblast cells in the E4.5 late blastocyst. Although
these two types of ESCs have distinct functional potency and
transcriptional identities, they are interconvertible by a mere
switch of the culture conditions. We designate this state as
the ‘ESC plateau’. The next potency level is the ‘EpiSC pla-
teau’ in which the primed state of mouse EpiSCs are main-
tained in either FGF2/Activin A or the CHIR99021/IWR1
condition. EpiSCs maintained in these two conditions repre-
sent epiblast cells of different developmental stages (21, 47),
yet they too are readily converted to another developmental
state by adjustment of the culture condition. Stem cells in the
‘ESC plateau’ can be converted to stem cells in the ‘EpiSC
plateau’ simply by switching the culture condition. The con-
version EpiSCs to more potent ESCs, however, requires
forced expression of one or more reprogramming factors (48).
We predict that such plateaus also exist in different tis-
sue-specific stem cells. It is likely that each type of tissue-spe-
cific stem cells has two or more ‘potency plateaus’. We an-
ticipate that these plateaus will be gradually defined as more
and better culture conditions are developed for the main-
tenance of authentic tissue-specific stem cells.

STRATEGIES FOR DEVELOPING NEW CULTURE
CONDITIONS FOR STEM CELL MAINTENACE

Until now, the approaches used to search for better culture
conditions for the maintenance of authentic stem cells still re-
main mostly empirical. While the empirical approach has re-
sulted in a few successes, including the development of ESC
and EpiSC culture conditions, most of such attempts have
failed and we still do not understand how to maintain the
long-term self-renewal of the majority of stem cells from differ-
ent tissue origins of different species. Below, we present sev-
eral strategies that might accelerate the development of new
stem cell culture conditions.

Establishing reliable reporter systems

In most tissues, stem cells are rare, representing only a minor-
ity of the population, and are difficult to be identified by mor-
phology alone. Establishing a reporter system (e.g. stem cell
specific promoter-driven GFP) that faithfully recapitulates the
undifferentiated status of the original stem cells will greatly fa-
cilitate the identification of self-renewal-promoting factors. The
recent advance in next-generation sequencing and CRISPR/
cas9 gene editing technologies has provided powerful tools for
the establishment of a good reporter system both in cultured
cells and in animals. A reporter system could be based on a set
of gene expression in combination, as well as the expression
of other regulatory elements such as enhancers or miRNAs.
For the convenience of observation and quantification, the re-
porter system can be established by knocking a fluorescent
cassette into the locus of a gene that is specifically expressed
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in the stem cells of interest. As an alternative approach, a du-
al-luciferase reporter system can be established when a more
sensitive measurement is desired. The reporter construct must
be experimentally verified to confirm it indeed recapitulates
the endogenous gene expression pattern. Even a subtle differ-
ence within the reporter systems could result in the selection
of a different cell population. In mouse, occupancy at Oct4 en-
hancer regulatory regions show a distinct binding preference
between ESCs and EpiSCs (49). Specifically, Oct4 transcription
activity in naive ESCs is associated with distal Oct4 enhancer
(DE), whereas EpiSCs depend upon proximal enhancer (PE) of
Oct4. A reporter system driven by the DE of Oct4 has been
used to screen factors that promote the maintenance of naive
human ESCs (15, 16).

Identifying the ‘Engine’ and the ‘Wheel’ signaling in stem cells
Germline-competent true ESCs have so far only been estab-
lished from mice and rats. According to our first hypothesis,
ESCs from other species most likely use a similar combination
of ‘Engine’ and ‘Wheel’ signaling to control their self-renewal
as mouse and rat ESCs do. We and others have tried to use ei-
ther LIF/BMP4 or the 2i condition to culture ICM cells isolated
from non-rodent species, but have failed to establish any ESC
lines. This could be simply due to the variations in the re-
sponse of ICM cells to LIF/BMP4 or 2i, because as we know
the activation/suppression levels of the signals induced by
these factors play a critical role in determining the outcome
(50, 51). Recent studies have revealed that LIF/STAT3 and the
2i-mediated signaling pathways are also important for the main-
tenance of naive human ESCs (14-19). It is likely that true ESCs
can be established from other species through manipulation of
the two pairs of ‘Engine-and-Wheel’ signaling pathways in
ESCs: LIF/STAT3 and BMP/SMAD, or Wnt/B-catenin and MAPK.

How is it possible to identify the ‘Engine’ and the ‘Wheel’
signaling for a given stem cell type? According to our
‘Engine-and-Wheel’ model, the key step is to find the engine
signaling pathway. It is likely that the engine signaling path-
way for most stem cell types belongs to one of the seven major
signaling pathways. Genetic and epigenetic studies in the past
several decades should have provided rich information on the
contribution of different genes and signaling pathways to the
maintenance of different stem cell population both in vitro and
in vivo. One good example is the initial study of the germline
stem cell niche that has led to the identification of GDNF as a
niche factor produced by Sertoli cells to regulate SSC self-
renewal. GDNF later proved to be the engine signaling path-
way that promotes long-term SSC self-renewal through activa-
tion of the PI3K-AKT pathway (32, 33). In intestinal stem cells,
Wht signaling was again found to be the key engine pathway
for their self-renewal (52). In many of the established protocols
for stem cell maintenance, controlling the engine pathways of-
ten times is sufficient to support short-term self-renewal of the
stem cells, like mouse ESCs which could be partially and tem-
porarily retained in an undifferentiated state with the addition
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of LIF or CHIR alone.

The stimuli used to induce the engine signaling pathway typ-
ically triggers a cascade of reactions that leads to the activation
of both self-renewal and differentiation-inducing signaling
pathways. Therefore, modulation of the wheel signal is often
required in order to achieve maximum self-renewal effect driv-
en by the engine signaling. One example is the effect of MEK
inhibitor or BMP4 in the LIF-mediated ESC self-renewal.
Besides the JAK/STAT3 pathway, LIF can also activate the
MAPK pathway which is known to induce mouse ESCs differ-
entiation (53). Therefore, the suppression of MAPK signaling is
beneficial and can further enhance LIF-mediated ESC self-re-
newal (54). Alternatively, BMP4 controls the stem cell balance
by suppression of neural differentiation in the presence of LIF
(3). This diversification of signaling pathways downstream of
receptor activation is a common phenomenon. The short-term
expansion of HSC based on dual inhibition of GSK3 and
mTOR is another example. GSK3 inhibition releases the sup-
pression of self-renewal pathway, but also activates mTOR
which promotes lineage-commitment and stem cell depletion
(40). FGFs are widely used to promote proliferation of many
types of stem cells. However, at least four main signaling cas-
cades will respond to the FGF/FGF receptor interaction, in-
cluding JAK/STAT3, PLCy, PI3K, and MAPK pathways, and this
diverse reaction may potentially explain why the usage of FGF
is often accompanied by other extra factors (55).

CONCLUDING REMARKERS

Stem cells hold great promise for tissue repair and regene-
ration. There are several obstacles must be overcome before
the full potential of stem cells can be realized. One of the key
obstacles is the lack of well-established methods for the long-
term expansion of stem cells, especially tissue-specific stem
cells and non-rodent ESCs. Accumulated evidence on stem
cell research has indicated that the fine-tuning of signaling
pathways is the key for stem cell maintenance. We anticipate
that most types of stem cells can be maintained in vitro for an
extended period of time by manipulating just two of the seven
major signaling pathways.

The establishment of reliable report systems will greatly fa-
cilitate the identification of signaling pathways important for
stem cell maintenance
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