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Core tip: Signals in stem cell are regulated both gene­
tically and epigenetically by many molecules. The 
programming of stem cell signaling is an important 
aspect of understanding stem cell phenotype transitions 
and functions. The differentiation process as well 
as intra- and inter-cellular signaling of stem cells is 
described in this article. The epigenetic regulation of 
these cells is also discussed. 
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INTRODUCTION
Stem cells are the source of all other cells, and they 
have the potential to differentiate into many types 
of cells that contribute to the various organs, such 
as the heart, lungs, liver, and blood. There are many 
kinds of stem cells: totipotent embryonic stem cells 
(ESCs) found in the embryo; mesenchymal stem cells 
(MSCs) that give rise primarily to bone marrow stroma, 
adipocytes, and cord blood; epithelial stem cells that 
reside in the intestine; induced pluripotent stem cells  
that are artificially reprogrammed from differentiated 
cells; and cancer stem cells (CSCs). In this article, 
signaling in stem cells and the role of signaling mole­
cules in the differentiation and reprogramming of stem 
cells are discussed.
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Abstract
Stem cell differentiation is regulated by multiple 
signaling events. Recent technical advances have reve­
aled that differentiated cells can be reprogrammed 
into stem cells. The signals involved in stem cell pro­
gramming are of major interest in stem cell research. 
The signaling mechanisms involved in regulating stem 
cell reprogramming and differentiation are the subject of 
intense study in the field of life sciences. In this review, 
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STEM CELL DIFFERENTIATION
Stem cell differentiation is tightly regulated. Among 
the various pathways related to cellular differentiation, 
epigenetic regulation is the key mechanism that con­
trols midbrain dopaminergic neuron differentiation[1]. 
Urocortin, which is expressed in the developing ventral 
midbrain, mediates dopaminergic neuron differentiation 
via the up-regulation of acetylated histone H3 and the 
dopaminergic regulators Nurr1, Foxa2 and Pitx3[1]. 
Dimethyl sulfoxide down-regulates the pluripotency 
genes OCT4 (also known as POU5F1) and NANOG in 
human embryonic stem (ES) cells during definitive 
endoderm differentiation and controls hepatic differen­
tiation[2].

A previous report indicated that N6-methyladenosine 
(m6A) transferase (Mettl3; methyl transferase-like 3) 
regulates murine naïve pluripotency[3]. mRNA methy­
lation is a key RNA modification and an essential factor 
in epigenomic regulation and cell fate determination[3]. 
Pluripotent cells are affected by environmental factors 
such as culture conditions, and such factors can 
affect the spatial regulations of transplanted stem 
cells[4]. Several signaling pathways are involved in 
the transformation of stem cells, such as fibroblast 
growth factor 2 (FGF2)/Activin-A signaling and histone 
3 lysine 4 trimethylation alterations[4]. Matrix-bound 
heparan sulfate (HS) proteoglycans are needed for the 
differentiation of stem cell-derived endodermal cells 
into airway epithelial cells[5]. The three-dimensional 
extracellular matrix scaffold is essential for effective 
functional expression of lung epithelial cells[5], and 
HS proteoglycans also appear to play an important 
role in this process. Human ES cells differentiate into 
osteogenic cells, which can be identified by RUNX2 
expression[6]. Monitoring the osteogenic differentiation 
of human ES cells is useful for the therapeutic strategies 
used in bone regeneration[6]. The three-dimensional 
poly(L-lactic acid) scaffold culture of human ES cells on 
a nano-fibrous matrix results in enhanced osteogenic 
differentiation[7]. RUNX2 expression in nano-fibrous 
matrix culture is significantly higher than in control 
cultures[7]. Additionally, an efficient method for the 
osteogenic differentiation of human ES cells using 
primary bone-derived cells has been reported[8]. Some 
cellular factors from bone-derived cells may be involved 
in human ES cell differentiation[8]. Cell surface proteins 
play roles in stem cell culture differentiation[9]. The use 
of functionalized hyaluronic acid surfaces with either 
fibronectin or collagen enhances the attachment of 
human ES cells[9]. During the osteogenic differentiation 
of human ES cells, hyaluronic acid surfaces with 
collagen I and collagen IV have inductive effects on 
differentiation compared to fibronectin alone[9]. Trans­
cription factors are regulated dynamically during human 
ES cell differentiation[10]. Transcription factor binding 
dynamics are classified into static, dynamic, enhanced, 
and suppressed states[10]. Transforming growth factor 
(TGF)-β and WNT signals are involved in human ES 

cell differentiation into mesendoderm and endoderm, 
whereas bone morphogenetic protein (BMP), vascular 
endothelial growth factor, and FGF2 are key regulators 
of the differentiation of ES cells into mesoderm. The 
inhibition of TGF-β, WNT or BMP signals result in ES 
cell differentiation into ectoderm[10]. RUNX2 is down-
regulated in late-stage cultures of MSCs[11,12]. The 
osteogenic differentiation capacity is decreased in 
late-stage cultures of MSCs compared to early-stage 
cultures; thus, gene expression levels can be used as an 
indicator of stem cell differentiation capacity[11]. Neural 
differentiation is regulated by epigenetic mechanisms[13]. 
Deep cortical layer neuronal markers such as BCL11B 
are expressed in differentiated neurons derived from 
neuroepithelial and early radial glia, and superficial 
layer neuronal markers such as POU3F2/POU3F3 and 
MEF2C are expressed in differentiated progeny derived 
from mid radial glia[13]. Transcription factor activity is 
modulated dynamically during each stage of the neural 
progenitor population[13]. In addition to intracellular 
molecular network signaling, intercellular communication 
is also an important factor in stem cell signaling. Human 
neural stem/progenitor cells (hNSCs) and peripheral 
blood mononuclear cells (PBMCs) interact with each 
other when co-cultured under allogenic conditions. 
hNSCs increase the production of regulatory T cells, 
while PBMCs promote the differentiation of hNSCs[14]. 
The effect of intercellular communication on stem cell 
differentiation is an interesting topic for investigation. 
Cartilaginous tissue can be generated from human 
induced pluripotent stem (iPS) cells[15]. In severe 
combined immunodeficiency (SCID) mice transplanted 
with human iPS cell-derived differentiated cartilaginous 
cells, cartilage formation without tumor formation is 
observed[15].

STEM CELL SIGNALING
Tools for bioinformatics
A wealth of “big data” in gene and genome information, 
which has been collected via integrative profiling and 
is publically available on the internet, combined with 
recent advances in bioinformatics, have enabled us 
to analyze gene and signaling information. These 
advances include a useful web-accessible tool called the 
Database for Annotation, Visualization and Integrated 
Discovery (DAVID) Bioinformatics Resource (http://
david.abcc.ncifcrf.gov/home.jsp) and the cBioPortal for 
Cancer Genomics (http://www.cbioportal.org/index.
do)[16,17]. The open-source tool Cytoscape is a molecular 
network analysis tool for integrating the networks 
with annotation and gene expression profiles (http://
cytoscape.org/what_is_cytoscape.html). 

Hedgehog pathway 
Hedgehog (Hh) signaling is an important player in 
epithelial and mesenchymal regulation during emb­
ryonic limb and bone development and cell fate 
determination[18-20]. Sonic Hh signaling is involved in 
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vascular differentiation and regulates human CD34-
positive cell function[20]. Hh signaling also has an 
important role in hematological CSCs[21]. Targets of 
the Hh signaling pathway include the Notch pathway, 
the epithelial-mesenchymal transition (EMT) pathway, 
the WNT signaling pathway, the TGF-β signaling 
pathway, and the regulation of cell cycle, adhesion, fate 
determination, and stem cell signaling[21].

Ephrin pathway
Ephrin signaling is involved in inflammatory bowel 
diseases[22]. Bone marrow stem cells and stem cell 
factors play important roles in mucosal regeneration. 
In the intestine of a rat model of inflammatory bowel 
disease, ephrin-B3 is up-regulated in bone marrow 
MSCs during mucosal regeneration[22]. Ephrin type-B 
receptor 3 (EPHB3), a tumor suppressor gene, is 
important in cancer cell metastasis, which is regulated 
by Notch signaling in colorectal cancers[23]. EPHB3 
down-regulation in tumorigenesis correlates with Wnt/
β-catenin, Notch and mitogen-activated protein kinase 
(MAPK) signaling[23]. EphrinA1 expression decreases as 
β-catenin expression is inhibited in liver tumor cells[24]. 
The treatment of hepatocellular cancer with cell-
permeable, gamma guanidine-based peptide nucleic 
acid antisense oligonucleotides resulted in the inhibition 
of β-catenin and Wnt target gene expression[23]. 
The EphrinA1 receptor has been reported to be an 
independent prognostic marker for different survival 
endpoints in clear cell renal cell carcinoma[25]. The use 
of Ephrin and ephrin receptor signaling as either a 
prognostic marker or for revealing cancer progression 
mechanisms is an interesting topic for future study.

WNT pathway
The WNT pathways regulate stem cell differentiation 
and proliferation. WNT3-WNT9B signaling is involved in 
the regulation of neural differentiation[26]. An increase 
in WNT9B is reported to control the switch between 
pluripotent and differentiated states via noncanonical 
Rho/JNK signaling, whereas canonical WNT3/β-catenin 
signaling promotes proliferation[26]. WNT5A is known to 
promote cancer cell invasion and proliferation[27]. WNT5A 
activation of the Wnt/β-catenin-independent pathway, 
including Src family kinases, induces the proliferation 
of certain cancer cell types, such as HeLa S3 cervical 
cancer cells and A549 lung cancer cells[27]. Interestingly, 
WNT5A is not involved in the proliferation of KKLS gastric 
cancer cells, although cancer invasion is dependent 
on the WNT5A pathway[27]. Wnt5A up-regulation is 
reported to induce EMT and metastasis by pancreatic 
cancer cells[28]. In this case, β-catenin-dependent 
canonical Wnt signaling is involved in promotion of 
EMT [28]. Graphene oxide is reported to target CSCs by 
inhibiting a number of signaling pathways including the 
WNT, Notch and STAT pathways[29]. Graphene oxide 
selectively inhibits CSC proliferation but does not affect 
normal fibroblast viability[29]. STAT3 signaling alters 
the tumor microenvironment and angiogenesis and 

promotes KRAS-induced lung tumorigenesis[30]. The Wnt 
signaling pathway is reported to be down-regulated in 
irradiated tumor cells[31]. Wnt signaling may be involved 
in tumor repopulation after radiotherapy[31]. Notch1 
and Delta-like 4 signals are important factors for cell 
fate decisions[32]. The Notch pathway is a therapeutic 
target in cancer treatment[32]. Interleukin-27 (IL-27) 
down-regulates EMT- and stemness-related genes 
such as SONIC HEDGEHOG in adenocarcinoma and 
OCT4A, SOX2, NOTCH1, KLF4, Nestin, SNAI1/SNAIL, 
SNAI2/SLUG and ZEB1 in squamous cell carcinoma[33]. 
SNAI2, an EMT-related gene, and stemness genes are 
known to be down-regulated by IL-27[33]. WNT signal­
ing modulation also mediates the long-term expan­
sion and chondrogenic differentiation of adult human 
MSCs[34]. WNT3A and FGF2 maintain the phenotype 
and multipotency of MSCs[34]. In ES cells, cyclin-de­
pendent kinase 1 (CDK1) inhibition is reported to 
prevent teratoma formation[35]. CDK1 signaling and its 
association with other cancer signaling pathways such 
as the WNT pathway would be interesting topics for 
future study of the mechanisms of tumor formation by 
stem cells.

MicroRNA signaling
MicroRNAs (miRNAs) are involved in cancer cell 
signaling[36]. The tumor microenvironment that main­
tains cancer cells is regulated by microRNA-mediated 
gene expression[36]. Anti-miRNAs, antisense oligomers 
that inhibit onco-miRNAs, can be used as anti-cancer 
drugs[36]. The conserved, well-established promoter 
of the terminal differentiation let-7a miRNA induces 
mitochondrial reactive oxygen species production and 
up-regulates oxidative stress-responsive genes[37]. The 
regulation of energy metabolism in cancer cells via let-
7a is a potential target of anti-cancer therapy because 
let-7a miRNA plays a tumor-suppressive role[37]. Human 
MSCs that support the tumor microenvironment deliver 
tumor regulatory miRNAs via extracellular vesicular 
trafficking[38]. The extracellular vesicles of hMSCs 
contain proteins and lipids on the vesicle membrane, 
and miRNAs and metabolites inside the vesicles[38]. The 
internalization of these vesicles by cancer cells may be 
one of the key mechanisms for cancer cell survival[38]. 
During the hypoxia-induced myogenic differentiation 
of ES cells, miRNA-26a is up-regulated and inhibits the 
mRNA expression of histone deacetylase 6 (HDAC6) and 
of stemness genes such as Oct4 (also known as Pou5f1) 
and Nanog[39]. miRNA-26a-mediated signaling may 
be important for stem cell differentiation[39]. Hypoxia 
contributes to the development and phenotype of CSCs 
via miRNA- and cytokine-mediated microenvironmental 
regulation[40]. The vascular CSC niche is regulated by 
miRNAs, which may induce CSC generation and EMT via 
the NFkB, PI3K/Akt/mTOR, NOTCH, Wnt/β-catenin and 
Hedgehog signaling pathways[40].

In the murine cortex and hippocampus, subclasses 
of neurons and glial cells have been characterized by 
the expression of regulatory genes using large-scale 
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be utilized in clinical settings[53]. The selective targeting 
of human iPS cells to avoid tumorigenesis has been 
described using a stem cell-specific lectin probe and 
Pseudomonas aeruginosa exotoxin A fusion proteins[54]. 
iPS cells are reprogrammed from cancer cells that are 
used as a carcinogenesis model[55]. The expression 
of pluripotency associated genes such as either Oct4 
(also known as Pou5f1) or Nanog is regulated by 
the bromodomain and extraterminal domain family 
member BRD4[56]. BRD4 regulates transcription by 
binding to acetylated histones[56]. The induced differen­
tiation of human iPS cells by interleukin-3/granulocyte 
colony-stimulating factor results in CD45+CD11b+CD
14+CD163+CD68+ monocyte/macrophage-type cell 
formation[57]. Mesenchymal-amoeboid transition is 
a suggested mechanism by which cancer cells mig­
ht adopt a migration mode[58]. The cell migration 
mode is characterized by three qualities: adhesion, 
confinement, and contractility[58]. The change in cell 
phenotype that occurs during reprogramming may be 
related to migration parameters. WNT5A is reported 
to be up-regulated in MSCs compared to diffuse-type 
gastric cancer cells[59]. Genes related to EMT such as 
WNT5A or NOTCH2 may have roles in maintaining 
mesenchymal features[59]. A genome-wide analysis 
of chromatin interactions in human ES cells, ES cell-
derived mesendoderm, MSCs, neural progenitor cells 
and trophoblast-like cells revealed that 36% of active 
and inactive chromosomal compartment alterations 
occur during differentiation[60]. An integrative analysis of 
111 reference human epigenomes has been performed 
by the NIH Roadmap Epigenomics Consortium; this 
analysis profiled histone modification patterns and 
gene regulation in several cell types and found that 
each identified mechanism of genetic regulation targets 
different tissues and cell types in human biology and 
disease[61].

The analysis of adipose-derived stem cell differen­
tiation has revealed that keratinocyte progenitor cells 
are present in adipose tissue[62]. The reprogramming of 
fibroblasts into iPS cells requires WNT signaling[63]. The 
efficiency of cell reprogramming is regulated by WNT 
signaling in fibroblasts[63]. Single-cell mass cytometry 
has revealed that iPS cell reprogramming is related to 
mesenchymal-epithelial transition (MET)[64]. A time-
resolved progression analysis of iPS cell reprogramming 
has revealed that the expression patterns are altered 
at each time point and that some similarities exist 
between Oct4-GFP, Nanog-Neo, and Nanog-GFP mouse 
embryonic fibroblast reprogramming systems[64]. 
NANOG, which regulates the pluripotency and repro­
gramming of iPS cells, binds to the OCT4 promoter, and 
its mutation enhances ES cell self-renewal[65].

In early-stage diabetic endothelial progenitor cells, 
the expression of anti-oxidative enzymes compen­
sates for oxidative stress levels[66]. The relationship 
between oxidative stress and progenitor cell function 
may be an interesting future topic for future study of 
the reprogramming process. The expansion of human 

single-cell RNA sequencing[41]. These cells exhibit 
differential gene expression and epigenetic regulation 
and miRNAs have recently become a focus of these 
processes as selective cell markers[42]. Glioma cells 
expressing miR-302 are enriched by serum deprivation, 
and miR-302 may be a marker of CSCs[42]. miRNA-
30c plays a role in sphere formation, self-renewal 
and neural differentiation in C6 glioma cells[43]. In 
these cells, the astrocyte marker glial fibrillary acidic 
protein (GFAP) is up-regulated during differentiation. 
However, GFAP expression decreases in miRNA-30c-
overexpressing cells[43]. The fate of neural stem cells 
is also regulated by miRNAs[44]. The differentiation of 
neural stem cells into neurons is promoted by kuwanon 
V, a phytochemical isolated from mulberry tree (Morus 
bombycis) roots that may up-regulate the expression 
of miR-9, miR-29a and miR-181a[44]. Cancer stem cell 
self-renewal, differentiation and tumorigenesis are 
regulated by the Notch pathway, in which miRNAs such 
as the miR-34 family, miR-200 family, and miR-199-5p, 
miR-146a, miR-1 and miR-143 play important roles[45]. 
Notch signaling cross-talk with miRNAs may be involved 
in cancer cell proliferation, which suggests possible 
therapeutic approaches via miRNA re-expression in 
cancer[45]. Moreover, genome-wide analysis has revealed 
that long noncoding RNAs (lncRNAs) are regulated by 
Notch signals in acute leukemia[46]. lncRNAs are defined 
as transcripts of greater than 200 nucleotides that 
function by means other than coding for proteins, and 
regulate active and silent chromatin states[47]. Pluripotent 
states are epigenetically regulated by lncRNAs[47]. 
Epigenetic modifications in pluripotency are conducted 
via several steps such as histone modifications, DNA 
methylation and chromatin remodeling[48]. miRNA expre­
ssion is also regulated in atherosclerosis[49]. Endothelial 
miRNA expression profiling in silico is one area for 
future study of miRNA signaling[49]. 

CELLULAR REPROGRAMMING
Stem cells can be reprogrammed from differentiated 
cells[50]. The abundant genes including CDH1, RGS1, 
and NOTCH1 are related to the cell characteristics such 
as MSCs and gastric cancer cells[51]. A recent study 
revealed that neural stem cells could be reprogrammed 
from adult fibroblasts, senescent somatic cells, and 
blood cells by HMGA2/let-7[52]. These induced neural 
stem cells could be successfully differentiated into 
neurons, astrocytes, and oligodendrocytes in vitro and 
in vivo[52]. The clinical application of reprogrammed iPS 
cells has also been attempted[53]. The transplantation 
of reprogrammed cells efficiently overcame spinal cord 
injury in mice; however, the possibility of tumorigenesis 
is a concern during long-term therapy[53]. One of the 
mechanisms of tumor development in transplanted 
iPS cells seems to be the acquisition of mesenchymal 
features such as either snail up-regulation or epithelial-
mesenchymal transition[53]. Careful investigation and 
gene expression analysis are needed before iPS cells can 
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ES cells can be successfully maintained using MSC 
feeder layers[67]. Considering that xenogeneic-free 
culture conditions are necessary for safe advances in 
regenerative medicine, the mechanisms that maintain 
pluripotent status and induce differentiation in the 
cellular microenvironment should be investigated.

CONCLUSION
In conclusion, stem cells have diverse internal sig­
naling and communicate with surrounding cells. This 
communication among cells, such as immune cells and 
cancer cells, through signaling proteins and molecules 
leads to dramatic alterations in cell responses and 
pathological physiology. The intra- and inter-cellular 
signaling pathways in the cellular microenvironment 
must be elucidated to safely manipulate stem cells and 
program signaling cascades for therapeutic applications. 
Abundant data about cellular gene expression, genomics 
and epigenomics, which are “big-data”, and database 
analyses are publically available via the internet and 
will contribute to our understanding of cell phenotype 
transition and the mechanisms that regulate various cell 
populations in the context of disease and therapy.
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