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Abstract
The understanding of mechanisms leading to cellular 
differentiation is the main aim of numerous studies. Ac-
cessibility of DNA to transcription factors depends on 
local chromatin structure and chromatin compaction 
inhibits gene transcription. Histone acetylation corre-
lates with an open chromatin structure and increased 
gene expression. Gene transcription levels are changed 
in early embryonic stem cells differentiation in a tissue-
specific manner and epigenetic marks are modified, 
including increased global acetylation levels. Manipula-
tion of histone deacetylases activity might be an inter-
esting tool to generate populations of specific cell types 
for transplantation purposes. Thus, this review aims 
to show recent findings on histone acetylation, a post 
translational modification and its manipulation in embry-
onic stem cells differentiation. 

© 2010 Baishideng. All rights reserved.

Key words: Embryonic stem cells; Cellular differentia-

tion; Epigenetics; Histone acetylation

Peer reviewer: Kristbjorn Orri Gudmundsson, PhD, Laborato-
ry of Cancer Prevention, Hematopoiesis and Stem Cell Biology 
Section, 1050 Boyles Street, Building 560, Room 12-03, NCI-
Frederick, Frederick, MD 21702-1201, United States

Saraiva NZ, Oliveira CS, Garcia JM. Histone acetylation and 
its role in embryonic stem cell differentiation. World J Stem 
Cells 2010; 2(6): 121-126  Available from: URL: http://www.
wjgnet.com/1948-0210/full/v2/i6/121.htm  DOI: http://dx.doi.
org/10.4252/wjsc.v2.i6.121

EMBRYONIC STEM CELLS
Embryonic stem cells (ES cells) are derived from inner 
mass cells within a blastocyst and can be maintained and 
proliferated in vitro[1,2]. The importance of  embryonic stem 
cells for modern biology rests in two major properties 
which distinguish them from other cell types. Firstly, they 
are pluripotent cells, capable of  developing into any type 
of  cell from all three embryonic germ layers (endoderm, 
mesoderm and ectoderm) and, secondly, they have the 
ability to self-renew, going through numerous cycles of  
cell division while maintaining the undifferentiated state[3]. 

ES cells represent a suitable model for study of  pro-
cesses involved in lineage specification during mammalian 
development[4]. Also, ES cells can be genetically manipu-
lated. Embryoid bodies or isolated differentiated cells 
are shown to be a useful tool to investigate the effects of  
gene insertion and deletion[5]. 

The first pluripotent cell line was isolated from a 
teratocarcinoma. Embryonal carcinoma cells served as a 
model to study cellular differentiation given their poten-
tial to participate in embryonic development[6], although 
their use in clinical research was not possible given its 
potential to form tumors. Finally, in 1981, ES cells were 
isolated from the inner cell mass of  murine embryos[1,2] 
and in 1998 the derivation of  ES cells from human em-

Online Submissions: http://www.wjgnet.com/1948-0210office
wjsc@wjgnet.com
doi:10.4252/wjsc.v2.i6.121
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bryos[7] brought the concept of  regenerative medicine 
and tissue engineering as possibilities for the treatment 
of  degenerative diseases.

In the future, degenerative diseases caused by destruc-
tion or loss of  function of  certain cellular type could be 
treated with transplantation of  differentiated ES cells[8]. 
Diabetes mellitus, a candidate for cellular therapy, is caused 
by selective destruction of  pancreatic cells. Another candi-
date is Parkinson’s disease in which dopaminergic neurons 
are destroyed in a particular region of  the brain. 

Also, the use of  adult stem cells for replacing dam-
aged cardiomyocytes is described, although clinical ap-
plication of  these cells may be hindered because of  their 
limited ability to proliferate and differentiate in culture[9]. 
Therefore, considering the pluripotency and self-renewal 
abilities of  ES cells, these cells can be expanded in vitro, 
an attractive source of  stem cells for treatment of  several 
cardiac diseases. The capacity of  murine ES cells to differ-
entiate into cardiac myocytes has been investigated inten-
sively[10-13] and important findings were described, includ-
ing the report of  improvement of  left ventricular function 
after myocardial infarction by transplanting murine ES 
cells in rodents[14,15].

The first step to develop efficient cellular therapies for 
human diseases is the establishment of  in vitro differentia-
tion protocols and methods for sorting large amounts of  
specific cell types from total population without cellular 
damage. Unfortunately, the heterogeneous nature of  cel-
lular differentiation in vitro has discouraged the use of  ES 
cells in transplantation studies[8]. A better understanding 
of  epigenetic events leading to lineage commitment and 
differentiation might clarify the pathways of  heteroge-
neous ES cells differentiation and support the develop-
ment of  efficient protocols aiming at the achievement of  
lineage-restrictive differentiation. 

REGULATION OF GENE EXPRESSION 
Mammalian development occurs with the establishment 
of  hundreds of  cellular types, all of  them derived from 
the same totipotent cell. Each differentiated cell relies on 
the same genetic material, although showing specific gene 
expression patterns, achieved by silencing and activation 
of  tissue-specific genes[16]. The mechanisms of  gene ex-
pression diversification are regulated by epigenetics. These 
heritable changes based in chromatin structure and not in 
DNA sequence, permit modulation of  gene expression 
activities in response to external signs[17].

Eukaryotic cells contain approximately 6 million pair 
bases of  DNA corresponding to almost 30 000 different 
proteins. The main part of  the DNA sequence remains 
silenced in a compact chromatin form which makes 
transcription difficult or impossible[18]. Only a small part 
of  DNA is used for gene expression in each tissue type. 

The chromatin structure is established by epigenetic 
modifications, including DNA methylation, histone 
post translational modifications, chromatin remodelling 
and non-coding RNAs[19]. Studies have elucidated DNA 
methylation and histone post translational modifications 

as important events that play key roles in mammalian de-
velopment and lineage specification[16].

Nucleosomes form the fundamental repeating units of  
eukaryotic chromatin and are composed by 147 DNA base 
pairs wrapped twice around eight core histone proteins: 2 
H2A, 2 H2B, 2 H3 and 2 H4[20]. Each core histone protein 
possesses a globular domain and a long N-terminal tail 
protruding from the nucleosome which can be covalently 
modified. Such modifications include acetylation, phos-
phorylation, methylation and others[18]. Histone modifica-
tions act in chromatin condensation, replication, DNA re-
pair and transcriptional regulation. Some post translational 
modifications are associated with euchromatin (histone 
H3 acetyl-lysine 9, mono-, di- and tri-methyl lysine 4 and 
histone H4 acetylation) while others are related to hetero-
chromatin (mono-, di-, tri-methyl lysine 9 and histone H3 
tri-methyl lysine 27)[21].

Among these post translational modifications, acetyla-
tion and methylation have been the most studied. Histone 
acetylation is related to transcriptionally-active domains and 
its levels correlate with gene expression[10]. Histone meth-
ylation can play a different role in gene expression events, 
depending on which residue is modified[22]. Locus-specific 
histone modifications are proposed for description of  a 
code defining the transcriptional potential state of  a cell - 
the histone code[23]. 

When post translational modifications are blocked, 
development is affected. Histone-deacetylase 1 deficiency 
in mice leads to embryonic lethality[24]. Depletion of  genes 
responsible for histone H3 lysine 9 methylation, de novo 
methylation and maintenance of  methylated status also 
results in embryonic death[25-27].

The regulatory mechanisms for transcription and chro-
matin organization involved with histone modifications 
are not clearly defined. One hypothesis is that epigenetic 
factors, including modifying enzymes and remodelling 
factors, are capable of  inducing cis- and trans- chromatin 
interactions[28]. Conformational changes could even be 
mediated by protein complexes recruited by post transla-
tional modifications. These interactions would promote 
structural changes on chromatin and related DNA, alter-
ing their physical properties and affecting higher order 
structures, leading to consequences in many aspects of  
genome function[29]. 

HISTONE ACETYLATION
Histone acetylation, precisely on lysine residues, promotes 
neutralization of  its positive charge, weakening the interac-
tion between the histone tail and the negatively charged 
local DNA. This mechanism induces exposure of  local 
chromatin structure[30], permitting the binding of  transcrip-
tion factors and significantly increasing gene expression[31]. 

Two main enzymes control acetylation. Histone acetyl-
transferase (HAT) adds acetyl groups to the histone tails, 
neutralizing them and weakening their nucleosome inter-
actions. Histone deacetylase (HDAC), on the other hand, 
removes acetyl groups from histones and drives chroma-
tin compaction and gene silencing on the local DNA[11]. 
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Over the past decade, more then a dozen HDAC were 
identified in mammalian cells. Based on their sequence 
similarities, HDACs were grouped into four functional 
classes: class Ⅰ (HDAC1, HDAC2, HDAC3 and HDAC8), 
class Ⅱ (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9 
and HDAC10), class Ⅲ (SIRT1 and SIRT7) and class Ⅳ 
(HDAC11 and related enzymes)[32].

Studies in mice revealed that HDAC1 gene expression 
is stimulated by growth factors[33] and controlled by nega-
tive feedback mechanism of  its own product[34]. HDAC1 
plays a significant role in many biological processes, such 
as cell cycle progression, cell proliferation and differen-
tiation, being essential for normal embryonic develop-
ment[24]. 

In studies of  chromatin function, including histone 
acetylation, ES cells differentiation represents a unique 
model during lineage commitment in DNA regions regu-
lated throughout development[35]. Pluripotent ES cells ex-
hibit chromatin domains with both transcriptionally active 
and silent histone modifications[36]. At the onset of  dif-
ferentiation, changes in morphology and gene expression 
pattern become evident[37]. During early differentiation, 
transcription levels of  many genes are strongly altered in 
a temporal manner. Epigenetic changes involving post 
translational histone modifications are related to regula-
tion of  both local and global gene expression[38]. Histone 
acetyltransferases stimulate transcription through the 
acetylation of  histones, resulting in relaxation of  nucleo-
somes[39].

Histone deacetylases and acetylases transmit differen-
tiation signals to initiate appropriate epigenetic modifica-
tions, such as erasure of  pre-existing chromatin structure 
and establishment of  new histone modification patterns 
during in vitro differentiation of  ES cells[37].

According to Meshorer et al[40], ES cells undergo a 
wave of  global acetylation with the beginning of  differen-
tiation process. Histone H3 lysine 9 acetylation is an active 
euchromatin-related modification. Its level is almost unde-
tectable in pluripotent ES cells and dramatically increases 
when cells leave the undifferentiated state. Histone H3 
lysine 9 trimethylation, a silent heterochromatin functional 
component, is almost undetectable in pluripotent ES cells 
and increases on day 7 of  differentiation[40]. Another study 
identified higher levels of  histone H3 lysine 9 acetylation 
on day 2 of  differentiation which increased two fold on 
day 4 and was maintained until day 18, the last day evaluat-
ed. On the other hand, histone H3 lysine 9 trimethylation 
levels increased on day 2, corresponding to a deacetylation 
of  this residue[35]. 

When pluripotent genes were evaluated, including 
Oct4, Nanog, Utf1, Foxd3, Cripto and Rex1, they revealed an 
opened chromatin on undifferentiated cells and condensed 
chromatin after differentiation. In contrast, neural-specific 
genes including Pax3, Pax6, Irx3, Nkx2.9 and Mash1 were 
revealed as transcriptionally silent on pluripotent cells 
and active after tissue-specific differentiation[41]. All these 
changes reveal the importance of  epigenetic control over 
ES cells differentiation.

USE OF HDAC INHIBITORS TO INDUCE 
ES CELLS DIFFERENTIATION
HDAC inhibitors supplementation aims to evaluate his-
tone acetylation effects on gene expression before and 
after cellular differentiation and elucidate molecular path-
ways controlling the loss of  undifferentiated state and 
commitment to a specific cellular lineage[9,39,42-45]. 

Trichostatin A (TSA) is a reversible HDAC inhibi-
tor that reacts at nanomolar concentrations with most 
class Ⅰ and Ⅱ HDACs[30], promoting histone hyperacety-
lation and strongly increasing cellular protein synthesis. 
This event leads to differentiation of  tumor cells, prevent-
ing them from proliferation[46]. In some cases histone hy-
peracetylation can cause cell cycle arrest or even apopto-
sis[18]. Crystallography studies indicate that TSA blocks the 
enzyme catalytic site by chelating a zinc ion on the enzyme 
tubular structure base[46].

TSA treatment promotes histone H3 and H4 hyper-
acetylation even when performed in the presence of  LIF, 
rapidly leading to morphological and molecular changes 
resembling those observed in the early phase of  ES cells 
differentiation[47].

The increased acetylation levels caused by TSA induced 
in pluripotent ES cells the same cellular behaviour as those 
involved in differentiation processes. The authors also re-
ported decreased levels of  histone H3 lysine 9 acetylation 
in undifferentiated ES cells treated with TSA on pluripo-
tent related genes: OCT3/4, REX1 and FGF4. In differ-
entiation-related genes, histone H3 lysine 9 acetylation was 
higher in TSA treated cells.

HDAC inhibition is related to neuronal lineage pro-
gression[48-50]. Histone deacetylation is involved with re-
pression of  neuronal genes in non-neuron cells. HDAC 1 
and 2 combine with co-repressors CoREST, N-CoR and 
mSin3A and are recruited by REST (also known as NRSF 
- neuron-restrictive silencer factor)[51]. REST blocks transcription 
of  neuronal genes by linking to NRSE - neuron-restrictive 
silencer element - present on regulatory regions of  many 
neuronal genes. HDAC inactivation inhibits REST mecha-
nisms and prevents its role against neuronal differentiation. 
Studies using rat hippocampal progenitor cells revealed a 
neurogenic transcription factor (NeuroD - neurogenic differ-
entiation transcription factor) increased after HDAC inhibition, 
leading to neuronal differentiation[52].

Neuronal differentiation in TSA-treated cultures se-
emed to be enhanced at the expense of  oligodentrocytes 
which need HDAC activity for the progression of  neural 
progenitors into mature oligodendrocytes[53]. Also, even 
though astrocyte differentiation involves HAT activity for 
glial fibrillary protein (GFAP) expression[53,54], TSA appar-
ently decreases its proportion in comparison to neuron 
cells, suggesting that HDAC inhibitors enhances neuronal 
differentiation also at the expense of  astrocytes[50].

Histone acetylation is also involved in striated myocyte 
differentiation. Class Ⅱ HDACs are highly expressed in 
adult cardiomyocytes and skeletal myoblasts[15] where they 
bind and repress myocyte enhancer factors 2 (MEF2) 
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functions[55,56]. HDACs are also involved in the repression 
of  neuronal genes in cells that are not committed to neu-
ronal specification and the HDCAs inhibition is related to 
cellular commitment in many lineages[51].

In this respect, the control of  global histone acetyla-
tion can be obtained by using HDAC inhibitors. Class Ⅱ 
HDAC are highly expressed in skeletal and cardiac mus-
cle[15] and interact with myocyte enhancer factors (MEF2) 
inactivating them. Because of  this property, HDAC are 
used clinically for cardiac hypertrophy treatment. Stud-
ies in vitro have demonstrated that TSA enhances striated 
myocyte population in undifferentiated stem cells when 
applied at day 6 or 7 of  differentiation[9,57,58]. The last au-
thors[9] verified that TSA induces the expression of  p300, 
an intrinsic histone acetyltransferase that is co-activator of  
GATA-4 gene (a critical cardiac transcription factor), sug-
gesting that mechanisms of  TSA-induced cardiac-specific 
differentiation involve acetylation of  specific transcription 
factors such as GATA-4. 

TSA treatment induces entry of  mesoderm cells into 
the cardiac muscle differentiation process in a dose-
dependent manner, increasing Nkx-2, MEF2C, GATA4 
and cardiac actin transcripts[58]. Authors believe that 
HDAC4 expression inhibits cardiomyogenesis, decreas-
ing cardiac muscle related genes expression, and inhibi-
tion of  HDAC activity is sufficient for increasing early 
cardiomyogenesis[9,57].

Nonetheless, there are studies[39] that show TSA det-
rimental effects to striated myogenesis when the HDAC 
inhibitor is applied at the onset of  ES cell differentiation. 
HDACs have a critical role in cellular biology by control-
ling the expression of  selective cell cycle inhibitors[24] and 
many studies have shown that HDAC inhibition leads 
to anti-proliferative effects on ES cells[39,47,59,60]. Thus, the 
effects of  TSA over the cells appear to be completely de-
pendent on dosage and stage of  differentiation. 

Also, HDAC inhibition causes an increase in the num-
ber of  apoptotic cells by inducing the expression of  pro-
apoptotic genes[61] as well as histone hyperacetylation since 
the relaxed form of  DNA is easily catalyzed by endonucle-
ases[62]. Therefore, the HDACs inhibitors require attention 
on its use, aiming at minimum dosages. 

CONCLUSION
Elucidation of  mechanisms driving ES cells differentia-
tion and the consequent control of  these events are the 
objective of  numerous studies in cellular and molecular 
biology. Unfortunately, this process is still not clear in 
many aspects and the same culture system drives cellular 
commitment in different ways. 

During differentiation, levels of  histone acetylation 
are increased, leading to rises in gene expression from all 
germ layers. But, in this early differentiation phase, cells 
are not committed yet to specific lineages[63]. The under-
standing of  when these chromatin modifications can drive 
cellular differentiation and how they are achieved is an 
objective of  many studies. For instance, studies inducing 

histone hyperacetylation in ES cells in order to establish 
a desired cellular phenotype are conducted in cardiomyo-
cytes and neuronal cell types. 

In ES cells differentiation, even though changes in 
gene expression patterns can alter phenotype and func-
tion of  cells, more studies are needed in order to elucidate 
whether these transient changes in gene expression pro-
moted by HDAC inhibitors can sustain differentiation or 
only a transitory phenotype. In addition, the establishment 
of  adequate protocols in order to minimize antiprolifera-
tive effects and obtain desirable effects are needed, con-
sidering the dose and the stage of  cellular differentiation.
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Abstract
AIM: To compare gene targeting efficiencies, expres-

sion profiles, and Ca2+ handling potentials in two wide-
ly used mouse embryonic stem cell lines.

METHODS: The two widely used mouse embryonic 
stem cell lines, R1 and HM-1, were cultured and main-
tained on Mitomycin C treated mouse embryonic fi-
broblast feeder cell layers, following standard culture 
procedures. Cells were incubated with primary and 
secondary antibodies before fluorescence activated cell 
sorting analysis to compare known pluripotency mark-
ers. Moreover, cells were harvested by trypsinization and 
transfected with a kinase-inactive murine Tyk2 targeting 
construct, following the BioRad and Amaxa transfec-
tion procedures. Subsequently, the cells were cultured 
and neomycin-resistant cells were picked after 13 d of 
selection. Surviving clones were screened twice by poly-
merase chain reaction (PCR) and finally confirmed by 
Southern blot analysis before comparison. Global gene 
expression profiles of more than 20 400 probes were 
also compared and significantly regulated genes were 
confirmed by real time PCR analysis. Calcium handling 
potentials of these cell lines were also compared using 
various agonists.

RESULTS: We found significant differences in transfec-
tion efficiencies of the two cell lines (91% ± 6.1% vs  
75% ± 4.2%, P = 0.01). Differences in the targeting 
efficiencies were also significant whether the Amaxa 
or BioRad platforms were used for comparison. We did 
not observe significant differences in the levels of many 
known pluripotency markers. However, our genome-
wide expression analysis using more than 20 400 spot-
ted cDNA arrays identified 55 differentially regulated 
transcripts (P < 0.05) implicated in various important 
biological processes, including  binding molecular func-
tions (particularly Ca2+ binding roles). Subsequently, we 
measured Ca2+ signals in these cell lines in response 
to various calcium agonists, both in high and low Ca2+ 
solutions, and found significant differences (P < 0.05) 
in the regulation of Ca2+ homeostasis between the in-
vestigated cell lines. Then we further compared the 
detection and expression of various membrane and in-
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tracellular Ca2+ receptors and similarly found significant 
(P < 0.05) variations in a number of calcium receptors 
between these cell lines. 

CONCLUSION: Results of this study emphasize the 
importance of considering intrinsic cellular variations, 
during selection of cell lines for experiments and inter-
pretations of experimental results. 

© 2010 Baishideng. All rights reserved.
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INTRODUCTION
Embryonic stem cells (ESCs) are derived from the inner 
cell mass of  the developing blastocyst with a retained 
potential to self-renew and to differentiate into diverse 
cell lineages[1,2]. Currently mouse ESCs are used in vari-
ous research applications, including gene targeting, which 
involves the transfer of  a designed alteration in an exog-
enous DNA sequence to the cognate DNA sequence in 
the living cell genome via homologous recombination[3]. 
Generation of  knockout mouse models by targeted dis-
ruption of  essential genes provides useful insights into 
genes that regulate development and allows investigators 
to dissect molecular developmental mechanisms[3,4]. In an 
effort to understand the therapeutic applications of  stem 
cells, mouse models have been created for a number of  
human genetic diseases, and gene targeting in stem cells 
has also been common practice. The various methods 
of  gene transfer technology and comparative efficiencies 
were described elsewhere[5-7]. However, most studies have 
focused mainly on comparing the efficiency of  different 
gene delivery techniques, parameters or phenotypes of  the 
offspring carrying the mutant gene. In the earlier studies, 
cell line differences were seldom described, although some 
reports acknowledged the existence of  differences[8]. 

Despite the similarities observed in the expression 
of  some classical pluripotent stem cell markers, such as 
Pou5f1 (formerly Oct4), Nanog and alkaline phosphatase 
(ALP)[8,9] variations were also evident between ESCs of  

different species[10-12], different tissue types[13,14] and distinct 
ESC lines derived from the same species[9]. Previous stud-
ies using different mouse cell lines have shown variations 
in growth performance and in some other phenotypes[9,15]. 
Undoubtedly, these studies have made significant contri-
butions in advancing the field by unraveling the effects of  
various factors on the phenotype and performance of  the 
cells. Better understanding is required to harness cellular 
potency, as it is fundamental in biology and also critical 
for future therapeutic uses of  stem cells[16]. The HM-1 
and R1 ESCs are two ESC lines of  the same mouse strain 
(strain 129, but different sublines) that are widely used to 
decipher ESC biology and various applications. 

We transfected these ESCs with the non-isogenic 
DNA construct and compared the efficiencies of  homolo-
gous recombination. The significant differences observed 
during this initial targeting efficiency comparison lead us, 
subsequently, to compare the genome-wide gene expres-
sion profiles of  these ESCs, in order to further compare 
the intracellular calcium handling potentials and expres-
sion of  calcium receptors. Calcium, an intracellular second 
messenger, is known to be a growth-regulating divalent 
cation[17], and a ubiquitous intracellular signal responsible 
for controlling numerous cellular processes[18]. Here we 
demonstrate significant differences in the gene targeting 
efficiency, the gene expression profiles, and the intracel-
lular Ca2+ handling potentials of  these embryonic stem cell 
lines. The results of  the current study reveal significant 
variations in the examined parameters, and underscore the 
importance of  understanding cellular variations (efficiency) 
for better results in gene targeting and other in vitro cul-
ture applications of  the cells. 

MATERIALS AND METHODS
Materials for the cell culture, sample preparation and hy-
bridizations, unless otherwise indicated were purchased 
from Invitrogen (Carlsbad, USA), whilst nerve growth 
factor (NGF), epidermal growth factor (EGF), and caf-
feine were obtained from the same source (Invitrogen). 
Other materials for Ca2+ measurement and real time poly-
merase chain reaction (PCR) analysis, unless otherwise 
indicated, were purchased from Sigma-Aldrich Chem. Inc. 
(St. Louis, USA). 

Embryonic stem cells and culture conditions
The R1[19] mouse ESC, at passage 9, was kindly provided 
by Mount Sinai Hospital and Samuel Lunenfeld Research 
Institute, Canada. The mouse HM-1[20] ESC, at passage 19, 
was kindly provided by Roslin Institute, UK. The genetic 
backgrounds of  both ESC lines are described in Table 1, 
while their developmental potentials were earlier tested 
and confirmed by production of  chimeras with germline 
transmission[21,22]. These ESC lines were further cultured 
and maintained on Mitomycin C treated (10 μg/mL Mi-
tomycin C in standard ESC medium for 150 min) mouse 
embryonic fibroblast (MEF) feeder cell layers. Cells were 
grown in standard ESC medium changed daily [high 
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glucose DMEM supplemented with 0.1 mmol/L 2-mer-
captoethanol (Sigma-Aldrich), fetal bovine serum (15% 
v/v; HyClone, Logan, USA), 1000 U/mL ESGRO-LIF 
(CHEMICON International, Temecula, USA) and anti-
biotics (Penicillin: 50 U/mL, Streptomycin: 50 μg/mL)]. 
When in culture, the cells were routinely maintained at 
37℃ in humidified air containing 5% CO2 in an incuba-
tor and passaged every other day. For RNA preparation, 
2 × 106 cells/mL were lysed in RLT buffer (Qiagen, Düs-
seldorf, Germany) and frozen in multiple vials prior to 
further experiments.

Fluorescence activated cell sorting and pluripotency 
markers analysis
In preparation for fluorescence activated cell sorting 
(FACS) sorting, cells were dissociated with cell dissocia-
tion buffer (Invitrogen), washed and fixed with 4% PFA 
(Paraformaldehyde) for 15 min. Following fixation, the 
cells were permeabilized with 0.1% Triton-X 100, and 0.1% 
BSA-containing (Bovine serum albumin) PBS (Phosphate 
buffered saline). In order to check the existence of  some 
classical pluripotency marker genes [Pou5f1 (Oct4), Nanog, 
Sox-2, and Fut4 (SSEA-1)], cells were incubated with pri-
mary antibodies [(mouse polyclonal Oct4 (1:200), goat 
polyclonal nanog (1:200) and goat polyclonal Sox-2 (1:200), 
Santa Cruz Biotechnology, Santa Cruz, USA); mouse 
monoclonal SSEA-1 (1:100), MC-480, Developmental 
Studies Hybridoma Bank, Iowa City, USA)] at 37℃ for 2 h. 
ESCs were incubated with fluorescent secondary antibod-
ies [anti-mouse IgM-Cy3 (1:200); anti-mouse IgG-FITC 
(1:200), anti-goat IgG-Cy3 (1:200), and anti-goat IgG-
Cy5 (1:200), respectively, from JacksonImmuno Research 
Laboratories, West Grove, USA] for 1 h at room tem-
perature. Nuclei were counterstained with bisbenzamide 
(Hoechst 333258, Sigma). Cells were washed, pelleted and 
resuspended in 1 mL PBS, and analyzed within 12 h, with 

FACS-CALIBUR flow cytometer (Becton Dickinson, 
Franklin Lakes, USA) using its own software. 

Embryonic stem cells transfection
To transfect R1 and HM-1 ESCs and compare the ho-
mologous recombination efficiency, a kinase-inactive 
murine Tyk2 targeting construct was kindly provided by 
Dr. Mathias Mueller (Institute of  Animal Breeding and 
Genetics, Veterinary University of  Vienna, Vienna, Aus-
tria) and used with intact cells. The construct was made 
from mouse C57B1/6 strain DNA, and thus non-isogenic 
for both R1 and HM-1 ESC lines which derived from 129 
mouse sub strains. For transfection, cells were harvested 
by trypsinization (5 min in 0.25% trypsin-EDTA solu-
tion) before following the established procedures of  the 
Bio-Rad (Bio-Rad laboratories, Hercules, USA) or Amaxa 
(Amaxa Biosystems, Cologne, Germany) transfection 
systems. Briefly, for the Bio-Rad system, 3 × 107 cells 
with 10-μg linearized vector were resuspended in 0.8 mL 
of  electroporation buffer [in mmol/L; 20 HEPES (pH 
7.0), 137 NaCl, 5 KCl, 0.7 NaHPO4, 6 glucose, and 0.1 of  
2-mercaptoethanol] and electroporated with a single pulse 
(240 V and 500 μF), using Gene pulser Ⅱ (Bio-Rad) in a 
4-mm cuvette. After electroporation, cells were incubated 
at room temperature for 10 min before plating. Similarly, 
for the nucleofection of  cells using the Amaxa system, 3 
× 106 cells and 5-μg linearized vector were resuspended in 
100 μL nucleofector solution (mouse ES cell nucleofector 
Kit, Amaxa), and three different Amaxa programs (A23, 
A24 and A30) were compared for the efficiency. As a con-
trol, 5 μg EGFP (Enhanced Green Fluorescent Protein) 
plasmid DNA (Amaxa) was used with the same electro-
poration and nucleofection (program A23) protocols, as 
well for the homologous recombination assays. 

Following electroporation or nucleofection, cells were 
plated onto antibiotic-free, mitotically inactivated neomy-
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Table 1  Some characteristics of R1 and HM-1 embryonic stem cells and fluorescence activated cell sorting analysis

Cell line R1 HM-1

Genetic background (129X1/SvJ x 129S1/Sv) F1 (+/p+tyr-cKitlSl-J/+)1 129/Ola2

Culture conditions DMEM3 + 15%FBS + 1000 U ESGRO mLIF DMEM3 + 15%FBS + 1000 U ESGRO mLIF
Cell doubling (in our hands) 14-16 h 12-14 h
Pluripotency

Germline competence4 + +
In vitro differentiation to form three germ layers5 + +
Karyotype (FISH) XY (often XO) XY more stabile
Euploidy (Hoest staining) 78% ± 4.4% 71% ± 5.3%
Telomerase (PCR) + +

FACS analysis (mean ± SE)
Pou5f1 (FACS) 90.6% ± 5.8% 88.8% ± 5.7%
Nanog (FACS) 72.5% ± 6.2% 68.7% ± 2.8%
SSEA-1 (FACS) 58.8% ± 4.1% 65.1% ± 3.1%
Sox2 (FACS) 97.4% ± 1.2% 98.8% ± 0.2%
ALP (enzyme assay) + +

1http://www.mshri.on.ca/nagy; 2HPRT (hypoxanthine phosphoribosyl transferase)-deficient mice derived; 3DMEM media: DMEM(4.5 g/L glucose) + 2 
mmol glutamine + 0.1 mmol MEM non-essential amino-acids + 0.1 β-mercaptoethanol + 1 mmol sodium pyruvate + penicillin and streptomycin; 4Based on 
the literature; 5Spontaneous and induced (DMSO for cardiac and RA for neuronal) differentiation was tested. PCR: Polymerase chain reaction; FACS: Fluo-
rescence activated cell sorting.
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cin-resistant MEF feeder layers, in ESC culture medium. 
Neomycin selection was started 24 h post-electroporation 
or nucleofection, by applying 200 μg/mL of  G418 (Sigma) 
in culture medium and neomycin-resistant cells were picked 
after 13 d of  selection. Surviving clones were screened 
twice by PCR and correct targeting was further confirmed 
by Southern blot analysis of  the genomic DNA. Finally, the 
results of  different transfection systems and programs were 
compared for the percentage of  positive clones (for the 
construct), after neomycin selection.

Southern blot analysis and PCR positive clone selection
To confirm the PCR positive clones for homologous re-
combination, Southern blot hybridization was carried out 
with DIG system (Roche Applied Science, Basel, Swit-
zerland) by following the manufacturer’s protocol. Briefly,  
20 μg genomic DNA from individual drug-selected colo-
nies was digested with BamHⅠ (Invitrogen), and screened 
on 1% agarose gel. Gels were blotted on Hybond-N+ 
membrane (GE Healthcare Bio-Sciences, Uppsala, Swe-
den) overnight in 20 × SSC buffer (Sigma). As a probe, 
the 472 bp long PCR fragments were labeled with DIG-
11-dUTP using the PCR DIG Probe Synthesis Kit (Roche), 
and hybridized to the membrane at 45℃ overnight in 
the DIG Easy Hyb solution (Roche). Detection was per-
formed using the DIG Wash and Block Buffer Set (Roche). 
Dig labeled probe was detected with Anti-Digoxigenin-
AP Fab fragment (Roche) and visualized with NBT/BCIP 
Solution (Roche). 

Microfluorimetric measurements of intracellular calcium 
signaling ([Ca2+]i)
For this experiment, adenosine 5′-triphosphate (ATP), 
bradykinin, histamine, thapsigargin, nerve growth fac-
tor (NGF), epidermal growth factor (EGF), and caffeine 
were used. Cells were seeded in 96-well black-well/clear-
bottom plates (Greiner Bio-One, Frickenhausen, Germany) 
at a density of  40 000 cells per well in ESC medium and 
cultured at 37℃ for 24-48 h. The cells were incubated 
with medium containing the cytoplasmic calcium indicator  
2 μmol/L Fluo-4 AM (Invitrogen) at 37℃ for 40 min. 
Then cells were washed four times with and finally cultured 
in Hank’s solution (in mmol/L; 136.8 NaCl, 5.4 KCl, 0.34 
Na2HPO4, 0.44 KH2PO4, 0.81 MgSO4, 1.26 CaCl2, 5.56 
glucose, 4.17 NaHCO3, pH 7.2) containing 1% bovine 
serum albumin and 2.5 mmol/L Probenecid for 30 min 
at 37℃. The plates were then placed to a FlexStation Ⅱ384  
fluorimetric image plate reader (FLIPR, Molecular De-
vices, Sunnyvale, USA), and changes in [Ca2+]i (reflected by 
changes in fluorescence; lEX = 494 nm, lEM = 516 nm) 
of  the above Hank’s medium was recorded. Ca-responses 
were also measured in low Ca (0.6 mmol/L) Hank’s solu-
tion. When calculating dose-response curves[23] data were 
fitted to the Hill equation: B/Bmax = [X]n/([EC50]n + [X]n).

Where B is the actual fluorescence value, Bmax is the 
theoretical maximum of  B, × is the ligand in question, 
and n is the Hill coefficient. 

Experiments were performed in quadruplets and the 
average values (mean ± SE) were used for calculations. 

When applicable, data were analyzed using a two-tailed 
un-paired t-test and P < 0.05 values were regarded as 
significant differences.

Microarray hybridization and functional data analyses
To examine the transcriptional profiles and identify dif-
ferentially regulated genes with major biological and mo-
lecular functional differences that may serve to explain the 
variations, a cDNA array containing about 20 400 probes 
on a glass-surface was used. Total RNA was isolated us-
ing an RNeasy Midi kit (Qiagen), and samples used for 
real time PCR were additionally on-column treated with 
RNase-Free DNase Ⅰ (Qiagen), following the manufac-
turer’s instructions. For hybridization, 15 μg of  total RNA 
from each ESC sample was labeled either with Cy3 or Cy5 
fluorescent dyes, and the dyes were swapped during the 
hybridization. All procedures of  microarray processing 
were carried out as described in earlier studies[24,25].

The hybridized slides were scanned and MIAME-com-
pliant gene expression data were submitted to the Gene 
Expression Omnibus (GEO) database (GSE 7173). A full 
description of  the DNA-chip platform is available from 
the same database (GPL 3697). Similar to the earlier stud-
ies, genes were ranked according to the lowest absolute 
ratio of  signal intensities regardless of  reproducible up- or 
down-regulation. The false discovery rate among the top 
ranked and reproducibly regulated genes was calculated 
by random permutations of  genes and expression ratios. 
For further functional characterizations, the resulting lists 
of  regulated genes were imported into the Expression 
Analysis Systematic Explorer (EASE) and the Database 
for Annotation, Visualization, and Integrated Discovery 
softwares (DAVID)[26,27]. These software tools systemati-
cally mine the functional information associated with the 
generated microarray data[28], and analyze for overrepre-
sentation in the gene ontology (GO) biological process, 
molecular function and cellular component. However, it is 
important to note that overrepresentation does not refer 
to the abundance of  gene expression but rather describes 
a class of  genes that have similar functions, regardless of  
their expression level[27].

Real time PCR analysis and data validation
For validation of  the results, independent samples of  these 
ESCs were prepared from the same passage aliquots. Equal 
amounts of  total RNA from each sample were reverse 
transcribed to cDNA, and real time PCR was used for vali-
dation. Gene specific primers for a subset of  differentially 
regulated genes from the microarray analysis, additional 
primers for various membrane and intracellular receptors 
involved in Ca2+ homeostasis and two reference genes were 
designed. The details of  cDNA synthesis, real-time PCR 
and analysis procedures were as described earlier[29].

RESULTS
FACS analysis and pluripotency markers 
First we determined the proportion of  cells expressing 
the main pluripotency marker genes Pou5f1, Nanog, Fut4 
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and Sox-2 in mouse R1 and HM-1 ESCs based on FACS 
(Fluorescent Activated Cell Sorting) analysis. The results 
revealed the expression of  these classical pluripotency 
marker genes in both cell lines. As shown in Table 1, the 
average percentages of  positive cells were comparable 
with no significant difference in the levels of  Pou5f1, 
Nanog, Fut4 and Sox-2 between R1 and HM-1 ESCs. The 
detected comparable profiles, in the percentage of  posi-
tive cells, confirmed pluripotency of  the two ESCs used 
for the study and gave us confidence in the subsequent 
results derived from the analysis. 

Transfection and targeting efficiencies 
To examine the potentials of  R1 and HM-1 mouse ESCs 
for gene targeting and generation of  genetically modi-
fied mice, we compared the efficiency of  homologous 
recombination in these ESCs using the same non-isogenic 
targeting construct. The targeting efficiency was calculated 
by the ratio of  positive clones (homologous recombined 
clones), confirmed by Southern blot analysis, to the total 
number of  screened clones. The results of  analysis re-
vealed significant differences between these cell lines (R1 
vs HM-1), transfection platforms (Amaxa vs Bio-Rad) and 
Amaxa program numbers (A23, A24 and A30). 

Furthermore, major variations in the efficiency of  the 
two ESC lines were also observed with the different Amaxa 
programs. Using program A23 of  Amaxa, there was no 
significant difference, in the percentage of  positive clones, 
between the R1 (2.5%) and HM-1 (2.4%) ESCs. However, 
based on the Southern blot confirmed positive clones for-
mation efficiency from program A24 of  Amaxa, the R1 
ESCs outperformed the HM-1 (4.7% vs 2.4%). Similarly, 
when comparing the percentage of  positive clones from 
program A30 of  Amaxa, the R1 ESCs performed best 
(6.0%), while HM-1 ESCs had no positive clones at all, 
indicating another major difference between the two ESC 

lines. Similar comparison was also made with Bio-Rad sys-
tem, and the results revealed better performances of  R1 
ESCs compared to HM-1 (2.0% vs 1.3%). However, the lat-
ter difference was not statistically significant. 

Moreover, the numbers of  PCR positive clones ob-
tained from Bio-Rad system were significantly (P < 0.05) 
reduced during Southern blot confirmation analysis, while 
more than 90% of  similar clones from the Amaxa system 
were further confirmed, indicating higher incidence of  
false positives in the former. The transfection efficiency 
of  both ESCs was also compared using BioRad system. 
The results of  transient transfection was significantly bet-
ter for R1 (P < 0.01) than for HM-1 ESCs (Table 2).

Gene expression profiles and reproducibility analysis
We compared the genome-wide expression profiles of  
the two ESCs, using microarrays to examine the possible 
causes of  variations observed in targeting efficiency. Dur-
ing analysis, genes were ranked according to the lowest 
ratio of  expression (HM-1/R1) in four independent chip 
hybridization experiments, and the ranking was indepen-
dent of  consistent up- or down-regulation. However, the 
vast majority of  the top selected genes were reproducibly 
regulated in all four hybridization experiments. Following 
consideration of  the reproducibility analysis and the esti-
mation of  false positive genes, the significant analysis re-
sulted in the selection of  55 differentially regulated genes. 
Only 8 transcripts were up-regulated, while 47 transcripts 
were down-regulated in the HM-1 compared to R1 ESCs 
(Table 3).

Functional classifications of the differentially regulated 
genes 
To search for important biological clusters that may serve 
to explain the functional roles of  differentially regulated 
genes, we used the overrepresentation analysis modules 
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Table 2  Comparative targeting efficiencies of R1 and HM-1 mouse embryonic stem cells

Parameters Cell line (passage number)

R1 (p12) HM-1 (p21)

Amaxa BioRad ∑ Amaxa BioRad ∑

Electroporation program A231 A241 A301 A231 A241 A301

Cell number 3 × 106 3 × 107 3 × 106 3 × 107

DNA concentration (μg)     5   10     5   10 
Number of selected clones 120 192 168 356 836 168 168 24 384 744
Positive clones after 1st PCR screen     3   10   11   15   39     5     4   0   15   24
Percentage (%)        2.5        5.2        6.5        4.2        4.7        2.9        2.4   0        3.9        3.2
Positive clones after 2nd PCR screen     3   10   11   15   39     5     4   0   15   24
Homologous recombination confirmed by 
Southern blot analysis
Clone number     3     9   10     7   29     4     4   0     5   14
Efficiency (%)        2.5        4.7     6     2        3.5        2.4        2.4   0        1.3        1.9
Transfection efficiency
Transient No data on Amaxa system 91% ± 6.1% No data on Amaxa system 75% ± 4.2%
Stable No data on Amaxa system 34% ± 2.9% No data on Amaxa system 25% ± 5.3%

1Amaxa program numbers. PCR: Polymerase chain reaction.
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Table 3  Differentially regulated transcripts between R1 and HM-1 embryonic stem cells

Lion ID Gene symbol Gene name Locus ID Unigene ID Reference 
sequence

      Fold change Chrom 
location

Min Aver Stdv

Up regulated in HM-1 compared to the R1 embryonic stem cells
MG-4-li7 Rps15a Ribosomal protein S15a 267019 Mm.288212 NM_170669 1.44 1.5 0.08 7 F1
MG-3-6b3 HSPa9a Heat shock protein 9a 15526 Mm.209419 NM_010481 1.4 1.48 0.05 18  15cM
MG-14-78c20 B930046C15Rik RIKEN cDNA B930046C15Rik gene 544998 Mm.327147 XM_987063 1.39 1.53 0.1 14 A1
MG-13-43a6 Lefty1 Left right determination factor 13590 Mm.378911 NM_010094 1.33 1.5 0.14 1  F
MG-3-1 1116 LOC544988 Hypothetical protein LOC544988 544988 Mm.350858 NM_001024712 1.29 1.4 0.08 14  A1
MG-3-32g7 Nsmce1 Non.SMC element 1 homolog 67711 Mm.4467 NM_026330 1.28 1.43 0.1 7  F3
MG-11-2g16 Glo1 Glyoxylase 1 109801 Mm.261984 NM_025374 1.26 1.33 0.05 17 16.0 cM
MG-3-223f10 EST 1.26 2.35 1.26

Down regulated in HM-1 compared to the R1 embryonic stem cells
MG-15-102f2 Dab2 Disabled homolog 2 drosophila 13132 Mm.240830 NM_001008702 1.99 2.13 0.13 15  6.7cM
MG-12-140m7 Spink3 Serine protease inhibitor Kazal-type 3 

precursor
20730 Mm.272 NM_009258 1.92 2.1 0.14 18  B3

MG-3-251i14 Sparc secreted acidic cystein rich 
glycoprotein

20692 Mm.291442 NM_009242 1.86 2.05 0.13 11  29.9 cM

MG-15-55i8 Amot Angiomotin 27494 Mm.100068 NM_153319 1.76 1.9 0.14 X  F2
MG-8-118g22 Krt2-8 Keratin complex 2 basic  gene 8 16691 Mm.358618 NM_031170 1.75 1.93 0.13 15  58.86cM
MG-13-5n3 Cryab Crystallin, a B 12955 Mm.178 NM_009964 1.7 1.78 0.1 9  29.0cM
MG-15-261m9 BC024814 cDNA sequence BC024814 239706 Mm.214953 NM_146247 1.69 1.88 0.15 16 A1
MG-8-17b12 Prph1 Peripherin 1 19132 Mm.2477 NM_013639 1.66 1.98 0.25 15  55.5 cM
Table 3b. cont. Gpc4 Glypican-4 precursor (K-glypican) 14735 Mm.1528 NM_008150 1.62 2.1 0.37 X  16.0 cM
MG-8-34a20
MG-13-91a5 Serpinh1 Serine (Cystein) proteinase inhibitor, 

clade H, member 1
12406 Mm.22708 NM_009825 1.56 1.63 0.05 7  E1

MG-14-101o20 Ctgf Connective tissue growth factor 
precursor

14219 Mm.1810 NM_010217 1.56 1.73 0.1 10  17 cM

MG-12-197o17 Podxl Podocalyxin like protein 1 precursor 27205 Mm.89918 NM_013723 1.46 1.58 0.15 6  10.0 cM
MG-6-75c23 Lamc1 Laminin gamma 1 226519 Mm.1249 NM_010683 1.45 1.5 0.08 1  81.1 cM
MG-8-118f19 Anxa2 Annexin 2 12306 Mm.238343 NM_007585 1.45 1.5 0.08 9  37.0 cM
MG-16-54i3 9630046K23Rik RIKEN cDNA 9630046K23 gene 224143 Mm.284366 NM_172380 1.44 1.58 0.13 16  B3
MG-6-2i22 Timp2 tissue inhibitor of metalloproteinase 2 21858 Mm.206505 NM_011594 1.42 1.5 0.08 11  72.0 cM
MG-13-1c9 S100a10 Calpactin I light chain 20194 Mm.1 NM_009112 1.41 1.48 0.05 3  41.7 cM
MG-14-79j4 Lhfp12 Lipoma HMGIC fusion partner-like 2, 

mRNA 
218454 Mm.316553 NM_172589 1.41 1.58 0.21 13  C3-D1

MG-3-38p22 Ctsl Cathepsin L precursor 13039 Mm.930 NM_009984 1.38 1.63 0.15 13  30.0 cM
MG-3-91d9 Kcnh2 Potassium voltage-gated channel, sub 

family H (eagralated), member 2
16511 Mm.6539 AC113055 1.38 1.53 0.1 5

MG-3-45k24 Gsn Gelsoin 227753 Mm.21109 NM_146120 1.37 1.48 0.15 2  24.5 cM
MG-6-31m16 Clec21 C-type lectin domain family, member 

1
381758 Mm.349066 XM_355753 1.37 1.4 0 6  B1

MG-13-2e2 EST EST CR517795 1.36 1.48 0.1
MG-3-171n1 Iap1-3 Intracisternal A particles, Eya 1 linked 15601 AF097546 1.35 1.5 0.08 1  10.4 cM
MG-3-85d19 Sfrsi Splicing factor, arginine/serine-rich 

(ASF/SFZ)
Mm.45645 CR518131 1.34 2.05 0.89 11

MG-12-195b2 Timp3 Metalloproteinase inhibitor 3 
precursor (TIMP3) tissue inhibitor

21859 Mm.4871 NM_011595 1.33 1.45 0.13 10  47.0 cM

MG-14-58h24 Col8a1 Procollagen type Ⅷ, a 1 12837 Mm.370175 BC058281 1.33 1.45 0.1 16  C1.1
MG-3-23b6 Tpm1 Tropomyosin 1 a 22003 Mm.121878 M22479 1.32 1.38 0.05 9  40.0 cM
MG-13-1k15 S100a4 S100 calcium binding protein A4 20198 Mm.3925 BC051214 1.31 1.45 0.13 3  43.6 cM
Table 3b. cont. S100a1 S100 calcium binding protein A1 20193 Mm.24662 NM_011309 1.31 1.35 0.06 3  43.6 cM
MG-3-72e5
MG-68-98m4 Ctsz Cathepsin Z precursor 64138 Mm.156919 NM_022325 1.31 1.4 0.08 2  103.5 cM
MG-13-117j9 Ahnak AHNAK nucleoprotein 

(desmoyokin), mRNA 
66395 Mm.203866 BC006892 1.29 1.4 0.08 19  A

MG-15-217f23 A930026I22Rik RIKEN cDNA A930026I22 gene 77970 Mm.259790 BX632387 1.28 1.38 0.05 19  C3
MG-6-30n6 S100a6 S100 calcium binding protein A6 

(Calcyclin)
20200 Mm.100144 NM_011313 1.28 1.45 0.1 3  43.6 cM

MG-6-30o19 Clstn3 calsyntenin 3 232370 Mm.193701 NM_153508 1.28 1.35 0.06 6  F2
MG-6-31b18 Camkk2 Calcium/calmodulin-dependent 

protein kinase kinase 2 β
207565 Mm.289237 NM_145358 1.28 1.3 0 5  F

MG-12-3f11 S100g S100 calcium binding protein G 12309 Mm.6891 NM_009789 1.27 1.3 0 X  F4
MG-6-1g19 My16 myosin, light polypeptide 6, alkali, 

smooth muscle and non-muscle
17904 Mm.337074 NM_010860 1.27 1.35 0.06 10

MG-6-31b24 4933433P14Rik RIKEN cDNA 4933433P14 gene 66787 Mm.248019 BC031494 1.27 1.4 0.08 12  E
MG-12-42l4 Cotl1 Coactosin-like 1 (Dictyostelium) 72042 Mm.141741 XM_489250 1.26 1.45 0.13 8 E1
MG-3-254m20 A430065p19 Riken A430065P19 gene 329421 Mm.99648 NM_177376 1.26 1.45 0.13 2  C2
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of  EASE and classified them according to gene ontol-
ogy (GO) annotation. Despite the multiple roles played 
by some genes, the analysis revealed five major biological 
processes. In general, 27% of  the regulated genes were an-
notated with morphogenesis and development, and 22% 
with organogenesis. Most of  the differentially expressed 
ESTs and some other genes, which together account for 
24% of  regulated ones were not classified. Those genes 
that are overrepresented in response to abiotic stimulus 
and temperature constitute 13% and 5% of  the differen-
tially regulated genes, respectively (Figure 1A). 

To examine the existence of  specific molecular roles 
that can be related to the variations, the molecular func-
tions of  these genes were also analyzed. The majority of  
classified transcripts possess molecular binding functions 
with protein binding and calcium ion binding in equal pro-
portions (24% each). The molecular functions of  about 
22% of  the transcripts were not known. The remaining 
regulated genes were annotated as structural molecules 
(16%) and regulators of  enzyme activity (9%) (Figure 1B). 
Moreover, the cellular localizations of  the differentially 
expressed genes were also examined. 31% of  the differ-
entially regulated transcripts were overrepresented in the 
extracellular region. The cellular localizations of  about a 
quarter (24%) of  genes were not known with the rest an-
notated to different cellular locations (Figure 1C). 

Validation of the microarray results with real time PCR 
analysis
We used real time PCR as an independent analysis tool to 
investigate a subset of  the differentially regulated genes 
and validate the results of  microarray analysis. Primer 
sequences and product sizes are listed in Table 4. The ex-
amined subset of  genes include Ca2+ binding cluster genes 

such as Camkk2 and S100 family (S100a4, S100a6, and 
S100a10) genes and some other up- and down regulated 
transcripts (Figure 2). The results of  the real time PCR 
analysis fully confirmed the trends and patterns of  expres-
sion observed during microarray analysis with minor ratio 
variations, compared to the microarray results. 

Intracellular Ca2+ handling and homeostasis
Because of  the significant variations observed during 
molecular function analysis (for the calcium binding 
proteins) we further examined the calcium handling po-
tentials of  these ESCs. A previous study[30] described the 
functional existence of  multiple Ca2+ signaling pathways 
on ES-D3 mouse ESCs. Therefore, we compared the 
characteristics of  intracellular Ca2+ handling potentials 
of  R1 and HM-1 ESCs in high Ca2+ solutions (i.e. 1.8 
mmol/L), using various agonists and FLIPR (FlexStation 
Ⅱ384 fluorimetric image plate reader). First, we tested the 
effect of  ATP, a well-known activator of  P2 purinergic 
receptors[31], on the responsiveness of  the cells. The ap-
plication of  ATP (0.01-100 μmol/L) resulted in very 
similar, dose-dependent elevations of  [Ca2+]i in both 
ESCs, with comparable EC50 values (Figure 3A). We also 
examined the performances in high and low Ca solutions. 
In HM-1 ESCs, the suppression of  extracellular calcium 
concentration [Ca2+]e did not modify the responsiveness 
of  the cells to ATP (Figure 4A). In contrast, in R1 ESCs, 
200 μmol/L ATP induced a significantly smaller eleva-
tion of  [Ca2+]i in low-Ca2+ solution than under high-Ca2+ 
conditions (Figure 4A). Similarly, the responsiveness of  
the two cell types to bradykinin (0.02-20 μmol/L), an 
agonist of  metabotropic bradykinin receptors[32], was 
very similar (Figure 3B). In addition, when the [Ca2+]e was 
decreased, both cell types responded with significantly 
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MG-3-37p2 Qscn6 Quiescin Q6 104009 Mm.27035 NM_001024945 1.26 1.38 0.05 1 G3
MG-6-31h10 Map3k11 mitogen activated protein kinase 

kinase kinase 11
26403 Mm.185020 NM-022012 1.26 1.33 0.05 19  0.5 cM

MG-6-82c15 Dbp D site albumin promoter binding 
protein

13170 Mm.378235 NM_016974 1.26 1.3 0 7  23.0 cM

MG-8-17n2 Stard9 START domain containing 9 211824 Mm.246506 XM_619801 1.26 1.38 0.05 2 F1
MG-14-95h3 Ggta1 Glycoprotein galactosyltransferase a 

1
14594 Mm.281124 NM_010283 1.25 1.38 0.15 2  25.0 cM

MG-3-6912 AC116589 AC116589 1.25 1.4 0.08 13

Figure 1  Overrepresentation analysis of the differentially regulated genes between R1 and HM-1 embryonic stem cells. Panels represent analysis results 
based on (A, 1: Morphogenesis and development, 15, 27%; 2: Organogenesis, 12, 22%; 3: Temperature response, 3, 5%; 4: Response to abiotic stimulus, 7, 13%; 5: 
Miscellaneous, 5, 9%; 6: Unclassified, 13, 24%) GO biological process, (B, 1: Calcium ion binding, 14, 24%; 2: Heat shock protein activity, 3, 5%; 3: Protein binding, 
14, 24%; 4: Structural molecule activity, 9, 16%; 5: Unclassified, 13, 22%; 6: Enzyme regulator activity, 5, 9%) GO molecular function, (C, 1: Extracellular metrix, 17, 
31%; 2: Basement membrane, 4, 7%; 3: Unclassifed, 13, 24%; 4: Muscle fiber, 3, 5%; 5: Miscellaneous, 18, 33%) GO cellular components. 
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Table 4  Primer sequences and polymerase chain reaction conditions of genes selected for real time polymerase chain reaction assays

Gene symbol Gene name Primer sequence (5' to 3') Product size (bp) Annealing T°

S100a4 S100 calcium binding protein A4 For-TCAAGCTGAACAAGACAGAGC 131 56
Rev-ACTTCATTGTCCCTGTTGCTG

S100a6 S100 calcium binding protein A6 For-TCCACAAGTACTCTGGCAAGG 138 56
Rev-GGTCCAGATCATCCATCAGC

S100a10 S100 calcium binding protein A10 For-AGCTCTTCCAAGGACTGCTG 138 60
Rev-TTTGTCAAGTGGTCTTTGTCG

Camkk2 Calcium/calmodulin-dependent protein kinase kinase2, β For-GTCACACCACGTCTCCATTAC 144 56
Rev-ACTTTCATTGCGTAATAAGTATTGTC

Tpm1 Tropomyosin 1 a For-ATGCCCGTGTTCCTTAAAGC 157 59
Rev-CCCTGACATGGAGAACTGGG

Sparc Secreted acidic cystein rich glycoprotein For-ATCCCCATGGAACATTGCAC 122 59
Rev-TCCTTGTTGATGTCCTGCTCC

Trh Thyrotropin releasing hormone For-GGTTCTTCCACGCCTCCTAAG 135 59
Rev-AACCTTGGAGGATGCGCTG

Lefty1 Left right determination factor 1 For-GCAAACCAAGGACAGAATCCC 108 59
Rev-TGTTTGCCCAACTTGTGGC

P2rx1 Purinergic receptor P2X, ligand-gated ion channel 1 For-GTCTCCAGGCTTCAACTTC 156 56
Rev-GAGCCGATGGTAGTCATAGT

P2rx2 Purinergic receptor P2X, ligand-gated ion channel 2 For-GTAGAGCAAGCAGGAGAGA   89 60
Rev-AGACAAGTCCAGGTCACAG

P2rx3 Purinergic receptor P2X, ligand-gated ion channel 3 For-CCCGCTAAGACCTGAATCT 142 60
Rev-AGTCCCTGGTATGTGGTAGG

P2rx4 Purinergic receptor P2X, ligand-gated ion channel 4 For-CTGTGTGACGTCATAGTCC   85 60
Rev-GCTCGTAGTCTTCCACATAC

P2rx5 Purinergic receptor P2X, ligand-gated ion channel 5 For-GCTTTCTTCTGTGACCTG   99 60
Rev-ATCTTCCTCCTTCTGACC

P2rx6 Purinergic receptor P2X, ligand-gated ion channel 6 For-CCCAAAGACGACTACCAA   86 60
Rev-CAAACCACTCCTAGGACACT

P2rx7 Purinergic receptor P2X, ligand-gated ion channel 7 For-GGAAGTTAACCGTTCCTG   98 60
Rev-TGGGCTAGACCTACTTCC

P2ry1 Purinergic receptor P2Y, G-protein coupled 1 For-GGTCTAGCAAGTCTCAACAG 121 60
Rev-GTAAATTGGCCTCACTCC

P2ry2 Purinergic receptor P2Y, G-protein coupled 2 For-CCAAGCATGGAGAGGAGT 156 60
Rev-GAATTGCTTGCACCACAG

P2ry4 Purinergic receptor P2Y, G-protein coupled 4 For-ACTAACTGCAGGCAGAGG 170 60
Rev-CCAGCAAAGAGTACTGAGG

P2ry5 Purinergic receptor P2Y, G-protein coupled 5 For-CATGTACCCGATCACTCTC 136 60
Rev-GAACCTGGAGTCACTTCTTC

P2ry6 Purinergic receptor P2Y, G-protein coupled 6 For-GAGTTCTGCGTGTGTGTG 172 60
Rev-GTCAGCCTTTCCTATGCT

P2ry10 Purinergic receptor P2Y, G-protein coupled 10 For-GACATTTGGTATGCAGGCAAG   82 56
Rev-TGGTCCCTTCCTCTTCCTTAGT

P2ry12 Purinergic receptor P2Y, G-protein coupled 12 For-TGCTGAGGTGCTCAAACTCTAC   84 56
Rev-GGGTCTCTTCGCTTGGTTC

P2ry13 Purinergic receptor P2Y, G-protein coupled 13 For-AACAGAGCACCAGAAGAGAG 119 60
Rev-AGGATGCAGATGCTGTTG

P2ry14 Purinergic receptor P2Y, G-protein coupled 14 For-CACAAAGAGTCAGACGGAAGG   96 60
Rev-ACATTGGCAGCCGAGAGTAG

Bdkrb1 Bradykinin receptor, β 1 For-AGTCGTCCCTGATCTGAA   85 56
Rev-GTTCAACTCCACCATCCT

Bdkrb2 Bradykinin receptor, β 2 For-CACGCAGATCAGTTCCTAC   99 60
Rev-ACCTCTCGGGACTTCTTC

Hrh1 Histamine receptor H1 For-GGGCTACATCAACTCCAC 153 60
Rev-CCCTCTTGGACATCAGAC

Hrh2 Histamine receptor H2 For-CCTCTCCTTCCTCTCTATTC 110 60
Rev-CCACCAGTCCATATACCTC

Hrh3 Histamine receptor H3 For-ACAGTCAGCAGGAGGGAGAG 135 56
Rev-TGTCTTCACATTGGCAGAGG

Hrh4 Histamine receptor H4 For-CTTGGAAGAACAGCACGAAC 106 56
Rev-GAGATGACAGGAAGCAGGAA

Ryr1 Ryanodine receptor 1, skeletal muscle For-ACTTTGTACCCTGTCCTGTG 132 60
Rev-CATAGGTCCATCCTTGCTC

Ryr2 Ryanodine receptor 2, cardiac muscle For-GGATGAATGTCTCACTGTCC 147 60
Rev-CTTATGTGGCTTCCACTCC

Ryr3 Ryanodine receptor 3 For-CAGGTATCTTGGAGGTCTTG 111 60
Rev-GCCCATGCTTATCCAGTAG
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smaller Ca-transients to high (20 μmol/L) concentrations 
of  bradykinin (Figure 4B).

We then investigated the effect of  histamine, another 
agent which activates metabotropic G-protein-coupled re-
ceptor pathways[30,33]. Histamine (0.01-100 μmol/L) induced 

markedly different Ca2+ release response patterns in the 
two cell types (Figure 3C). Namely, although the EC50 val-
ues were comparable, the amplitudes of  the maximal his-
tamine-evoked [Ca2+]i elevations (Bmax values) of  R1 ESCs 
were more than two-fold higher than those measured on 

百世登
BaishidengTM© WJSC|www.wjgnet.com         December 26, 2010|Volume 2|Issue 6|135

Itpr1 Inositol 1,4,5-triphosphate receptor 1 For-GGTTGATGACCGTTGTGTTG 121 60
Rev-GAACTGTTTCTGTGCGGAGT

Itpr2 Inositol 1,4,5-triphosphate receptor 2 For-GTGAGGATGGCATAGAAAG 165 60
Rev-AGAAGAACAGGAGGTCGTAG

Itpr3 Inositol 1,4,5-triphosphate receptor 3 For-GGCTTCATCAGCACTTTGG   96 60
Rev-GCAATCTCGGAACTTCTTGG

H2afz H2A histone family, member Z For-ACAGCGCAGCCATCCTGGAGTA 202 60
Rev-TTCCCGATCAGCGATTTGTGGA

Ppia Peptidylprolyl isomerase A For-CGCGTCTCCTTCGAGCTGTTTG 150 60
Rev-TGTAAAGTCACCACCCTGGCACAT

HM-1
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Figure 2  Relative expression analysis results of real time polymerase chain reaction for subsets of genes in R1 and HM-1 embryonic stem cells. Indepen-
dently prepared samples were compared to validate the results of microarray. The analysis of real time polymerase chain reaction results supports the earlier microar-
ray results with minor ration variations.
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Figure 3  Comparison of agonist-induced changes in [Ca2+]i in mouse R1 and HM-1 embryonic stem cells. The plates were placed into a FlexStation II384 (FLIPR) 
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HM-1 ESCs. Importantly, however, the responsiveness of  
both cell types was strongly dependent on the [Ca2+]e since 
we observed only minimal [Ca2+]i elevation upon histamine 
(100 μmol/L) administration in low-Ca solutions (Figure 
4C). Previous studies have also shown that certain tyrosine 
kinase coupled (metabotropic) receptors may also modu-
late [Ca2+]i[34]. Therefore, we also investigated the effect of  
two growth factors, NGF and EGF, on Ca-homeostasis 
of  the cells. We found that none of  the agonists modified 
[Ca2+]i in either cell type (data not shown).

Functional intracellular Ca2+ stores may possess vari-
ous Ca2+ release channels[18,35,36]. To investigate the pres-
ence of  ryanodine receptors (RyRs), we employed caffeine 
(0.002-20 mmol/L), an activator of  RyRs[30,37]. In high-
Ca solution, R1 ESCs did not respond to caffeine (up to 
20 mmol/L) (Figure 3D). However, under similar condi-
tions, higher doses of  caffeine (2-20 mmol/L) markedly 
(P < 0.05) elevated [Ca2+]i in HM-1 ESCs (Figure 3D). 
As expected, the response of  HM-1 ESCs to caffeine (20 
mmol/L) was not affected by the suppression of  [Ca2+]e 
(data not shown). Finally, we investigated the Ca2+ content 
of  the intracellular stores using thapsigargin, an inhibitor 
of  the Ca2+ pump[30,38]. Thapsigargin (0.002-20 μmol/L) 
effectively elevated [Ca2+]i in a dose-dependent manner in 
both cells types in high-Ca solution (Figure 3E). However, 
importantly, the maximal Ca2+ response was remarkably 
greater in R1 than in HM-1 ESCs. Furthermore, as expect-
ed, we found that suppression of  [Ca2+]e did not modify 

the amplitude of  [Ca2+]i elevations evoked by 20 μmol/L 
thapsigargin (Figure 4D).

Expression profiles of membrane and intracellular 
receptors involved in Ca-homeostasis
Since cell type-dependence was also observed when mea-
suring the efficiency of  the above agents in elevating [Ca2+]i 
in R1 and HM-1 cells (Figure 3), it can be postulated that 
the receptor-mediated signaling mechanisms (including 
Ca-handling) are different in the different ESCs. In order 
to investigate this hypothesis, we performed a large num-
ber of  experiments to identify the expression patterns of  
those receptors which either (1) function as molecular tar-
gets of  the above agents that modulate [Ca2+]i and the tar-
geting efficiency; or (2) participate in the intracellular Ca-
handling of  the cells. For this we used qPCR (quantitative 
real time PCR) to measure and compare the expression of  
various receptors. Primer sequences and product sizes are 
listed in Table 4.

Indeed, as shown in Figure 5, qPCR analysis of  gene 
expression levels of  various surface membrane receptors 
(i.e. ionotropic P2X purinoreceptors; metabotropic P2Y 
purinoreceptors; metabotropic Bradykinin (B) receptor; 
metabotropic histamine (H) receptors) as well as of  intra-
cellular Ca-release channel receptors (i.e. ryanodine recep-
tors; IP3 receptors) revealed that, as expected, HM-1 and 
R1 ESCs express markedly different patterns of  recep-
tors/molecules that participate in the regulation of  Ca-
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Figure 4  Comparison of agonist-induced changes of [Ca2+]i in high- and low-Ca solutions. Cell fluorescence was monitored before and after addition of agents 
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homeostasis of  these cells. The variations in the levels for 
most of  the receptors was significant (P < 0.05) between 
these cell lines, as shown in Figure 5. Generally, the analy-
sis revealed that the detection and expression intensity of  
these receptors was cell line dependent. This correlates 
well with our earlier observations and, thus, may contrib-
ute to the performance of  these ESC lines.

DISCUSSION
Extensive molecular analysis was suggested as a prereq-
uisite for the elucidation of  the complex and interrelated 
processes that occur in biological systems[39]. In this study, 
we examined the gene targeting efficiency, the gene ex-
pression profiles and the Ca2+ homeostasis of  two mouse 
embryonic stem cell lines, and found significant differ-
ences between them. 

A number of  research papers[40-42] have addressed the 
different aspects of  DNA transfer and subsequent ef-
ficiency. A maximum DNA transfer into the cytoplasm 
of  7%, with only 4.5% reaching the nucleus, and further 
degradation of  this fraction (in both cytoplasm and the 
nucleus) was described earlier[40]. To understand the causes 
of  this and to increase the efficiency, different studies[3,8], 
have examined the effects of  various factors, including 
contents of  the medium, time of  adding DNA and other 
ingredients, sizes of  various molecules, DNA concentra-
tion, temperature, type of  the construct, and extent of  

homology. One of  these studies[42] examined the effects 
of  various concentration gradients of  calcium, phos-
phate solutions and other parameters on the kinetics and 
reproducibility of  precipitate formation during transfec-
tion. Our study with one of  its objectives to examine the 
inherent Ca2+ handling potentials of  the transfected cells 
complementary and fills a knowledge gap. 

As these ESCs were derived from the mouse strain129, 
the use of  a non-isogenic DNA construct (C57B1/6) has 
enabled us to compare these ESCs under identical condi-
tions. In our study, the targeting efficiency of  1.3% to 
2% with BioRad and 2.4% to 6% with Amaxa systems is 
comparable to the previously reported values with non-
isogenic mouse DNA constructs[8,43]. In line with our 
results, better performance using nucleofection was also 
reported by other studies[7,44]. Generally, R1 ESCs outper-
formed HM-1 ESCs in targeting efficiency irrespective of  
the transfection system and program types. Although de-
tails of  the different Amaxa program packages (A23, A24, 
and A30) and the contents of  the reagents are not known, 
we assume the existence of  factors that elicited differential 
cellular responses. For the same program and conditions 
used in parallel, the two ESCs responded differently. 

Following observation of  the variations in targeting 
efficiencies, we then compared the global gene expres-
sion profiles using microarrays. Considering the genetic 
background from which the lines were derived, similar 
culture conditions, stringency of  our filtering procedures 
and to avoid the possibility of  missing informative genes 
with subtle differences, we decided to use at least 1.25 
fold changes as bottom line for significance. The over-
representation analysis in the biological process and in the 
molecular functions pointed to some functional roles of  
differentially regulated genes. The GO biological process 
defines the broad biological goals that are accompanied 
by ordered assemblies of  molecular functions[28]. We fo-
cused mainly on the genes with the binding molecular 
functions, as they constituted the major categories of  an-
notation for the differentially regulated genes (Figure 1B). 
Earlier studies[45,46] in different cell types have indicated 
the buffering capacity of  calcium binding proteins in 
rendering the cells tolerant to the calcium load. Thus, the 
lower performances of  HM-1 ESCs during transfection 
may be linked to a lower intrinsic potential. Comparison 
of  these ESCs in high and low Ca+2 solutions confirmed 
this difference. Using the examined agonists, while no sig-
nificant differences were observed in lower Ca+2 solutions, 
significant differences were observed in high Ca+2 solution 
comparisons (Figure 4). In order to further test the above 
observations, we used a range of  agonists and examined 
the calcium handling potentials of  these ESCs both in 
high and low calcium solutions (Figure 4). Evaluation of  
the effects of  various agents, known as key regulators of  
intracellular homeostasis, revealed marked differences in 
the Ca-handling potentials of  R1 and HM-1 ESCs. ATP 
is a well-known activator of  P2 purinergic receptors[30,31]. 
Among these receptors, P2X purinoreceptors function as 
ionotropic ligand-gated with a marked permeability to cal-
cium. P2Y metabotropic G-protein coupled purinorecep-
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tors, however, initiate a phospholipase-C (PLC)-mediated 
intracellular signaling pathway which, eventually, results in 
the liberation of  Ca2+ from the intracellular stores by act-
ing on inositol-1,4,5-trisphosphate receptors (InsP3Rs), i.e. 
Ca2+ release channels[18,30,31,35,36]. Our FLIPR (FlexStation 
Ⅱ384 fluorimetric image plate reader) experiments revealed 
that whereas R1 and HM-1 ESCs responded very similarly 
in high-Ca solution, the ATP responsiveness of  R1 ESCs 
but, importantly not of  HM-1 cells, was significantly low-
er in low-Ca solution. These findings strongly suggest that 
in HM-1 ESCs, the elevated [Ca2+]i originated exclusively 
from the intracellular stores whereas in R1 ESCs, a signifi-
cant part of  the Ca elevation was due to Ca-influx from 
the extracellular space. 

Bradykinin activates metabotropic bradykinin recep-
tors[32] which are similar to P2Y metabotropic purinore-
ceptors and were shown to initiate the G-protein - PLC - 
InsP3R intracellular signaling pathway to release Ca2+ from 
the intracellular stores[18,35,36]. Therefore, it was unexpected 
to observe the bradykinin-induced Ca-transients, similar 
for both ESCs, that showed a reasonable dependence 
on the [Ca2+]e. These intriguing findings suggest that the 
initiation of  the bradykinin receptor-coupled signaling 
pathway, which apparently does exist in both ESC types, 
also results in an opening of  a plasma membrane channel 
population, which is permeable for calcium. Such mecha-
nisms were previously described in various cell types such 
as vascular endothelial cells and corneal epithelial cells[47,48]. 
Similar responses were observed in both cell types when 
histamine, the endogenous agonist of  metabotropic his-
tamine receptors (most of  which also functioning via the 
G-protein - PLC - InsP3R -Ca-release pathway), was in-
vestigated[30,33]. An even more pronounced suppression of  
the amplitude of  the histamine-evoked Ca-transients was 
measured in low-Ca medium suggesting that, intriguingly, 
most of  the calcium originated from the extracellular 
space via Ca-permeable channels (similar to previous find-
ings on other cell types)[47,49]. Moreover, we also found that 
R1 ESCs responded with much greater [Ca2+]i elevations 
in response to histamine than HM-1 ESCs. 

The above data have unambiguously demonstrated that 
both ESCs possess functional InsP3R-mediated Ca-release 
mechanisms. In contrast, we found that only HM-1 ESCs 
responded with [Ca2+]i elevations to caffeine application. 
However, it was intriguing to observe (especially in light of  
the above data with caffeine) that thapsigargin, an inhibitor 
of  the Ca2+ pump[30,38], was able to induce a markedly high-
er [Ca2+]i elevation in R1 than in HM-1 ESCs. These data 
may indicate that the content of  the (thapsigargin-sensitive) 
Ca-pools is much greater in R1 than in the other ESCs.

Finally, it is important to note that none of  the agonists 
(NGF and EGF) of  tyrosine kinase coupled (metabotropic) 
receptor pathways, caused changes in [Ca2+]i suggesting the 
lack of  functional tyrosine kinase receptor coupled signal-
ing in R1 and HM-1 ESCs.

Taken together, our experiments revealed significant 
differences in the regulation of  Ca2+ homeostasis of  R1 
and HM-1 ESCs and suggested that these differences may 
contribute to the different targeting efficiencies of  the 

two cell types as measured in various functional in vivo and 
in vitro assays. The various agents differentially modulated 
the performances of  these cell lines. These findings sug-
gest that other components of  the receptor-mediated sig-
naling pathways may also differ in the various ESCs and 
hence may also play roles in determining the functional 
characteristics of  the cells. Indeed, a series of  gene expres-
sion analyses revealed that R1 and HM-1 ESCs exhibit 
markedly different expression patterns of  genes encod-
ing various surface membrane and intracellular receptors 
involved in the regulation of  Ca-homeostasis of  the cells. 
Hence, when a given agent is administered to different 
mouse ESCs, the activation of  different receptor patterns 
(expressed on these cells) may induce differential elevation 
of  [Ca2+]i as well as initiation of  distinct receptor-mediated 
intracellular signaling mechanisms. Collectively, this results 
in differential cellular effects (e.g. transfection efficiency) 
in the different cell types.

In summary, our study revealed some similarities and 
significant differences in targeting efficiency, Ca2+ homeo-
stasis, and gene expression profiles between R1 and HM-1 
ESCs. Despite the variations between the technique (Bio-
Rad vs Amaxa) and program types (A23, A24 and A30) 
used, the cells with better potential (R1) performed better. 
Thus, our findings emphasize the significance of  inherent 
cellular potentials for increased targeting efficiency, and are 
in line with the results of  some previous studies[9,13,12,15,50] 
that have also acknowledged contributions of  cellular dif-
ferences to the experimental outcomes. The knowledge 
of  intrinsic cellular differences in Ca2+ signals and their 
possible impacts on the targeting efficiency are significant 
inputs towards filling the current knowledge gap. A similar 
recent study[9,51] described the existence of  marked varia-
tions in the differentiation propensity of  the different hu-
man ESC lines. Differences in their potential may reflect 
the underlying genetic variations of  the embryos from 
which the lines were derived, some other differences in 
the initial culture, and/or an interaction of  the two factors. 
However, understanding these variations contributes to the 
selection of  better performing cell lines for realizing the 
potentials of  the ESCs for various applications. The ap-
proach of  combining molecular profiles and in vitro culture 
performance will give better insight into the different cell 
lines. This is increasingly important for the characterization 
of  human ESC lines before therapeutic use. 
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COMMENTS
Background
Generation of knockout mouse models by targeted disruption of essential 
genes provides useful insights into genes that regulate development and al-
lows investigators to dissect molecular developmental mechanisms. In an effort 
to understand the therapeutic applications of stem cells, mouse models have 
been created for a number of human genetic diseases, and gene targeting in 
stem cells has also been common practice. However, most studies have fo-
cused mainly on comparing the efficiency of different gene delivery techniques, 
parameters or phenotypes of the offspring carrying the mutant gene, but not the 
efficiency of different cell lines.
Research frontiers
Previous studies have acknowledged the existence of similarities and differ-
ences in the performances of different stem cell lines. In the area of improving 
the therapeutic applications of stem cells, the research hotspot is to increase 
the technical efficiencies of various genetic modifications and transfers in em-
bryonic stem cells, in order to increase the chances of getting more colonies 
with required genetic information and recombination efficiency.
Innovations and breakthroughs
Currently mouse embryonic stem cells are used in various research applica-
tions, including gene targeting, with designed alterations in an exogenous DNA 
sequence and transfer to the DNA sequence in the living cell genome via homolo-
gous recombination. However, the procedures are laborious and performance 
of various stem cells differ markedly. Despite the acknowledged existence of 
variations among the different stem cell lines, most studies have focused mainly 
on comparing the efficiency of different gene delivery techniques, parameters or 
phenotypes of the offspring carrying the mutant gene. In the present study, the 
authors compare the two widely known mouse embryonic stem cell lines and 
show how the intrinsic qualities of these cells can affect the gene targeting perfor-
mances and calcium handling potentials of these stem cells.
Applications
Results of this study emphasize the importance of considering intrinsic cellular 
variations, during selection of cell lines for experiments and interpretation of 
experimental results.
Terminology
Embryonic stem cells: Embryonic stem cells are cells derived from the inner cell 
mass of the developing blastocyst with a retained potential to self-renew and 
to differentiate into diverse cell lineages; gene targeting: Gene targeting is the 
transfer of designed alteration in an exogenous DNA sequence to the cognate 
DNA sequence in the living cell genome via homologous recombination; cal-
cium homeostasis: Calcium homeostasis is the mechanism by which the body 
maintains adequate calcium levels. 
Peer review
The manuscript entitled “Gene targeting and Ca2+ handling efficiencies in mouse 
embryonic stem cell lines” raises important questions to the scientific community 
and emphasizes the importance of considering intrinsic cellular variations during 
selection of cell lines for experiments and interpretations of experimental results. 
The novelty relies on Calcium handling efficiencies. 

REFERENCES
1 Evans MJ, Kaufman MH. Establishment in culture of plu-

ripotential cells from mouse embryos. Nature 1981; 292: 
154-156

2 Martin GR. Isolation of a pluripotent cell line from early 
mouse embryos cultured in medium conditioned by tera-
tocarcinoma stem cells. Proc Natl Acad Sci USA 1981; 78: 
7634-7638

3 Capecchi MR. Gene targeting: an historical perspective. In: 
OECD Staffs, editors. Novel systems for the study of human 
disease: from basic research to application 1998: Proceed-
ings of OECD (Organization for Economic Cooperation and 
Development) on Novel systems for the study of human 
disease: from basic research to application 1996 December 
9-11; Rome, Italy: OECD, 1998: 49-54 

4 Lakshmipathy U, Pelacho B, Sudo K, Linehan JL, Coucou-
vanis E, Kaufman DS, Verfaillie CM. Efficient transfection of 
embryonic and adult stem cells. Stem Cells 2004; 22: 531-543

5 Luo D, Saltzman WM. Synthetic DNA delivery systems. Nat 
Biotechnol 2000; 18: 33-37

6 Aluigi M, Fogli M, Curti A, Isidori A, Gruppioni E, Chi-
odoni C, Colombo MP, Versura P, D’Errico-Grigioni A, Ferri 
E, Baccarani M, Lemoli RM. Nucleofection is an efficient 
nonviral transfection technique for human bone marrow-
derived mesenchymal stem cells. Stem Cells 2006; 24: 454-461

7 te Riele H, Maandag ER, Berns A. Highly efficient gene 
targeting in embryonic stem cells through homologous re-
combination with isogenic DNA constructs. Proc Natl Acad 
Sci USA 1992; 89: 5128-5132

8 Tavakoli T, Xu X, Derby E, Serebryakova Y, Reid Y, Rao 
MS, Mattson MP, Ma W. Self-renewal and differentiation 
capabilities are variable between human embryonic stem 
cell lines I3, I6 and BG01V. BMC Cell Biol 2009; 10: 44

9 Reubinoff BE, Pera MF, Fong CY, Trounson A, Bongso A. 
Embryonic stem cell lines from human blastocysts: somatic 
differentiation in vitro. Nat Biotechnol 2000; 18: 399-404

10 Ginis I, Luo Y, Miura T, Thies S, Brandenberger R, Gerecht-
Nir S, Amit M, Hoke A, Carpenter MK, Itskovitz-Eldor J, 
Rao MS. Differences between human and mouse embryonic 
stem cells. Dev Biol 2004; 269: 360-380

11 Wei CL, Miura T, Robson P, Lim SK, Xu XQ, Lee MY, Gupta 
S, Stanton L, Luo Y, Schmitt J, Thies S, Wang W, Khrebtuko-
va I, Zhou D, Liu ET, Ruan YJ, Rao M, Lim B. Transcriptome 
profiling of human and murine ESCs identifies divergent 
paths required to maintain the stem cell state. Stem Cells 
2005; 23: 166-185

12 Koestenbauer S, Zech NH, Juch H, Vanderzwalmen P, 
Schoonjans L, Dohr G. Embryonic stem cells: similarities 
and differences between human and murine embryonic 
stem cells. Am J Reprod Immunol 2006; 55: 169-180

13 Andersson MK, Ståhlberg A, Arvidsson Y, Olofsson A, 
Semb H, Stenman G, Nilsson O, Aman P. The multifunc-
tional FUS, EWS and TAF15 proto-oncoproteins show cell 
type-specific expression patterns and involvement in cell 
spreading and stress response. BMC Cell Biol 2008; 9: 37

14 Shoemaker LD, Orozco NM, Geschwind DH, Whitelegge 
JP, Faull KF, Kornblum HI. Identification of differentially 
expressed proteins in murine embryonic and postnatal cor-
tical neural progenitors. PLoS One 2010; 5: e9121

15 Ward CM, Barrow KM, Stern PL. Significant variations in 
differentiation properties between independent mouse ES 
cell lines cultured under defined conditions. Exp Cell Res 
2004; 293: 229-238

16 Sharov AA, Piao Y, Matoba R, Dudekula DB, Qian Y, Van-
Buren V, Falco G, Martin PR, Stagg CA, Bassey UC, Wang 
Y, Carter MG, Hamatani T, Aiba K, Akutsu H, Sharova L, 
Tanaka TS, Kimber WL, Yoshikawa T, Jaradat SA, Pantano 
S, Nagaraja R, Boheler KR, Taub D, Hodes RJ, Longo DL, 
Schlessinger D, Keller J, Klotz E, Kelsoe G, Umezawa A, 
Vescovi AL, Rossant J, Kunath T, Hogan BL, Curci A, D’
Urso M, Kelso J, Hide W, Ko MS. Transcriptome analysis of 
mouse stem cells and early embryos. PLoS Biol 2003; 1: E74

17 Lu KP, Means AR. Regulation of the cell cycle by calcium 
and calmodulin. Endocr Rev 1993; 14: 40-58

18 Berridge MJ, Lipp P, Bootman MD. The versatility and uni-
versality of calcium signalling. Nat Rev Mol Cell Biol 2000; 1: 
11-21

19 Nagy A, Rossant J, Nagy R, Abramow-Newerly W, Roder 

百世登
BaishidengTM© WJSC|www.wjgnet.com         December 26, 2010|Volume 2|Issue 6|139

 COMMENTS

Mamo S et al . Efficiencies of embryonic stem cells



JC. Derivation of completely cell culture-derived mice from 
early-passage embryonic stem cells. Proc Natl Acad Sci USA 
1993; 90: 8424-8428

20 Selfridge J, Pow AM, McWhir J, Magin TM, Melton DW. 
Gene targeting using a mouse HPRT minigene/HPRT-defi-
cient embryonic stem cell system: inactivation of the mouse 
ERCC-1 gene. Somat Cell Mol Genet 1992; 18: 325-336

21 Wood SA, Allen ND, Rossant J, Auerbach A, Nagy A. Non-
injection methods for the production of embryonic stem 
cell-embryo chimaeras. Nature 1993; 365: 87-89

22 Magin TM, McWhir J, Melton DW. A new mouse embryon-
ic stem cell line with good germ line contribution and gene 
targeting frequency. Nucleic Acids Res 1992; 20: 3795-3796

23 Bíró T, Maurer M, Modarres S, Lewin NE, Brodie C, Acs G, 
Acs P, Paus R, Blumberg PM. Characterization of functional 
vanilloid receptors expressed by mast cells. Blood 1998; 91: 
1332-1340 

24 Drobyshev AL, Machka C, Horsch M, Seltmann M, Li-
ebscher V, Hrabé de Angelis M, Beckers J. Specificity as-
sessment from fractionation experiments (SAFE): a novel 
method to evaluate microarray probe specificity based on 
hybridisation stringencies. Nucleic Acids Res 2003; 31: E1-E1

25 Greenwood AD, Horsch M, Stengel A, Vorberg I, Lutzny G, 
Maas E, Schädler S, Erfle V, Beckers J, Schätzl H, Leib-Mösch 
C. Cell line dependent RNA expression profiles of prion-
infected mouse neuronal cells. J Mol Biol 2005; 349: 487-500

26 Hosack DA, Dennis G Jr, Sherman BT, Lane HC, Lempicki 
RA. Identifying biological themes within lists of genes with 
EASE. Genome Biol 2003; 4: R70

27 Dennis G Jr, Sherman BT, Hosack DA, Yang J, Gao W, Lane 
HC, Lempicki RA. DAVID: Database for Annotation, Visu-
alization, and Integrated Discovery. Genome Biol 2003; 4: P3

28 Zeng F, Baldwin DA, Schultz RM. Transcript profiling dur-
ing preimplantation mouse development. Dev Biol 2004; 272: 
483-496

29 Mamo S, Gal AB, Bodo S, Dinnyes A. Quantitative evaluation 
and selection of reference genes in mouse oocytes and em-
bryos cultured in vivo and in vitro. BMC Dev Biol 2007; 7: 14

30 Yanagida E, Shoji S, Hirayama Y, Yoshikawa F, Otsu K, 
Uematsu H, Hiraoka M, Furuichi T, Kawano S. Functional 
expression of Ca2+ signaling pathways in mouse embryonic 
stem cells. Cell Calcium 2004; 36: 135-146

31 Vassort G. Adenosine 5’-triphosphate: a P2-purinergic ago-
nist in the myocardium. Physiol Rev 2001; 81: 767-806

32 Sharma JN, Al-Sherif GJ. Pharmacologic targets and proto-
type therapeutics in the kallikrein-kinin system: bradykinin 
receptor agonists or antagonists. ScientificWorldJournal 2006; 
6: 1247-1261

33 Bakker RA, Timmerman H, Leurs R. Histamine receptors: 
specific ligands, receptor biochemistry, and signal transduc-
tion. Clin Allergy Immunol 2002; 17: 27-64

34 Lamb K, Bielefeldt K. Rapid effects of neurotrophic factors 
on calcium homeostasis in rat visceral afferent neurons. 
Neurosci Lett 2003; 336: 9-12

35 Meldolesi J. Calcium signalling. Oscillation, activation, ex-
pression. Nature 1998; 392: 863, 865-863, 866

36 Berridge MJ. Inositol trisphosphate and calcium signalling. 

Nature 1993; 361: 315-325
37 Schneider MF. Control of calcium release in functioning 

skeletal muscle fibers. Annu Rev Physiol 1994; 56: 463-484
38 Thastrup O. Role of Ca2(+)-ATPases in regulation of cellular 

Ca2+ signalling, as studied with the selective microsomal 
Ca2(+)-ATPase inhibitor, thapsigargin. Agents Actions 1990; 
29: 8-15

39 Hoheisel JD. Microarray technology: beyond transcript pro-
filing and genotype analysis. Nat Rev Genet 2006; 7: 200-210

40 Strain AJ, Wyllie AH. The uptake and stability of simian-
virus-40 DNA after calcium phosphate transfection of CV-1 
cells. Biochem J 1984; 218: 475-482

41 Deng C, Capecchi MR. Reexamination of gene targeting fre-
quency as a function of the extent of homology between the 
targeting vector and the target locus. Mol Cell Biol 1992; 12: 
3365-3371

42 Jordan M, Schallhorn A, Wurm FM. Transfecting mam-
malian cells: optimization of critical parameters affecting 
calcium-phosphate precipitate formation. Nucleic Acids Res 
1996; 24: 596-601

43 Zhou L, Rowley DL, Mi QS, Sefcovic N, Matthes HW, Kieffer 
BL, Donovan DM. Murine inter-strain polymorphisms alter 
gene targeting frequencies at the mu opioid receptor locus in 
embryonic stem cells. Mamm Genome 2001; 12: 772-778

44 Han SY, Gai W, Yancovitz M, Osman I, Di Como CJ, Polsky 
D. Nucleofection is a highly effective gene transfer tech-
nique for human melanoma cell lines. Exp Dermatol 2008; 17: 
405-411

45 Fierro L, Llano I. High endogenous calcium buffering in 
Purkinje cells from rat cerebellar slices. J Physiol 1996; 496 (Pt 
3): 617-625

46 Reddy D, Pollock AS, Clark SA, Sooy K, Vasavada RC, Stew-
art AF, Honeyman T, Christakos S. Transfection and over-
expression of the calcium binding protein calbindin-D28k 
results in a stimulatory effect on insulin synthesis in a rat 
beta cell line (RIN 1046-38). Proc Natl Acad Sci USA 1997; 94: 
1961-1966

47 Dijkstra D, Leurs R, Chazot P, Shenton FC, Stark H, Werfel 
T, Gutzmer R. Histamine downregulates monocyte CCL2 
production through the histamine H4 receptor. J Allergy Clin 
Immunol 2007; 120: 300-307

48 Huang SC, Chien C, Hsiao L, Wang C, Chiu C, Liang K, 
Yang C. Mechanisms of bradykinin-mediated Ca(2+) signal-
ling in canine cultured corneal epithelial cells. Cell Signal 
2001; 13: 565-574

49 Nicolson TA, Bevan S, Richards CD. Characterisation of the 
calcium responses to histamine in capsaicin-sensitive and 
capsaicin-insensitive sensory neurones. Neuroscience 2002; 
110: 329-338

50 Zhang Y, Lu Y, Zhou H, Lee M, Liu Z, Hassel BA, Ham-
burger AW. Alterations in cell growth and signaling in ErbB3 
binding protein-1 (Ebp1) deficient mice. BMC Cell Biol 2008; 9: 
69

51 Osafune K, Caron L, Borowiak M, Martinez RJ, Fitz-Gerald 
CS, Sato Y, Cowan CA, Chien KR, Melton DA. Marked dif-
ferences in differentiation propensity among human embry-
onic stem cell lines. Nat Biotechnol 2008; 26: 313-315

S- Editor  Wang JL    L- Editor  Hughes D    E- Editor  Ma WH

百世登
BaishidengTM© WJSC|www.wjgnet.com         December 26, 2010|Volume 2|Issue 6|140

Mamo S et al . Efficiencies of embryonic stem cells



百世登
BaishidengTM© WJSC|www.wjgnet.com

ACKNOWLEDGMENTS

Acknowledgments to reviewers of World Journal of 
Stem Cells

Many reviewers have contributed their expertise and time 
to the peer review, a critical process to ensure the quality 
of World Journal of Stem Cells. The editors and authors of  
the articles submitted to the journal are grateful to the 
following reviewers for evaluating the articles (including 
those published in this issue and those rejected for this 
issue) during the last editing time period.

�

Online Submissions: http://www.wjgnet.com/1948-0210office
wjsc@wjgnet.com
www.wjgnet.com

World J Stem Cells  2010 December 26; 2(6): �
�SSN 1948-0210 (online)

© 2010 Baishideng. All rights reserved.

        December 26, 2010|Volume 2|�ssue 6|

Borhane Annabi, PhD, Professor, Department of  Chemis-
try, Biomed Research Centre, Université du Québec à Montréal 
Montreal, Quebec, H2X 2J6, Canada

Chie-Pein Chen, MD, PhD, Division of  High Risk Pregnan-
cy, Mackay Memorial Hospital, 92 Sec. 2, Zhong-Shan North 
Road, Taipei 104, Taiwan, China

Denis Corbeil, PhD, Tissue Engineering Laboratories, Bio-
tec, Medical Faculty, Technical University of  Dresden, Tatz-
berg 47-49, 01307, Dresden, Germany

Massimo Dominici, MD, Assistant Professor, Laboratory 
of  Cell Biology and Advanced Cancer Therapies, Department 
of  Oncology, Hematology and Respiratory Diseases, University 
Hospital of  Modena and Reggio Emilia , Via del Pozzo, Modena 
41100, Italy

William Allan King, PhD, Professor, Department of  Bio-
medical Sciences, Ontario Veterinary College, University of  
Guelph, Guelph ON N1G 2W1, Canada 

Anskar YH Leung, Associate Professor, Division of  He-
matology and Bone Marrow Transplantation, Department of  
Medicine, Room K418B, K Block, Queen Mary Hospital, Pok 
Fu Lam Road, Hong Kong, China

Qing Richard Lu, PhD, Associate Professor, Department 

of  Developmental Biology, UT Southwestern Medical Center, 
Room NB5.110, 6000 Harry Hines Blvd. Dallas, TX 75390-9133, 
United States

Poul Maddox-Hyttel, Professor, PhD, European Diplomate 
in Animal Reproduction, Department of  Basic Animal and 
Veterinary Sciences, Faculty of  Life Sciences, University of  
Copenhagen, Groennegaardsvej 7, DK-1870, Frederiksberg C, 
Denmark

Shimon Slavin, MD, Professor, Scientific and Medical Di-
rector, The International Center for Cell Therapy and Cancer 
Immunotherapy, Top Ichilov at the Weizman Center, Tel Aviv 
Medical Center, 14 Weizman Street, Tel Aviv 64239, Israel 

David Warburton, MD, FRCS, Professor, Developmental 
Biology and Regenerative Medicine Program, Saban Research 
Institute, Childrens Hospital Los Angeles, 4650 Sunset Boul-
evard, MS 35, Los Angeles, CA 90027, United States

Marc Adrian Williams, PhD, Assistant Professor, Depart-
ment of  Medicine, University of  Rochester School of  Medicine, 
601 Elmwood Avenue, Rochester, NY 14642, United States

Ernst Wolvetang, Associate Professor, Stem Cell Engineer-
ing Group, Australian Institute for Bioengineering and Nan-
otechnology, Level 4, Building 75, St Lucia campus, University 
of  Queensland, 4072, Brisbane, Australia

Joseph C Wu, MD, PhD, FACC, Assistant Professor, De-
partment of  Medicine (Cardiology) and Radiology, Stanford 
University, School of  Medicine, Edwards Building, R354, Stan-
ford, CA 94403-5344, United States

Seong-Woon Yu, PhD, Assistant Professor, Department of  
Neurology and, Ophthalmology, Department of  Pharmacol-
ogy and Toxicology, Michigan State University, B436 Life Sci-
ence Building, East Lansing, MI 48824, United States



Events Calendar 2010

February 15-16, 2010
Stem Cells 2010
Crowne Plaza Hotel, St James, London, 
United Kingdom

May 11-13, 2010
World Stem Cells and Regenerative 
Medicine Congress
London, United Kingdom
http://www.terrapinn.com/2010/
stemcells/index.stm 

May 12-15, 2010
Stem Cells, Tissue Homeostasis and 
Cancer
EMBL Heidelberg, Germany
http://www.embl.de/training/
courses_conferences/conference/ 
2010/STM10-01/

June 16-19, 2010
ISSCR 8th Annual Meeting
Moscone West, San Francisco, CA 
United States
http://www.isscr.org/meetings/
index.cfm

June 27-July 2, 2010
The 9th Gordon Conference on Cell 
Biology of the Neuron
Waterville Valley Resort, NH, 
United Kindom

July 11-14, 2010
3rd International Congress on Stem 
Cells and Tissue Formation
Dresden, Germany
http://www.stemcellcongress-
dresden.org/

August 22-27, 2010
The 2010 Gordon Conference on Cell 
Death 
Salve Regina University, Newport, 
RI, United Stated

October 4-6, 2010
World Stem Cell Summit 2010
Detroit Marriott Renaissance Center, 
Detroit, Michigan, United States
http://www.worldstemcellsummit.
com/

Meetings

Online Submissions: http://www.wjgnet.com/1948-0210office
wjsc@wjgnet.com
www.wjgnet.com

World J Stem Cells  2010 December 26; 2(6): I
ISSN 1948-0210 (online)

© 2010 Baishideng. All rights reserved.

百世登
BaishidengTM© WJSC|www.wjgnet.com I         December 26, 2010|Volume 2|Issue 6|



GENERAL INFORMATION 
World Journal of  Stem Cells (World J Stem Cells, WJSC, online ISSN 
1948-0210, DOI: 10.4252), is a bimonthly, open-access (OA), 
peer-reviewed journal supported by an editorial board of  284 
experts in stem cell from 28 countries.

The biggest advantage of  the OA model is that it provides free, 
full-text articles in PDF and other formats for experts and the pub-
lic without registration, which eliminates the obstacle that traditional 
journals possess and usually delays the speed of  the propagation 
and communication of  scientific research results. The open access 
model has been proven to be a true approach that may achieve the 
ultimate goal of  the journals, i.e. the maximization of  the value to 
the readers, authors and society.

Maximization of personal benefits
The role of  academic journals is to exhibit the scientific levels of  
a country, a university, a center, a department, and even a scientist, 
and build an important bridge for communication between scientists 
and the public. As we all know, the significance of  the publication 
of  scientific articles lies not only in disseminating and communicat-
ing innovative scientific achievements and academic views, as well 
as promoting the application of  scientific achievements, but also in 
formally recognizing the "priority" and "copyright" of  innovative 
achievements published, as well as evaluating research performance 
and academic levels. So, to realize these desired attributes of  WJSC 
and create a well-recognized journal, the following four types of  
personal benefits should be maximized. The maximization of  per-
sonal benefits refers to the pursuit of  the maximum personal ben-
efits in a well-considered optimal manner without violation of  the 
laws, ethical rules and the benefits of  others. (1) Maximization of  
the benefits of  editorial board members: The primary task of  edito-
rial board members is to give a peer review of  an unpublished sci-
entific article via online office system to evaluate its innovativeness, 
scientific and practical values and determine whether it should be 
published or not. During peer review, editorial board members can 
also obtain cutting-edge information in that field at first hand. As 
leaders in their field, they have priority to be invited to write articles 
and publish commentary articles. We will put peer reviewers’ names 
and affiliations along with the article they reviewed in the journal to 
acknowledge their contribution; (2) Maximization of  the benefits 
of  authors: Since WJSC is an open-access journal, readers around 
the world can immediately download and read, free of  charge, high-
quality, peer-reviewed articles from WJSC official website, thereby 
realizing the goals and significance of  the communication between 
authors and peers as well as public reading; (3) Maximization of  
the benefits of  readers: Readers can read or use, free of  charge, 
high-quality peer-reviewed articles without any limits, and cite the 
arguments, viewpoints, concepts, theories, methods, results, conclu-
sion or facts and data of  pertinent literature so as to validate the 
innovativeness, scientific and practical values of  their own research 
achievements, thus ensuring that their articles have novel arguments 
or viewpoints, solid evidence and correct conclusion; and (4) Maxi-
mization of  the benefits of  employees: It is an iron law that a first-
class journal is unable to exist without first-class editors, and only 
first-class editors can create a first-class academic journal. We insist 
on strengthening our team cultivation and construction so that ev-
ery employee, in an open, fair and transparent environment, could 
contribute their wisdom to edit and publish high-quality articles, 

thereby realizing the maximization of  the personal benefits of  edi-
torial board members, authors and readers, and yielding the greatest 
social and economic benefits.

Aims and scope
The major task of  WJSC is to report rapidly original articles and 
comprehensive reviews on basic laboratory investigations of  stem 
cells and their application in clinical care and treatment of  patients. 
WJSC is designed to cover all aspects of  stem cells, including: 
Embryonic, neural, hematopoietic, mesenchymal, tissue-specific, 
and cancer stem cells; the stem cell niche; stem cell genomics and 
proteomics; and stem cell techniques and their application in clinical 
trials. Papers published in WJSC will cover the biology, culture, 
differentiation and application of  stem cells from all stages of  their 
development, from germ cell to embryo and adult.

Columns
The columns in the issues of  WJSC will include: (1) Editorial: To 
introduce and comment on major advances and developments 
in the field; (2) Frontier: To review representative achievements, 
comment on the state of  current research, and propose directions 
for future research; (3) Topic Highlight: This column consists of  
three formats, including (A) 10 invited review articles on a hot 
topic, (B) a commentary on common issues of  this hot topic, and 
(C) a commentary on the 10 individual articles; (4) Observation: 
To update the development of  old and new questions, highlight 
unsolved problems, and provide strategies on how to solve the 
questions; (5) Guidelines for Basic Research: To provide guidelines 
for basic research; (6) Guidelines for Clinical Practice: To provide 
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and innovative findings in stem cells; (10) Case Report: To report a 
rare or typical case; (11) Letters to the Editor: To discuss and make 
reply to the contributions published in WJSC, or to introduce and 
comment on a controversial issue of  general interest; (12) Book 
Reviews: To introduce and comment on quality monographs of  
stem cells; and (13) Guidelines: To introduce consensuses and 
guidelines reached by international and national academic authorities 
worldwide on the research in stem cells.
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squared test, Ridit, probit, logit, regression (linear, curvilinear, or 
stepwise), correlation, analysis of  variance, analysis of  covariance, 
etc. The reviewing points include: (1) Statistical methods should 
be described when they are used to verify the results; (2) Whether 
the statistical techniques are suitable or correct; (3) Only homoge-
neous data can be averaged. Standard deviations are preferred to 
standard errors. Give the number of  observations and subjects (n). 
Losses in observations, such as drop-outs from the study should be 
reported; (4) Values such as ED50, LD50, IC50 should have their 
95% confidence limits calculated and compared by weighted probit 
analysis (Bliss and Finney); and (5) The word ‘significantly’ should 
be replaced by its synonyms (if  it indicates extent) or the P value (if  
it indicates statistical significance). 

Conflict-of-interest statement
In the interests of  transparency and to help reviewers assess any poten-
tial bias, WJSC requires authors of  all papers to declare any compet-
ing commercial, personal, political, intellectual, or religious interests  
in relation to the submitted work. Referees are also asked to indi-
cate any potential conflict they might have reviewing a particular 
paper. Before submitting, authors are suggested to read “Uniform 
Requirements for Manuscripts Submitted to Biomedical Journals: 
Ethical Considerations in the Conduct and Reporting of  Research: 
Conflicts of  Interest” from International Committee of  Medical 
Journal Editors (ICMJE), which is available at: http://www.icmje.
org/ethical_4conflicts.html. 

Sample wording: [Name of  individual] has received fees for serv-
ing as a speaker, a consultant and an advisory board member for [names 
of  organizations], and has received research funding from [names of  
organization]. [Name of  individual] is an employee of  [name of  or-
ganization]. [Name of  individual] owns stocks and shares in [name of  
organization]. [Name of  individual] owns patent [patent identification 
and brief  description]. 

Statement of informed consent
Manuscripts should contain a statement to the effect that all human 
studies have been reviewed by the appropriate ethics committee 
or it should be stated clearly in the text that all persons gave their 
informed consent prior to their inclusion in the study. Details that 
might disclose the identity of  the subjects under study should be 
omitted. Authors should also draw attention to the Code of  Ethics 
of  the World Medical Association (Declaration of  Helsinki, 1964, 
as revised in 2004).

Statement of human and animal rights
When reporting the results from experiments, authors should fol-
low the highest standards and the trial should comform to Good 
Clinical Practice (for example, US Food and Drug Administration 
Good Clinical Practice in FDA-Regulated Clinical Trials; UK Medi-
cines Research Council Guidelines for Good Clinical Practice in 
Clinical Trials) and/or the World Medical Association Declaration 
of  Helsinki. Generally, we suggest authors follow the lead investiga-
tor’s national standard. If  doubt exists whether the research was 
conducted in accordance with the above standards, the authors 
must explain the rationale for their approach and demonstrate that 
the institutional review body explicitly approved the doubtful as-
pects of  the study. 

Before submitting, authors should make their study approved by 
the relevant research ethics committee or institutional review board. 
If  human participants were involved, manuscripts must be accompa-
nied by a statement that the experiments were undertaken with the 
understanding and appropriate informed consent of  each. Any per-
sonal item or information will not be published without explicit con-
sents from the involved patients. If  experimental animals were used, 
the materials and methods (experimental procedures) section must 
clearly indicate that appropriate measures were taken to minimize 
pain or discomfort, and details of  animal care should be provided.

SUBMISSION OF MANUSCRIPTS
Manuscripts should be typed in 1.5 line spacing and 12 pt. Book 

Antiqua with ample margins. Number all pages consecutively, and 
start each of  the following sections on a new page: Title Page, Ab-
stract, Introduction, Materials and Methods, Results, Discussion, 
Acknowledgements, References, Tables, Figures, and Figure Leg-
ends. Neither the editors nor the publisher are responsible for the 
opinions expressed by contributors. Manuscripts formally accepted 
for publication become the permanent property of  Baishideng 
Publishing Group Co., Limited, and may not be reproduced by any 
means, in whole or in part, without the written permission of  both 
the authors and the publisher. We reserve the right to copy-edit and 
put onto our website accepted manuscripts. Authors should follow 
the relevant guidelines for the care and use of  laboratory animals 
of  their institution or national animal welfare committee. For the 
sake of  transparency in regard to the performance and reporting of  
clinical trials, we endorse the policy of  the ICMJE to refuse to pub-
lish papers on clinical trial results if  the trial was not recorded in a 
publicly-accessible registry at its outset. The only register now avail-
able, to our knowledge, is http://www.clinicaltrials.gov sponsored 
by the United States National Library of  Medicine and we encour-
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that other registers become available you will be duly notified. A 
letter of  recommendation from each author’s organization should 
be provided with the contributed article to ensure the privacy and 
secrecy of  research is protected.

Authors should retain one copy of  the text, tables, photographs 
and illustrations because rejected manuscripts will not be returned 
to the author(s) and the editors will not be responsible for loss or 
damage to photographs and illustrations sustained during mailing.

Online submissions
Manuscripts should be submitted through the Online Submission 
System at: http://www.wjgnet.com/1948-0210office. Authors are 
highly recommended to consult the ONLINE INSTRUCTIONS 
TO AUTHORS (http://www.wjgnet.com/1948-0210/g_info_ 
20100313165700.htm) before attempting to submit online. For 
assistance, authors encountering problems with the Online Submi-
ssion System may send an email describing the problem to wjsc@
wjgnet.com, or by telephone: +86-10-85381891. If  you submit your 
manuscript online, do not make a postal contribution. Repeated 
online submission for the same manuscript is strictly prohibited.

MANUSCRIPT PREPARATION
All contributions should be written in English. All articles must be 
submitted using word-processing software. All submissions must be 
typed in 1.5 line spacing and 12 pt. Book Antiqua with ample margins. 
Style should conform to our house format. Required information for 
each of  the manuscript sections is as follows:

Title page
Title: Title should be less than 12 words.

Running title: A short running title of  less than 6 words should be 
provided.

Authorship: Authorship credit should be in accordance with the 
standard proposed by International Committee of  Medical Journal 
Editors, based on (1) substantial contributions to conception and 
design, acquisition of  data, or analysis and interpretation of  data; (2) 
drafting the article or revising it critically for important intellectual 
content; and (3) final approval of  the version to be published. Au-
thors should meet conditions 1, 2, and 3.

Institution: Author names should be given first, then the complete 
name of  institution, city, province and postcode. For example, Xu-
Chen Zhang, Li-Xin Mei, Department of  Pathology, Chengde 
Medical College, Chengde 067000, Hebei Province, China. One au-
thor may be represented from two institutions, for example, George 
Sgourakis, Department of  General, Visceral, and Transplantation 
Surgery, Essen 45122, Germany; George Sgourakis, 2nd Surgical 
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Department, Korgialenio-Benakio Red Cross Hospital, Athens 
15451, Greece

Author contributions: The format of  this section should be: 
Author contributions: Wang CL and Liang L contributed equally 
to this work; Wang CL, Liang L, Fu JF, Zou CC, Hong F and Wu 
XM designed the research; Wang CL, Zou CC, Hong F and Wu 
XM performed the research; Xue JZ and Lu JR contributed new 
reagents/analytic tools; Wang CL, Liang L and Fu JF analyzed the 
data; and Wang CL, Liang L and Fu JF wrote the paper.

Supportive foundations: The complete name and number of  
supportive foundations should be provided, e.g. Supported by 
National Natural Science Foundation of  China, No. 30224801

Correspondence to: Only one corresponding address should 
be provided. Author names should be given first, then author 
title, affiliation, the complete name of  institution, city, postcode, 
province, country, and email. All the letters in the email should be 
in lower case. A space interval should be inserted between country 
name and email address. For example, Montgomery Bissell, MD, 
Professor of  Medicine, Chief, Liver Center, Gastroenterology 
Division, University of  California, Box 0538, San Francisco, CA 
94143, United States. montgomery.bissell@ucsf.edu

Telephone and fax: Telephone and fax should consist of  +, 
country number, district number and telephone or fax number, e.g. 
Telephone: +86-10-85381891 Fax: +86-10-85381893

Peer reviewers: All articles received are subject to peer review. 
Normally, three experts are invited for each article. Decision for 
acceptance is made only when at least two experts recommend 
an article for publication. Reviewers for accepted manuscripts are 
acknowledged in each manuscript, and reviewers of  articles which 
were not accepted will be acknowledged at the end of  each issue. 
To ensure the quality of  the articles published in WJSC, reviewers 
of  accepted manuscripts will be announced by publishing the 
name, title/position and institution of  the reviewer in the footnote 
accompanying the printed article. For example, reviewers: Professor 
Jing-Yuan Fang, Shanghai Institute of  Digestive Disease, Shanghai, 
Affiliated Renji Hospital, Medical Faculty, Shanghai Jiaotong 
University, Shanghai, China; Professor Xin-Wei Han, Department 
of  Radiology, The First Affiliated Hospital, Zhengzhou University, 
Zhengzhou, Henan Province, China; and Professor Anren Kuang, 
Department of  Nuclear Medicine, Huaxi Hospital, Sichuan 
University, Chengdu, Sichuan Province, China.

Abstract
There are unstructured abstracts (no more than 256 words) and 
structured abstracts (no more than 480). The specific requirements 
for structured abstracts are as follows: 

An informative, structured abstracts of  no more than 480 words 
should accompany each manuscript. Abstracts for original contri-
butions should be structured into the following sections. AIM (no 
more than 20 words): Only the purpose should be included. Please 
write the aim as the form of  “To investigate/study/…; MATERI-
ALS AND METHODS (no more than 140 words); RESULTS (no 
more than 294 words): You should present P values where appropri-
ate and must provide relevant data to illustrate how they were ob-
tained, e.g. 6.92 ± 3.86 vs 3.61 ± 1.67, P < 0.001; CONCLUSION (no 
more than 26 words).

Key words
Please list 5-10 key words, selected mainly from Index Medicus, 
which reflect the content of  the study.

Text
For articles of  these sections, original articles and brief  articles, the 
main text should be structured into the following sections: INTRO-
DUCTION, MATERIALS AND METHODS, RESULTS and 
DISCUSSION, and should include appropriate Figures and Tables. 

Data should be presented in the main text or in Figures and Tables, 
but not in both. The main text format of  these sections, editorial, 
topic highlight, case report, letters to the editors, can be found at: 
http://www.wjgnet.com/1948-0210/g_info_list.htm. 

Illustrations
Figures should be numbered as 1, 2, 3, etc., and mentioned clearly 
in the main text. Provide a brief  title for each figure on a sepa-
rate page. Detailed legends should not be provided under the 
figures. This part should be added into the text where the figures 
are applicable. Figures should be either Photoshop or Illustra-
tor files (in tiff, eps, jpeg formats) at high-resolution. Examples 
can be found at: http://www.wjgnet.com/1007-9327/13/4520.
pdf; http://www.wjgnet.com/1007-9327/13/4554.pdf; http://
www.wjgnet.com/1007-9327/13/4891.pdf; http://www.
wjgnet.com/1007-9327/13/4986.pdf; http://www.wjgnet.
com/1007-9327/13/4498.pdf. Keeping all elements compiled is 
necessary in line-art image. Scale bars should be used rather than 
magnification factors, with the length of  the bar defined in the leg-
end rather than on the bar itself. File names should identify the fig-
ure and panel. Avoid layering type directly over shaded or textured 
areas. Please use uniform legends for the same subjects. For exam-
ple: Figure 1  Pathological changes in atrophic gastritis after treat-
ment. A: ...; B: ...; C: ...; D: ...; E: ...; F: ...; G: …etc. It is our principle 
to publish high resolution-figures for the printed and E-versions.

Tables
Three-line tables should be numbered 1, 2, 3, etc., and mentioned 
clearly in the main text. Provide a brief  title for each table. Detailed 
legends should not be included under tables, but rather added into 
the text where applicable. The information should complement, 
but not duplicate the text. Use one horizontal line under the title, a 
second under column heads, and a third below the Table, above any 
footnotes. Vertical and italic lines should be omitted.

Notes in tables and illustrations
Data that are not statistically significant should not be noted. aP < 
0.05, bP < 0.01 should be noted (P > 0.05 should not be noted). If  
there are other series of  P values, cP < 0.05 and dP < 0.01 are used. 
A third series of  P values can be expressed as eP < 0.05 and fP < 0.01. 
Other notes in tables or under illustrations should be expressed as 
1F, 2F, 3F; or sometimes as other symbols with a superscript (Arabic 
numerals) in the upper left corner. In a multi-curve illustration, each 
curve should be labeled with ●, ○, ■, □, ▲, △, etc., in a certain 
sequence.

Acknowledgments
Brief  acknowledgments of  persons who have made genuine con-
tributions to the manuscript and who endorse the data and conclu-
sions should be included. Authors are responsible for obtaining 
written permission to use any copyrighted text and/or illustrations.

REFERENCES
Coding system
The author should number the references in Arabic numerals 
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in square brackets in superscript at the end of  citation content or 
after the cited author’s name. For citation content which is part of  
the narration, the coding number and square brackets should be 
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with increased intestinal permeability[1,2]”. If  references are cited 
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ensure the spelling accuracy of  the first author’s name. Do not list 
the same citation twice. 

PMID and DOI
Pleased provide PubMed citation numbers to the reference list, 

百世登
BaishidengTM© WJSC|www.wjgnet.com ���         December 26, 2010|Volume 2|�ssue 6|



Instructions to authors
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org/SimpleTextQuery/, respectively. The numbers will be used in 
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In press
3 Tian D, Araki H, Stahl E, Bergelson J, Kreitman M. Signature 

of  balancing selection in Arabidopsis. Proc Natl Acad Sci USA 
2006; In press

Organization as author
4 Diabetes Prevention Program Research Group. Hyperten-

sion, insulin, and proinsulin in participants with impaired glu-
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7357.184]

Volume with supplement
7 Geraud G, Spierings EL, Keywood C. Tolerability and safety 

of  frovatriptan with short- and long-term use for treatment 
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disease: investigation and basis for therapy. New York: Marcel 
Dekker, 1991: 431-450

Author(s) and editor(s)
12 Breedlove GK, Schorfheide AM. Adolescent pregnancy. 

2nd ed. Wieczorek RR, editor. White Plains (NY): March of  
Dimes Education Services, 2001: 20-34

Conference proceedings
13 Harnden P, Joffe JK, Jones WG, editors. Germ cell tumours V. 

Proceedings of  the 5th Germ cell tumours Conference; 2001 
Sep 13-15; Leeds, UK. New York: Springer, 2002: 30-56

Conference paper
14 Christensen S, Oppacher F. An analysis of  Koza's computa-

tional effort statistic for genetic programming. In: Foster JA, 
Lutton E, Miller J, Ryan C, Tettamanzi AG, editors. Genetic 
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Electronic journal (list all authors)
15 Morse SS. Factors in the emergence of  infectious diseases. 

Emerg Infect Dis serial online, 1995-01-03, cited 1996-06-05; 
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16 Pagedas AC, inventor; Ancel Surgical R&D Inc., assignee. 

Flexible endoscopic grasping and cutting device and positioning 
tool assembly. United States patent US 20020103498. 2002 Aug 
1

Statistical data
Write as mean ± SD or mean ± SE.

Statistical expression
Express t test as t (in italics), F test as F (in italics), chi square test as 
χ2 (in Greek), related coefficient as r (in italics), degree of  freedom 
as υ (in Greek), sample number as n (in italics), and probability as P (in 
italics).

Units
Use SI units. For example: body mass, m (B) = 78 kg; blood pres-
sure, p (B) = 16.2/12.3 kPa; incubation time, t (incubation) = 96 h, 
blood glucose concentration, c (glucose) 6.4 ± 2.1 mmol/L; blood 
CEA mass concentration, p (CEA) = 8.6 24.5 mg/L; CO2 volume 
fraction, 50 mL/L CO2, not 5% CO2; likewise for 40 g/L formal-
dehyde, not 10% formalin; and mass fraction, 8 ng/g, etc. Arabic 
numerals such as 23, 243, 641 should be read 23 243 641.

The format for how to accurately write common units and 
quantums can be found at: http://www.wjgnet.com/1948-0210/
g_info_20100313172144.htm.

Abbreviations
Standard abbreviations should be defined in the abstract and on first 
mention in the text. In general, terms should not be abbreviated 
unless they are used repeatedly and the abbreviation is helpful to 
the reader. Permissible abbreviations are listed in Units, Symbols 
and Abbreviations: A Guide for Biological and Medical Editors and 
Authors (Ed. Baron DN, 1988) published by The Royal Society of  
Medicine, London. Certain commonly used abbreviations, such as 
DNA, RNA, HIV, LD50, PCR, HBV, ECG, WBC, RBC, CT, ESR, 
CSF, IgG, ELISA, PBS, ATP, EDTA, mAb, can be used directly 
without further explanation.

Italics
Quantities: t time or temperature, c concentration, A area, l length, 
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m mass, V volume.
Genotypes: gyrA, arg 1, c myc, c fos, etc.
Restriction enzymes: EcoRI, HindI, BamHI, Kbo I, Kpn I, etc.
Biology: H. pylori, E coli, etc.

Examples for paper writing
Editorial: http://www.wjgnet.com/1948-0210/
g_info_20100313165833.htm

Frontier: http://www.wjgnet.com/1948-0210/
g_info_20100313170509.htm

Topic highlight: http://www.wjgnet.com/1948-0210/
g_info_20100313170618.htm

Observation: http://www.wjgnet.com/1948-0210/
g_info_20100313170727.htm

Guidelines for basic research: http://www.wjgnet.com/1948-0210/
g_info_20100313170855.htm

Guidelines for clinical practice: http://www.wjgnet.
com/1948-0210/g_info_20100313171012.htm

Review: http://www.wjgnet.com/1948-0210/
g_info_20100313171124.htm

Original articles: http://www.wjgnet.com/1948-0210/
g_info_20100313171239.htm

Brief  articles: http://www.wjgnet.com/1948-0210/
g_info_20100313171358.htm

Case report: http://www.wjgnet.com/1948-0210/
g_info_20100313171504.htm

Letters to the editor: http://www.wjgnet.com/1948-0210/
g_info_20100313171613.htm

Book reviews: http://www.wjgnet.com/1948-0210/
g_info_20100313171713.htm

Guidelines: http://www.wjgnet.com/1948-0210/
g_info_20100313171803.htm
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Please revise your article according to the revision policies of  WJSC. 
The revised version including manuscript and high-resolution image 
figures (if  any) should be copied on a floppy or compact disk. The 
author should send the revised manuscript, along with printed high-
resolution color or black and white photos, copyright transfer letter, 
and responses to the reviewers by courier (such as EMS/DHL).
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Language evaluation 
The language of  a manuscript will be graded before it is sent for 
revision. (1) Grade A: priority publishing; (2) Grade B: minor lan-
guage polishing; (3) Grade C: a great deal of  language polishing 
needed; and (4) Grade D: rejected. Revised articles should reach 
Grade A or B.

Copyright assignment form
Please download a Copyright assignment form from http://www.
wjgnet.com/1948-0210/g_info_20100313172045.htm.

Responses to reviewers
Please revise your article according to the comments/suggestions 
provided by the reviewers. The format for responses to the reviewers’ 
comments can be found at: http://www.wjgnet.com/1948-0210/
g_info_20100313172000.htm.
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copy of  the document and serial number of  the foundation.

Links to documents related to the manuscript 
WJSC will be initiating a platform to promote dynamic interactions 
between the editors, peer reviewers, readers and authors. After a man-
uscript is published online, links to the PDF version of  the submitted 
manuscript, the peer-reviewers’ report and the revised manuscript will 
be put on-line. Readers can make comments on the peer reviewer’s 
report, authors’ responses to peer reviewers, and the revised manu-
script. We hope that authors will benefit from this feedback and be 
able to revise the manuscript accordingly in a timely manner.

Science news releases
Authors of  accepted manuscripts are suggested to write a science 
news item to promote their articles. The news will be released rap-
idly at EurekAlert/AAAS (http://www.eurekalert.org). The title for 
news items should be less than 90 characters; the summary should 
be less than 75 words; and main body less than 500 words. Science 
news items should be lawful, ethical, and strictly based on your 
original content with an attractive title and interesting pictures.
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