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ABSTRACT Embryonic stem cell studies have generated great interest, due to their ability to form
a wide variety of matured cells. However, there remains a poor understanding of mechanisms re-
gulating the cell state of embryonic stem cells (ESCs) and of the genes they express during early
differentiation. Gene expression analysis may be a valuable tool to elucidate either the molecular
pathways involved in self-renewal and pluripotency, or early differentiation and to identify poten-
tial molecular therapy targets.The aim of this study was to characterize at the molecular level the
undifferentiated mouse ESC state and the early development towards embryoid bodies.To attempt
this issue, we performed CodeLink Mouse Uniset | 20K bioarrays in a well-characterized mouse ESC
line, MES3, 3- and 7 day-old embryoid bodies and we compared our findings with those in adult
tissue cells. Gene expression results were subsequently validated in a commercial stem cell line,
CGR8(ATCC). Significance Analysis of Microarrays (SAM) was used to identify statistically significant
changes in microarray data. We identified 3664 genes expressed at significantly greater levels in
MES3 stem cells than in adult tissue cells, which included 611 with 3-fold higher gene expression
levels versus the adult cells.We also investigated the gene expression profile during early embryoid
body formation, identifying 2040 and 2243 genes that were up-regulated in 3- and 7- day-old em-
bryoid bodies, respectively. Our gene expression results in MES3 cells were partially confirmed in
CGRS8 cells, showing numerous genes that are expressed in both mouse stem cells. In conclusion,
our results suggest that commonly expressed genes may be strong candidates for involvement in
the maintenance of a pluripotent and undifferentiated phenotype and in early development.
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Embryonic stem cell (ESC) research has provided a deeper under-
standing of cell development andis a promising areain medicine, but
itisinapreliminary stage (Lagasse etal.,2001). Human ESCs have
been used for a wide range of cell-based therapies, because they
can potentially replace damaged cells in adult organisms (Korbling
and Estrov, 2003). This replacementis possible because ESCs can
propagate indefinitely in culture, maintaining a normal karyotype
and undifferentiated state (Korbling and Estrov, 2003). This ability
of ESCs to divide indefinitely provides an ideal system for the study
of early development pathways and offers a potentially unlimited
source of cells for organ transplantation and the development of
novel therapies. In fact, therapies based on the use of human stem

cells have already been proposed for regenerative medicine and
tissue replacement after injury or disease. Human ESCs therefore
appear to be an invaluable pre-clinical tool. However, utilization of
the full therapeutic potential of ESCs requires an understanding of
the signal pathways that control ESC development and regulate
their specialization and proliferation for the repair of a specific tissue.
It is also necessary to know the specific genes that drive ESCs to
embryoid body (EB) formation, i.e., the genes involved in earlier
cell differentiation and those responsible for ESC phenotypes and

Abbreviations used in this paper: GO, Gene Ontology; EB, embryoid body; ESC,
embryonic stem cell; SAM, significance analysis of microarrays.
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behaviours. Few data are available on the genes and processes
involved in ESC control and differentiation (Hailesellasse Sene
et al., 2007, Lee et al., 2000). In recent years, several methods
have been developed for the direct differentiation of ESCs into
specific cell types (Kuo et al., 2003, Lee et al., 2000, Lumelsky et
al., 2001). Among these, differentiation of ESCs via EBs proved a
suitable model to study cellular events during early development
in vitro (Kramer et al., 2006). Elucidation of molecular pathways
that define mESC (mouse embryonic stem cells) pluripotency,
self-renewal, differentiation and maturation to EBs are crucial for
gaining a more comprehensive knowledge of ESC biology and
behaviour. With the availability of a well-annotated mouse genome
database (Waterston et al., 2002), the gene-expression profiling of
mESC lines may allow the identification of “stemness” genes and
improve our understanding of the behaviour of mMESCs, including
the maintenance of the undifferentiated state and the mechanisms
underlying self-renewal, early differentiation and development.
CodeLink™ is a microarray platform that allows the gene
expression analysis of potentially thousands of transcriptomes
using short oligonucleotide probes. CodeLink™ bioarrays are a
well-established and powerful system that, in combination with
bioinformatic tools (Bassett ef al., 1999, Howbrook et al., 2003,
Quackenbush, 2001), offers valuable insights into gene and
molecular pathways involved in numerous biological events (Yoo
et al., 2009). Gene expression microarrays have been used to
discover genes that are differentially expressed in developmental
processes (Hemberger et al., 2001, Kim et al., 2001, Tanaka et
al., 2000). We hypothesized that genome-wide gene expression
analysis of mMESCs may facilitate discovery of the main genes
involved in the maintenance of pluripotency and self-renewal and
in the early differentiation process. The genes responsible for
pluripotency and self-renewal would first be up-regulated in the
undifferentiated state and then down-regulated during early cell
differentiation and maturation. The genes involved in triggering
early differentiation would also be initially down-regulated and
then up-regulated during earlier development stages. To test this
hypothesis, we performed a study to identify genes and hence
cellular processes that may play a major role in the differentiation

Fig. 1. Morphological characterization of mESCs and EBs. (A) mESCs colonies growing on feeders; (B)
mESCs staining for alkaline phosphatase activity; (C) mESCs immunodetection of Ssea4d surface marker;
(D1-D3) representative images of embryonic bodies at days 1, 5 and 15, respectively.

of mESCs to EB formation. We used the CodeLink™ microarray
platform to assay (in duplicate) total RNA samples from a mESC
line (MES3) and EBs. Measurements of gene expression were
taken from biological duplicates in undifferentiated stem cells (day
0) and during differentiation attwo time points (days 3 and 7) where
pluripotenty is already lost. Results were validated by replicating
gene expression analyses in a second mESC line, CGR8. The
analyses were expected to show genes involved in pluripotency
and self-renewal of stem cells (“stemnes” genes) and the large
expression changes during the initial period of differentiation
facilitating the identification of the pathways underlying the early
development process.

Results

Stem cell characterization

MES3 and CGR8 cell cultures were characterized by continu-
ously performed in vivo visualizations to test whether the cells
exhibited the properties of stem cells (Fig. 1A). The growing and
subculturing continued over several months to ensure that cells
were capable of long-term self-renewal. Cultures were examined
microscopically to test their healthy and undifferentiated state. We
also determined whether cells could be subcultured after freez-
ing, thawing and replating. Finally, we tested whether they were
pluripotent by allowing them to differentiate spontaneously in cell
culture. For this purpose, the mESC lines were allowed to clump
and form embryoid bodies. Evaluation of cell surface markers of
an undifferentiated state showed that MES3 cells were positive
for alkaline phosphatase (Fig. 1B) and Ssea4, another marker of
undifferentiated mouse ESC lines (Fig. 1C). The undifferentiated
state of the CGR8 cell line was analyzed by gRT-PCR to detect
the expression level of undifferentiated cell markers previously
shown to indicate undifferentiated ESCs or ESC self-renewal [e.g.
Nanog, Oct3/4 (also called POU5f1) and Rex-1]. For this purpose,
we measured the gene expression levels of Nanog, Oct3/4 and
Rex1 atdays 0, 1, 2, 5, 15 and 20 (Fig. 2). As expected, Nanog,
Oct3/4 and Rex1 were dramatically down-regulated after day 5 of
differentiation. We also tested for the absence of early differentia-

tion markers, considering Hnf4 and Ttr
genes to be endoderm markers and
Fgf5 and Wnt3 genes to be ectoderm
markers. Hnf4, Ttr and Fgf5 genes
were down-regulated at baseline and
showed adramatic increase afterday 5
of differentiation. These results showed
a high degree of correlation with array
data (Fig. 2) and confirmed the undif-
ferentiated state ofthe mESCs and their
progressive differentiation towards EBs.

Gene expression profiling of MES3
mESC line by microarrays
CodelLink UniSet Mouse | Expres-
sion Bioarray chips were assayed to
compare the gene expression profiling
of MES3 atday 0 (undifferentiated) with
the expression of mMURNA (reference
for adult tissue cell expression). Dupli-
cated hybridization experiments with
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cRNA from both ESC lines showed a correlation coefficient >0.90,
indicating high reproducibility (Fig. 3 A-D). Scatter plot analyses
showed numerous differences between the MES3 and mURNAcell
lines (Fig. 3 E-H). Gene expression analysis revealed that 5807
genes were differentially expressed by = 2-fold versus mURNA.
Out of these, 3664 genes were up-regulated, including 611 with a
3-fold higher expression than in the adult tissue cells. The remain-
ing 2143 genes were down-regulated. Sup. Table 2 shows these
representative genes with elevated (>4 fold) expression in MES3
ESCs. Nanog, Rex-1 and Oct3/4 (POU5f1) were not detected in
the MES3 microarrays, but their presence was confirmed by gRT-
PCR (Fig. 2). Fig. 4A depicts the histogram of the distribution of
GO terms significantly expressed in undifferentiated stem cells.

Gene expression profiling of 3 and 7 day-old embryoid bodies

CodelLink microarrays were hybridized using equal amounts of
labelled cRNAs from undifferentiated ESCs and 3- and 7-day-old
EBs. Undifferentiated mESCs were used as reference to detect
gene expression differences between EBs at 3 and 7 days and
adult tissue cells. Fig. 3 depicts a scatter plot of the normalized
intensities of the genes in the hybridizations. The solid diagonal
line is the linear regression of the intensity data; 20,000 genes
were analyzed in each assay.

Gene expression analysis revealed that 8105 genes were
differentially expressed in 3-day-old EBs in comparison to

EB differentiation. Nanog, Oct3/4 and Rex1 were used as markers of the undifferentiated state. Hnf4
and Ttr were used as endoderm markers and Fgfs and Wnt3 as mesoderm and ectoderm markers,
respectively. Arrows indicate time points at which microarray analyses were performed.

adult tissue cells (p<0.05): 6065 upregulated genes and 2040
down-regulated genes. Among the over-expressed genes, 624
showed = 3-fold higher expression versus adult tissue cells.
Sup. Table 3 shows the top 100 genes (ranked by fold change)
with a changed expression in EBs at 3 days after spontane-
ous differentiation of MESCs. The set of 2040 genes that were
down-regulated in the 3-day-old EBs included genes involved
in amino acid biosynthesis and/or purine, carbohydrate, lipid
and steroid metabolism and spermatogenesis (Sup. Table 3).
Fig. 4B depicts the histogram of GO terms significantly over-
represented in 3-day-old EBs.

The gene expression pattern found in 7-day-old EB mRNA
revealed a high similarity with that in 3-day-old EBs. There
were 9198 differentially expressed genes in 7-day-old EBs,
of which 6995 were significantly up-regulated and 2243 sig-
nificantly down-regulated. Sup. Table 4 shows the top 100 list
(by fold change) of genes differentially expressed in 7-day-old
EBs versus mURNA from adult tissue cells. Fig. 4B depicts a
histogram of the GO terms significantly over-represented in
7-day-old EBs.

Clusteranalysis to display overall features of early differentia-
tion and embryoid body formation

Hierarchical clustering was used to display the differentially
expressed genes (rows) between 3- and 7-day-old EBs (columns),
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Fig. 3. Log-scale scatter plots of samples labelled by the CodeLink
standard protocol. Lines indicate a 2-fold difference. Ten micrograms of
labelled cRNA loaded into microarray slides, showing all probe sets. (A)
MES3 stem cell line. (B) CGR8 stem cell line.

higher expressionthaninthe adulttissue cells. The remaining 2143
genes were down-regulated. These results indicated that stem
cells show a higher level of over-expressed genes that the adult
cells and, therefore, those genes might be strong candidates for
involvement in the maintenance of a pluripotent, undifferentiated
phenotype. Comparison of the up-regulated genes with those pre-
viously described in other mESC lines showed a good agreement
with expected expression patterns. Further analysis and organiza-
tion of these differentially expressed genes yielded similar gene
expression profiles to those of genes known to be differentially
over-expressed in other mouse or human ES cell lines (Furusawa
et al., 2004, Phillips et al., 2000, Sato et al., 2003, Tanaka et al.,
2002). Among them, we identified the following functional group-
ings: (1) transcription factors/nucleic acid binding, e.g., Top2A (Sato
et al.,, 2003, Tanaka et al., 2002), Tek (Phillips et al., 2000, Sato
et al., 2003), Ung (lvanova et al., 2002, Kelly and Rizzino, 2000),
KIf3 (Ramalho-Santos et al., 2002), Kif4 (Nakatake et al., 2006),

using half-square euclidean distance as similarity measure. Fig. 5
depicts the clustering of the differentially expressed genes. Com-
parison of the representation of functional groups of genes between
the entire mouse genome and the set of differentially transcribed
genes revealed whether clusters of genes of a specific functional
group were enriched in the differentially expressed group. The
identified clusters were annotated to common functional categories
described in the Gene Ontology (GO) (Ashburner et al., 2000).
Genes in clusters belonged either to common metabolic pathways
or cellular components, in which most of the genes encoded a
protein (a gene product) that might have function as an enzymatic
step in a cellular process or, alternatively, interacted directly with
each other to form multimeric proteins or serve as ligands and
receptors in signaling cascades. Based on the hierarchical cluster-
ing of our expression data, we drew a tree of early-development
relatedness (Fig. 5). Our results revealed 6 distinct clusters with a
diverse expression profile. Next, we made use of the FatiGO tool
(Al-Shahrour et al., 2004) in order to find significant associations
between the genes in each cluster. Considering only the signifi-
cant GO-terms with the p-value < 0.05 we found that, among 103
genes that were differentially expressed in 3days-EBs vs. 7d-EBs,
genes participating in processes such as extracellular matrix and/
or collagen synthesis, protein transport, cell adhesion and tissue
development were overrepresented (Fig. 6).

Gene expression analysis: validation study using CGR8
mESC line

As in the MES3 line, we performed microarrays to examine
the variation at three different time points (0, 3 and 7 days of dif-
ferentiation), using identical laboratory protocols. Comparison of
gene expression levels between the two stem cell lines showed a
large degree of replication as well as the expected differences. A
total of 867 genes were differentially and commonly expressed in
both mESC lines but not in adult tissue cells (Fig. 7A), and 1587
and 1791 genes were differentially and commonly expressed in 3
and 7 days-old EBs, respectively, in both mESCs but not in adult
tissue cells (Fig. 7 B,C).

Discussion

The mechanisms regulating pluripotency, self-renewal and stem
cell differentiation are far from being completely understood, and
little is known about the genes involved in these complex pro-
cesses. Microarrays for genome-wide gene expression profiling
are important research tools for identifying potential biomarkers
and candidate genes for the identification of diseases and other
biological processes (Hemberger et al., 2001, Kim et al., 2001,
Tanaka et al., 2000). In this report, we performed the genome-
wide gene expression profiling of MES3, a well-defined mouse
embryonic stem cell line. We assayed CodeLink microarrays in
undifferentiated MES3 cells and in EBs formed after 3 and 7 days
of spontaneous differentiation and globally normalized the data
by background subtraction. The quality of undifferentiated stem
cells cultured in our laboratory was also confirmed by evaluating
the expression of markers expressed by undifferentiated ES cells
(Furusawa et al., 2004, Jeong et al., 2007, Zhao et al., 2005).

Gene expression analysis identified 5807 genes as differentially
expressed by = 2-fold in MESS3 cells versus adult cells. Among
them, 3664 genes were up-regulated, including 611 with a 3-fold
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3-EB 7-EB Gene Name Description
Cluster 1 (22 genes)
5031439A09Rik RIKEN cDNA 5031439A09 gene (5031439A09Rik)
Colla1l procollagen, type |, alpha 1 (Col1a1)
¥ Shoc2 soc-2 (suppressor of clear) homolog (C elegans) (Shoc2)
Ctla2a cytotoxic T lymphocyte-associated protein 2 alpha (Ctla2a)
I Col3a1 procollagen, type IIl, alpha 1 (Col3a1)
Nrp1 neuropilin 1 (Nrp1)
I Slc16at Mmusculus mRNA for monocarboxyalate transporter
Pmp22 peripheral myelin protein (Pmp22)
' For coagulation factor Il (thrombin) receptor (F2r)
2610001E17Rik RIKEN cDNA 2610001E17 gene (2610001E17Rik)
I Vidir very low density lipoprotein receptor (Vidir)
DIk1 delta-like 1 homolog (Drosophila) (DIk1)
I Hiatl1 RIKEN cDNA 5730414C17 gene (5730414C17Rik)
slit2 slit homolog 2 (Drosophila) (Sit2)
Matr3 matrin 3, mMRNA (cDNA clone MGC:28206 IMAGE:3989914)
. Mrg1 myeloid ecotropic viral integration site-related gene 1 (Mrg1)
Hmga2 high mobility group AT-hook 2 (Hmga2)
Sfrs2 splicing factor Sc35 (Pr264) mRNA, partial cds, alternatively spliced
Tgfbi transforming growth factor, beta induced (Tgfbi)
App hippocampal amyloid precursor protein mRNA
I DOH48114 DNA segment, human D4S114 (DOH4S114)
Rps2 ui64g11x1 Sugano mouse liver mlia cDNA clone IMAGE:1887236 3' similar to gb:X81582
' M.musculus mRNA for insulin-like growth factor binding (MOUSE).
I Nrk Nik related kinase (Nrk)
Tbx2 T-box 2 (Tbx2)
I Amot angiomotin (Amot)
2810051F02Rik RIKEN cDNA 2810051F02 gene (2810051F02Rik)
Calcb calcitonin-related polypeptide, beta (Calcb)
I Sicotal solute carrier organic anion transporter family, member 1a1 (Sicotat)
Msx2 homeo box, msh-like 2 (Msx2)
I Msr2 Fc receptor-like protein 2 short isoform (Fcrh2) mRNA
Mmusculus Flk-1 mRNA
l BY759545.1 RIKEN 13 days embryo liver cDNA clone 1920036M10 3"
1700018C11Rik RIKEN cDNA 1700018C11 gene (1700018C11Rik)
I Capné calpain 6 (Capn6)
Alcam UI-M-BH3-asm-e-08-0-Uls1 NIH_BMAP_M_S4 cDNA clone UI-M-BH3-asm-e-08-0-Ul 3'.
Msx1 homeo box, msh-like 1 (Msx1)
Atoh8 atonal homolog 8 (Drosophila) (Atoh8)
Pyy peptide YY (Pyy)
i Prss12 protease, serine, 12 neurotrypsin (motopsin) (Prss12)
I W71826.1 me45a08r1 Soares mouse embryo NbME13.5 14.5 cDNA clone IMAGE:390422 5'.
Hbb mb84h05r1 Soares mouse p3NMF19.5 cDNA clone IMAGE:336153 5' similar to gb:V00497
I HEMOGLOBIN BETA CHAIN (HUMAN); gb:J00413 Mouse beta-globin major gene (MOUSE).
Igfbp5 insulin-like growth factor binding protein 5 (lgfbp5), MRNA
l 8030466E21Rik unc-5 homolog C (C elegans) (Unc5c)
Fgb fibrinogen, B beta polypeptide (Fgb)
I Tix1 T-cell leukemia, homeobox 1 (Tlx1)
Hbb-bh1 AGENCOURT_10124687 NIH_MGC_134 cDNA clone IMAGE:6512013 5'
I Krt2-1 keratin complex 2, basic, gene 1 (Krt2-1)
Tdo2 tryptophan 2,3-dioxygenase (Tdo2)
I Hba-x hemoglobin X, alpha-like embryonic chain in Hba complex (Hba-x)
Comt ma46f02r1 Soares mouse p3NMF19.5 cDNA clone IMAGE:313755 5' similar to gh:X02162
I APOLIPOPROTEIN A-I PRECURSOR (HUMAN);.
Rhox6 placenta specific homeobox 1 (Psx1)
l Rspo3 thrombospondin, type I, domain 2 (Thsd2)
BQ032190.1 UI-1-CF0-apg-b-05-0-Uls1 NCI_CGAP_PITr1 cDNA clone UI-1-CF0-apg-b-05-0-Ul 3'
Sic13a4 solute carrier family 13 (sodium/sulfate symporters), member 4 (Slc13a4)
Isl1 ISL1 transcription factor, LIM/homeodomain (islet 1) (Isl1)
Igf2 insulin-like growth factor 2 (Igf2)
I Hapln1 cartilage link protein (Crti1) mRNA
Myct1 myc target 1 (Myct1)
I Cluster 4 (16 genes)
l Zfp207 RIKEN pooled tissues, spleen and thymus lymphocytes cDNA clone I6C0068G10 3'
l Serpinb12 serine (or cysteine) proteinase inhibitor, clade B (ovalbumin), member 12 (Serpinb12)
Acsm1 butyryl Coenzyme A synthetase 1, mMRNA (cDNA clone MGC:25954 IMAGE:4238964)
I 0lfr1403 olfactory receptor 1403 (OIfr1403)
Fabp1 fatty acid binding protein 1, liver (Fabp1)
' Cyp1a2 cytochrome P450, family 1, subfamily a, polypeptide 2 (Cyp1a2)
Ulk2 RIKEN 0 day neonate lung cDNA clone E030037L18 3'
I OIfr954 olfactory receptor 954 (OIfr954)
Ush3a Usher syndrome 3A homolog (human) (Ush3a), mRNA
' AI507531.1 vj76h02x1 Knowles Solter mouse blastocyst B1 cDNA clone IMAGE:934995 3'.
BY103204.1 RIKEN pooled tissues, adult spleen, etc cDNA clone K630149L12 5'
I Slc12a4 RIKEN 0 day neonate kidney cDNA clone D630040N05 3"
Fgfbp1 fibroblast growth factor binding protein 1 (Fgfbp1)
AV240709.2 RIKEN 10 day neonate skin cDNA clone 4732442107 3'
I Slc15a4 RIKEN B16 F10Y cells cDNA clone G370092P18 3'
Chrnb2 12 days embryo spinal ganglion cDNA, RIKEN clone:D130070121 product:cholinergic receptor,
I inic, beta polypeptide 2 (neuronal), full insert sequence
Clust
I Gabrg1 RIKEN adult male hypothalamus cDNA clone A230092H19 3'
BB260391.1 RIKEN 7 days neonate cerebellum cDNA clone A730094F 18 3'
l Psmd11 adult male testis cDNA, RIKEN clone:1700089D09 ifi full insert
Kihi21 10 day old male pancreas cDNA, RIKEN clone:1810045K06 product:hypothetical Galactose oxidase,
l central domain structure containing protein, full insert sequence
Map4k5 adult male testis cDNA, RIKEN clone:4931403G20 product:unknown EST, full insert sequence
I Tmasf4 transmembrane 4 superfamily member 4 (Tmd4sf4)
Srgap2 UI-M-BH3-awc-c-12-0-Uls4 NIH_BMAP_M_S4 cDNA clone UI-M-BH3-awc-c-12-0-Ul 3"
' BB668107.1 RIKEN 2 days neonate thymus thymic cells cDNA clone C920025J10 3'
BY755242.1 RIKEN RCB-1283 B16 melanoma cDNA cDNA clone G430107107 3"
Rhbg Rhesus blood group-associated B glycoprotein (Rhbg)
l Dspg3 dermatan sulphate proteoglycan 3 (Dspg3)
2900024J01Rik adult male hippocampus cDNA, RIKEN clone:2900024J01 product:unknown EST, full insert
| e
Ltb4r2 leukotriene B4 receptor 2 (Ltb4r2)
I BB156955.1 RIKEN 16 days neonate thymus cDNA clone A130034B11 3', mRNA sequence
CA456872.1 AGENCOURT_10737396 NIH_MGC_152 cDNA clone IMAGE:6746735 5'
l 3000003F02Rik RIKEN cDNA 3000003F02 gene (3000003F02Rik)
| Cluster 6 (13 g )
Tcf5 transcription factor 15 (Tcf15)
AW047251.1 UI-M-BH1-amb-h-10-0-Ul.s1 NIH_BMAP_M_S2 cDNA clone UI-M-BH1-amb-h-10-0-Ul 3', mRNA
' sequance
Nnmt nicotinamide N-methyltransferase (Nnmt)
I Raly (clones EcCDNA1 and EcDNA4) RNA-binding protein mRNA sequence
Mmp3 matrix metalloproteinase 3 (Mmp3)
l Ccl7 chemokine (C-C motif) ligand 7 (Ccl7)
Cbr3 carbonyl reductase 3 (Cbr3)
' 1it3 interferon-induced protein with tetratr ide repeats 3 (Ifit3)
Gdap1i1 iosi duced differentiati ciated protein 1-like 1 (Gdap1l1)
' Pou3f1 POU domain, class 3, transcription factor 1 (Pou3f1)
H Mdfi MyoD family inhibitor (Mdfi)
Ptpn11 protein tyrosine phosphatase SH-PTP2
Ltb lymphotoxin B (Ltb)

Fig. 5.The hierarchical clustering depicted graphically in colour.



were more highly expressed in MESS cell line than in adult cells
have notbeen reported in previous gene expression studies of other
mouse and human mESC lines. Taking these data together, we can
hypothesize that the detailed analysis of these genes and known
ESC markers may reveal new factors involved in the pluripotent
and self-renewal state. However, the results should be interpreted
with caution, since the ES cell expression profiling revealed a large
percentage of uncharacterized genes.

Gene expression in differentiation of EBs from MESS3 cells was
monitored performing gene expression microarrays on mRNA
isolated from 3- and 7-day-old EBs. Significantly more genes were
expressed during the early development of ESCs than in the adult
cells. As expected, most of the mMESC markers were down-regulated
during the initial period of differentiation and were significantly
sub-expressed in 3- and 7-day-old EBs. When compared to adult
tissue cells, gene expression analysis of 3-day-old EBs showed
8105 genes differentially expressed: 6065 up-regulated and 2040
down-regulated genes. The gene expression pattern found in
7-day-old EB mRNA was similar to that in 3-day-old EBs. There
were 9198 differentially expressed genes in 7-day-old EBs, of
which 6995 were significantly up-regulated and 2243 significantly
down-regulated. The general direction of the expression profile
was up-regulation in both 3- and 7-day-old EBs (vs. adult tissue
cells and using ESC in undifferentiated state as reference). The
fact that the majority of genes with a significant change in expres-
sion were up-regulated may help to elucidate candidate genes
participating in the underlying signalling pathways that control the
early differentiation and maturation of mESCs. However, it might
be important to note that EBs are composed by many cell types
that might be reflected by a higher gene expression pattern in
comparison with mESCs.

The 3-day-EB cells contained genes related to growth and
cell cycle control; Mcm5 gene, which regulates cell growth and
is involved in M/G1 and G2/M cell cycle check points and in the
assembly of the pre-replicative complex (Kimura et al., 2001);
Ccnd2, related to cell cycle control and P53 signalling (>5-fold
higher expression) (Furusawa et al., 2006); Prim1, related to S/G1
cell cycle check point and DNA replication initiation (>5-fold higher
expression); Fst, related to cell proliferation and growth (Skottman
et al., 2006); Txndc1, which participates in the induction of cell
growth and proliferation through apoptosis inhibition (>5-fold higher
expression) (Harkness et al., 2008); and Tk1, related to nucleotide
metabolism and DNA replication. A class of three related genes,
Lama1, Lamb1-1 and Lamc1, were also up-regulated at the start
of differentiation. These genes are extracellular matrix receptors
directly related to local cell adhesion and cell communication
processes, and they encode laminin-111 (Li et al., 2004, Li et al.,
2001), involved in the development of the ectoderm (Miner et al.,
2004, Scheele et al., 2005). Col4a2, another extracellular matrix
receptor, was also up-regulated, as were several genes associated
with: amino acid metabolism, e.g., Txndc12, Wars, Srm, Plod1
and Plod2; carbohydrate and/or lipid metabolisms, e.g., Hs3st1,
Hexa, Ggta1, Gale, Pla2g12b and Asaht; and complement and
coagulation cascades, e.g., F3 and Tipi.

The set of 2040 genes that were down-regulated in the 3-day-
old EBs included genes related to n amino acid biosynthesis and/
or purine metabolism (Abp1, Nt5c1b and hpb1), genes needed
for carbohydrate utilization (Idhc, Plcz1 and Acsm1) and genes
related to lipid and steroid metabolism (Hsd3b4, Cyp17a1, Cyp4b1,
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Cyp2e1, Cyp2f2and Cyp2d26). Microarray analysis also revealed
significant inactivation of a class of related genes Spata3, Spata4,
Spata16, Spata19, Spata20, Cst8, Cst12, Cst13, Svs5, Spag9,
Spag4l, Tnp1and Tesp1, which are associated with spermatogen-
esis, spermatogenesis cell apoptosis, testicular function and sper-
matocyte development. Interestingly, we also discovered a strong
down-regulation in the expression of Hils1 and H1fntgenes, which
are essential for nuclear condensation during spermatogenesis (>6-
fold change) through participation in the replacement of hystones
with protamines (Sup. Table 3). Fig. 4B depicts the histogram of
GO terms significantly overrepresented in 3-day-old EBs.

The subset of the most significantly upregulated genes in the
7-day-old EBs included genes involved in amino acid metabolism
(Plod1 and Plod 2), local cell adhesion and cell communication
(Lamat, Lamb1i-1 and LamcT), carbohydrate and/or lipid me-
tabolism (Hexa, Ggtal, Gale and Asah1) and complement and
coagulation cascades (F3and Tipi). Interestingly, only a few genes
had a higher expression than in 3-day-old EBs, suggesting that the
proliferation and growth processes triggered during the formation
of 3-day-old EBs remain activated after 7 days of spontaneous
differentiation. Indeed, our microarray results indicate that several
genes strengthen or complete the action of previously activated
genes. Thus, Mcm5 remained activated in EBs at 7-days, when
Mcm2, Mcm3 and Mcm4 were also up-regulated. Mcm2, Mcm3
and Mcm4 belong to the same class of genes as Mcmb5, i.e., Mcm
family genes, and are involved in initiating replication through re-
cruitment of DNA replication-related proteins. We can, therefore,
hypothesise that first Mcm5 and then Mcm2, Mcm3 and Mcm4 are
key genes in cell proliferation promotion during early differentiation
stages of ESCs to EBs. As expected, we found up-regulation of
some other genes related to cell cycle and proliferation, including
cyclin D2 (ccnd?2) and cell division cycle 6 (cdc6), responsible for
loading Mcm proteins onto DNA during DNA replication. We also
recorded a strong up-regulation of genes related to cell growth,
proliferation and differentiation: Adamts9 gene, associated with
the control of organ shape during early development (Clark et al.,
2000); Cts1 and Ctgf, genes, involved in cell migration and recruit-
ment of mesenchymal stem cells (Luo et al., 2004); Pik3cb gene,
in the ErbB family of receptor tyrosine kinases (RTKSs) involved
in signalling pathways regulating different biological responses,
including proliferation, differentiation, cell motility and survival (Citri
and Yarden, 2006); Ncl, the main major nucleolar protein of grow-
ing eukaryotic cells and associated with the induction of chromatin
decondensation by binding to histone H1 (Erard et al., 1988); and
Loxi2, related to the biogenesis of connective tissue (Smith-Mungo
and Kagan, 1998). We also found some typical markers of undif-
ferentiation such as Fbxo15 and Lin28. The similarities found in
the gene expression profile of 3- and 7-day-old EBs indicate that
the gene expression analysis at shorter differentiation times would
be needed to characterize the molecular mechanisms underlying
ESC pluripotency and self-renewal. Our results are in concordance
with those described by Palmaqyvist et al., where they demonstrated
that the main gene expression changes occur within the first 24
hours of spontaneous differentiation.

Because stem cell-derived assays have shown low confirma-
tion rates and reproducibility (Evsikov and Solter, 2003, Fortunel
et al., 2003, lvanova et al., 2002), we tested the replicability of
the gene expression results in a second mESC line, CGR8. A set
of 867 genes were differentially and commonly expressed in both
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Fig. 6. Significantly overrepresented GO terms for genes differentially expressed in 3 and 7-day-old EBs.



MES3 and CGR8 mESC lines but not in adult cells, and 1587 and
1791 genes were differentially and commonly expressed in 3 and
7 days-old EBs, respectively, in both mESCs but not in adult cells.
Genes in these categories included various types of collagens or
related proteins (Col1a1, Col3a1and Tgfbi) and other extracellular
matrix components (Matrin3and Mmp3), proteinsinvolvedin neural
and/or neuromuscular development (Pou3f1, Nrp1, Pmp22, Nik1,
Slit2, App, Alcam, Atho8, Prss12and Gdap1I1), blood coagulation
factors (F2r), transporters (Sic16at1 and VidIr) and a variety of
transcriptional regulating factors involved in tissue development
and morphogenesis (Pou3f1, Tcf15, Meis1, Hmga2, Tbx2, Msx1,
Msx2, Kdr, Capn6, Mdfi and Pipn11).

The high variability found in previous gene expression studies
of stem cells may result from the difficulty in standardizing culture
conditions. The most feasible explanation for the variability is that
identical culture conditions may have distinct effects on the growth
of different ES cell lines. We grew our cell lines in the same labora-
tory under identical culture conditions, suggesting that our findings
may reflect underlying biological differences between the cell lines
rather than variations in the response to the culture environment.

In summary, our study provides gene expression profiling of

A

Venn Diagram for the differentiated genes in ESCs

ESC vs UNI (L1) ESC vs UNI (L2)

B Venn Diagram for the differentiated genes after 7 days

3d vs UNI (L1) 3d vs UNI (L2)

Cc

Venn Diagram for the differentiated genes after 7 days

7d vs UNI (L1) 7d vs UNI (L2)

Fig. 7. Overlapping gene expression in MES3 and CGR8 murine ESCs.
(A) Venn diagram detailing shared and distinct gene expression between
MES3 and CGR8 cells. (B) Vlenn diagram detailing shared and distinct gene
expression between 3-day-old EBs in the two stem cell lines. (C) Venn
diagram detailing shared and distinct gene expressions between 7-day-old
EBs in the two stem cell lines.
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two mouse stem cell lines at baseline state and during their dif-
ferentiation towards EB formation. Our findings were similar to
previous reports in human and mouse stem cells, demonstrating
that our approach yields comparable results to those obtained
using a different technique. However, we also identified numerous
other genes not been previously reported, which may offer novel
insights into the behaviour of mouse ESC, the maintenance of
their undifferentiated state and the mechanisms underlying their
pluripotency, self-renewal and early differentiation.

Materials and Methods

Mouse embryonic stem cell cultures

MES3 mESC line was derived by whole blastocyst culture from the
inner cell mass of a C57BLxCBA mouse embryo (Cortes et al., 2008).
Culture cells were maintained on Mitomicin C inactivated mouse embryonic
fibroblasts (MEF) in knock-out DMEM (Gibco, Invitrogen) supplemented
with 10% FBS (Gibco, Invitrogen), 2mM non-essential amino acids, 2
mM L-glutamine, 50 ug/mL Penn-Strep, 10 nM f-mercaptoethanol and
1000 units/mL LIF (ESGRO, Chemicon) (Fig. 1A). Culture medium was
refreshed daily. Subculture was performed by mechanical excision and
disruption of undifferentiated colonies, transferring these cell clusters to
a new culture plate.

Generation of embryoid bodies

EBs were obtained by excising clusters of undifferentiated stem cells
from growing colonies and transferring them to low-adhesion culture
plates, where they were maintained in the same medium as the mESCs
but without f-mercaptoethanol and LIF. EBs were harvested for extraction
of total RNA atdays 1, 2, 3, 5,7, 9, 15 and 20 (Fig. 1D). Cell cultures were
continuously tested to see whether cells exhibited ESC properties. Growing
and subculturing continued for several months, ensuring that the cells were
capable of long-term self-renewal. The healthy and undifferentiated state
of the cells was tested by inspecting the cultures under a microscope. We
also tested whether the cells could be subcultured after freezing, thawing
and replating. Finally, we determined whether the mESCs were pluripotent
by allowing them to differentiate spontaneously in cell culture to form EBs.

RNA isolation

Total RNA was isolated from well-characterized mouse ES cell lines
(MES3 and CGRS8) and 3- and 7-day-old EBs by using the Trizol® method
(Invitrogen). All samples were treated with an RNase-free DNase set
(Qiagen, Valencia, CA). The quality of total RNA was analyzed by stand-
ard agarose electrophoresis and capillary electrophoresis analysis using
the Experion Automated Electrophoresis System (Bio-Rad Laboratories).
All RNA samples had a 28S/18S ratio >1.8 and were tested in duplicate.

Total mouse universal RNA (mURNA) isolated from a collection of adult
mouse tissues to represent a broad range of expressed genes (Ambion)
was used as a universal reference control in the competitive hybridization.

Phenotypic characterization of cells

The undifferentiated state of cultures was established by using the
AP detection kit (Chemicon) to stain colonies for alkaline phosphatase
activity, following the manufacturer’s instructions (Fig. 1B). Additionally,
a specific monoclonal antibody was used to detect expression of Stage
Specific Embryonic Antigen-4 (Ssea-4) by immunostaining (Fig. 1C). The
quality of the MES3 and CGR8 cells cultured in our laboratory was also
confirmed by evaluating the expression of several markers expressed
by undifferentiated ESCs (Ben-Shushan et al., 1998, Singh et al., 2007,
Thompson and Gudas, 2002).

We monitored the differentiation process during EBs culture by measur-
ing the expression level of different markers, using real-time (RT)-PCR to
evaluate relative changes intheirintracellular concentration. Nanog, Oct3/4
and Rex1 were used as markers for the undifferentiated state; Hnf4 and
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Ttras endoderm markers, and Fgf5and Wnt3 as mesoderm and ectoderm
markers respectively. Data were normalized with reference to §-actinlevels.

cDNAs were obtained by using the Improm-1I™ Reverse Transcription
System (Promega) in the presence of 2 ug total RNA, 0.5 ug Oligo (Waterston
et al.), 15 primer, 1U/ul RNase inhibitor and 3mM MgCl, in a final volume
of 25 ul. After thermal inactivation of the enzyme at 70u61904C for 15 min,
RT-PCR was performed with the SYBRGreen quantitec PCR master mix
(Qiagen, Valencia) in the presence of 1 ul of the RT reaction and 1 uM of
primers (Sup. Table 1). Expression levels of markers were determined at
days 0, 1, 2, 5, 9, 15 and 20. Results were represented as 1/AC_ versus
time, where AC, refers to normalized C; calculated by subtracting the C,
of a control (B-actin) from the C_ of the gene of interest.

Microarray procedure: target preparation, hybridization, post-hybrid-
ization and scanning

DNAmicroarray analyses were performed using CodeLink Uniset Mouse
120K Bioarray System (Amersham Biosciences/GE Healthcare, Piscataway,
NJ, USA), which offers the expression profiling of ~20.000 well-annotated
mouse genes in a single bioarray. CodeLink bioarray experiments were
carried out following the recommended Amersham Biosciences CodeLink
protocol (Ramakrishnan et al., 2002). After the hybridation step, microar-
ray slides were scanned in Cy5 (635 nm) channel using an Axon GenePix
4000B scanner (Axon Instruments, Foster City, CA) with 10 uM resolution.
Scanned microarray images were exported as TIFF files to CodeLink™
Expression Analysis Software version 5.0 from Applied Microarrays.

Data preprocessing

Preprocessing of raw probe intensities is a key procedure in the analysis
of gene expression microarray data. Briefly, background correction and
normalization are needed to prevent from the effect of variations in experi-
mental conditions. The raw intensity data for each probe was collected with
CodeLink™ Expression Analysis Software version 5.0. For the preprocess-
ing process we considered the raw data and computed them by means
of the well-known R package limma. As we used one-color microarrays in
our study, the preprocessing process consisted of three separated steps:

i) Background correction of the raw data. For this task we applied the
normexp+offset method, computing the maximum likelihood by means of
the saddle-point approximation introduced by Ritchie et al., (Ritchie et al.,
2007). We selected an offset value of 50 in order to stabilize the log-ratio
computations at low intensities. This methodology has been proved to
provide much better results than the usual background subtraction.

ii) Normalization process. We normalized the background corrected
data by applying the quantile normalization method. The quantile method
is designed to make the distribution of intensities for each array in a set
of arrays the same, and it has been shown to perform better than other
related methods (Bolstad et al., 2003).

iii) Expression matrix generation. For this matter, we averaged the
replicates of each sample in order to obtain a single intensity value for
each gene in each sample. Therefore, the obtained expression matrix
is comprised of as many columns as samples in the experiment, and as
many rows as genes in the array.

Gene expression analysis

As a first step in the analysis of the preprocessed data we identified
the differentially expressed genes present in the experiments. These
genes were identified by applying the two-class unpaired method from
the program Significance Analysis of Microarrays (SAM) (Tusher et al.,
2001). SAM ranks genes based on a modified t-test statistic. Higher scores
imply a more significant differential expression of the considered genes.
This statistic improves traditional fold change or t-test approaches, as was
stated in (Jones and Arvin, 2003, Smyth et al., 2003). One of the main
advantages of using SAM is that it estimates a global false discovery rate
(FDR), defined as the fraction of genes that are likely to be incorrectly
identified significantly regulated. Furthermore, SAM provides a parameter
called delta that enables to vary the ratio of true positives to predicted false

positives. For each experiment we selected a delta value that provided an
optimal ratio of true positives to false positives, obtaining lists of significantly
differentiated genes that were used for further analysis.

Cluster and gene ontology analysis

Functionalinformation onthe differentially expressed genes was obtained
by examinating their Gene Ontology (GO) annotations. Gene annotations
were determined and compiled at several ontology levels. The Gene
Ontology (GO) Consortium provides a structured, controlled vocabulary
for describing roles of genes and gene products in organisms, which has
become a de facto standard for gene description in the scientific community
(Ashburner et al., 2000). We used the GO data to explore the biological
meaning of the genes selected in each experiment. GO annotations are
widely used in microarray analysis in an attempt to reveal statistically sig-
nificant biological processes or pathways among co-regulated genes. For
our purposes, we used a recently published tool, csbl.go (Ovaska et al.,
2008), implemented as an R package. This tool facilitates the search for
hypothetical gene functions in cells by computing GO similarities among
genes and rapidly identifying and visualizing genes that share the same GO
cluster. We established similarities among genes using the Resnik meas-
ure (Resnik, 1995) and obtained a hierarchical cluster from the resulting
similarity matrix. We also analyzed sets of genes with their GO annotations
to compute the most enriched GO terms by using the well-known FatiGo
tool (Al-Shahrour et al., 2004).

Validation of microarray data

Microarrays data from MES3 cell line were validated in a second
mouse stem cell line, CGR8. This mouse stem cell line was obtained from
American Type Culture Collection (ECACC, UK; http://www.atcc.org) for
the validation of assay results. Additionally, expression data for specific
biomarkers were validated by gqPCR. In order to verify in part the differential
expression of selected genes, we performed qPCR reactions in duplicate
(50 ul) as previously reported (Furusawa et al., 2004, Jeong et al., 2007,
Zhao et al., 2005). Selected genes were highly expressed and exhibited
previously demonstrated development-related differences (Furusawa et
al., 2004, Jeong et al., 2007, Zhao et al., 2005).
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