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Selection of reference genes in mouse embryos
and in differentiating human and mouse ES cells
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ABSTRACT Embryonic Stem (ES) cells have the potential to form every cell of the body and thus
are of great promise for tissue transplantation. One of the rising techniques that allows studying
the differentiation state of ES cells is quantitative RT-PCR (qRT-PCR). When relative quantification
by qRT-PCR is applied, accurate normalization is necessary, since differentiated embryonic stem
cells and developing embryos contain heterogeneous cell populations. Corrections for variations
in the qRT-PCR reaction are needed to allow comparisons between different samples. We applied
the normalization tools geNorm and Normfinder to ten reference genes identifying the most
stable ones for relative quantification of gene expression during differentiation of human ES cells,
as well as in differentiated mouse ES cells and in the developing mouse embryo. For relative
quantification by qRT-PCR in these systems, we advise to use normalization factors based on
multiple stable reference genes. However, when the use of several reference genes would be
unpractical, a single reference gene in each experimental setup could be sufficient. When looking
for single stable reference genes, beta-actin works best in both mouse embryo and ES cell
experiments and glyceraldehyde-3-phosphate-dehydrogenase can be applied in both mouse and

human ES cell experiments.

KEY WORDS: embryonic stem cell, embryo, quantitative RT-PCR, reference gene

Introduction

Embryonic stem (ES) cells have been derived for several
mammals from the inner cell mass (ICM) of a preimplantation
blastocyst (Evans and Kaufman, 1981; Thomson et al., 1998).
These cells have the property to divide unlimitedly and remain
undifferentiated in vitro, a process controlled by factors such as
NANOG and OCT4 (or POU5F1) (Niwa et al., 2000; Chambers et
al., 2003). In specific culture conditions they are able to differen-
tiate into any cell type of the adult body. These features make ES
cells a potential alternative for organ transplantation. It has been
shown in human as well as mouse ES cells that Retinoic Acid (RA)
specifically induces neuronal cells and dimethylsulfoxide (DMSO)
has been shown to induce different mesoderm derived cell types
like skeletal and cardiac muscle (Maltsev et al., 1993; Bain et al.,
1996). More recently, growth factors expressed in the developing
embryo have been successfully applied to mouse and human ES
cells to obtain specified cell types indicating a need for drawing
parallels between the developing embryo and ES cell differentia-
tion (Schuldiner et al., 2000; Kubo et al., 2004).

During the differentiation of ES cells or the development of the
embryo, the expression of numerous genes is altered, reflected in
the mRNA transcription of these genes. At present, the most
widely applied technigue to detect and quantify mRNA levels is
quantitative Reverse Transcription PCR (QRT-PCR) (Bustin, 2002).
However, there are several technical steps during a gRT-PCR
experiment that may show variation between genes and samples,
such as the reverse transcription and the gPCR reaction itself
(Pfaffl, 2001; Ramakers et al., 2003; Stahlberg et al., 2004).
Accurate corrections or normalizations of gRT-PCR results are
thus essential to allow precise comparisons between samples.

The most applied approach for normalization is the use of
reference genes also known as housekeeping genes (Bustin,
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2002). These genes should have similar mRNA levels in all
samples analyzed and they should not be regulated by the
experimental treatment or condition used. Many genes have been
described and used as reference genes such as glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), beta-actin (ACTB), hy-
poxanthine phosphoribosyltransferase (HPRT1) and ribosomal
RNA 18S (18S). However, most of these “classic” reference
genes do not always meet the requirements described above
(Schmittgen and Zakrajsek, 2000; Goidin et al., 2001; Bustin,
2002; Murphy and Polak, 2002; de Kok et al., 2005).

Vandesompele et al. (2002) suggested that not one, but
multiple reference genes should be used for accurate normaliza-
tion. Their normalization strategy is based on the geometric
averaging of the expression level of multiple reference genes,
allowing for a ranking of the reference genes according to their
stability and of which a normalization factor (NF) can be derived
for each sample with the “geNorm” tool. A similar approach using
geometric averaging has been described by Pfaffl et al. (2004)
and two other studies described the use of mixed linear effect
modeling to rank a selection of reference genes (Andersen et al.,
2004; Szabo et al., 2004). Andersen et al. (2004) have designed
“Normfinder” a Microsoft Excel add-in that ranks reference genes
based on the mixed linear effect modeling statistical approach.

In summary, in every experimental setup, an extensive search
to identify one or more suitable reference gene(s) is needed, of
which the most stable one(s) should be used. In addition to the
arguments described above, an accurate normalization is neces-
sary in developmental biology since during the differentiation of
ES cells and the development of the embryo, cell types change
rapidly and the cell population becomes more and more hetero-
geneous.

In order to be able to study gene expression in these systems
by relative quantification with gqRT-PCR, we have applied geNorm
(Vandesompele et al., 2002) and Normfinder (Andersen et al.,
2004) to ten commonly used reference genes to identify the most
stable genes in two spontaneously differentiated human ES
(hES) cell lines. Additionally, the stability of reference genes was
studied in mouse ES (mES) cells and the developing mouse
embryo.

We have identified several stable reference genes in each of
the systems studied. Based on our results, we advise to use
normalization factors based on multiple stable reference genes.
However, a single reference gene could be sufficient for each
system if the use of multiple reference genes is unpractical, beta-
actin works in both mouse embryo and ES cell experiments and
glyceraldehyde-3-phosphate-dehydrogenase can be applied in
both mouse and human ES cell experiments, but this approach is
less accurate than using multiple reference genes and their
derived normalization factors.

Results

To identify suitable reference genes for three related experi-
mental systems (I) differentiating hES cells, () differentiating
mES cells and (lll) the developing mouse embryo, a set of ten
commonly used reference genes was selected for both human
and mouse: ribosomal RNA 18S (18S), glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), beta-actin (ACTB), hypoxan-
thine phosphoribosyltransferase (HPRT1), phosphoglycerate ki-
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Fig. 1. Expression of Mash1 during neural differentiation of mES
cells with RA. Samples were taken at day 0 (mES cells), 4, 8 and 14.
Expression levels were corrected for beta-actin (Actb, solid line, tri-
angles), beta-2-microglobulin (B2m, dashed line, squares) and TATA box
binding protein (Tbp, dashed line, circles) and were made relative to the
sample with highest expression (value of one). Error bars represent the
standard deviation of three independent experiments.

nase-1 (PGK1), ubiquitin C (UBC), TATA box binding protein
(TBP), beta-2-microglobulin (B2M), glucose-6-phosphate dehy-
drogenase (G6PD) and lactate dehydrogenase A (LDHA).

A gRT-PCR approach linked to two available statistical analy-
sis tools (geNorm and Normfinder), that apply different statistical
models, was used to determine the stability of the reference
genes tested (Supplementary Table B contains the stability val-
ues which were used to rank the reference genes).

Reference genes in differentiating hES cells

Since hES cells have atherapeutic potential, accurate analysis
tools are required to follow their differentiation, including gRT-
PCR with stable reference genes. Human ES cell aggregates
were allowed to form EB, which were differentiated spontane-
ously in the presence of FCS. Days of collection were selected
based on the appearance of beating structures around day 12
together with the expression of cardiac myosin (data not shown).

To limit biological variability, data points from two independent
hES cell lines, VUBO1 and VUBO02, were combined to analyze
reference gene expression stability with geNorm and Normfinder
(Table 1) (Mateizel et al., 2005). 18S, GAPDH and UBC were
located in the top three of most stable genes, whereas ACTB,
HPRT1 and B2M were found in the bottom of the stability ranking.

When considering the two cell lines separately for biological
differences (data not shown), most reference genes were found
at similar positions in the ranking. However, PGK1 and TBP
showed significant difference in their ranking between both hES
cell lines tested. TBP was stable in VUBO1 (ranked first), but not
in VUBO2 (ranked ninth). On the contrary, PGK1 was stable in
VUBO2 (ranked first) and not in VUBO1 (ranked fifth). However,
GAPDH and UBC were stable in both cell lines separately.

Reference genes in differentiating mES cells

As the mouse represents a model for the human, the study on
the stability of reference genes was also performed on differenti-
ating mES cells in order to compare the reference gene stability



TABLE 1

RANKING OF TEN SELECTED REFERENCE GENES IN ES CELLS AND EMBRYO
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(dpc)) were selected since ES cells
can be derived from them, 7.5 dpc
embryos are gastrulating and

Mouse Embryo MES/DMSO: MES/RA: hES: neurulating, 9.5 dpc embryos start
Mesodermal Differentiation Neuronal Differentiation Spontaneous Differentiation

Rank Normfinder geNorm Normfinder geNorm Normfinder ~ geNorm Normfinder  geNorm to form several organs _and 11.5 de
1 Thp Thp Gapdh Gapdh Actb Actb UBC UBC embryos already contain mature cell
2 G6pd Actb Actb Tbp Pgkl Pgkl PGK1 GAPDH types.
3 Actb Gépd Pgkl Pgk1 Gapdh Gapdh 18S 18S P .
B Ubc Ube Thp Acth 165 Thp GAPDH PGKL Reverse transcription _reactlons
5 Gapdh Gapdh 188 18S Tbp 18S G6PD G6PD of a total RNA pool obtained from
6 185 185 Gépd Gépd Gépd Gépd 8P 8P multiple embryos collected from dif-
7 B2m B2m Ldha Ldha Hprtl Hprtl LDHA LDHA £ . ke biol . | .
8 Pgkl Pkl Hprtl Hprtl Ubc Ldha HPRTL HPRT1 gre_nt mice (to take biological varia-
9 Hprtl Hprtl Ubc Ubc Ldha Ubc ACTB ACTB tion into account) were used to study
10 Ldha Ldha B2m B2m B2m B2m B2M B2M

the expression of reference genes,

Ten reference genes were ranked based on their stability value calculated by geNorm and Normfinder (stability values are available in
Supplementary Table B). The stability of reference genes was studied in the developing mouse embryo, in mouse ES cells differentiated
to mesoderm with Dimethylsulfoxide (DMSO), in mouse ES cells differentiated to neuroectoderm with retinoic acid (RA) and in human ES

cells spontaneously differentiated in the presence of fetal calf serum (FCS).

in both mammalian systems.

Differentiation into mesoderm was triggered by adding 1%
DMSO to EB whereas neuronal cells were induced by adding
10-M RA. EB were collected at three time points: at four days,
since gastrulation specific genes are active in EB at thattime as
assessed by expression of Brachyury and Goosecoid (data not
shown, Fehling et al. (2003) and Tada et al. (2005)); at eight
days, because spontaneous beating can be observed together
with expression of cardiac myosin after DMSO treatment (data
not shown) and the expression of Mashl, a marker of pre-
neural cells, is detected after RA treatment (Fig. 1) and after
fourteen days, since high numbers of neurons are present after
RA treatment (Bain et al., 1996).

During differentiation of mES cells into mesodermal deriva-
tives, the reference genes that were to be found in the top of the
stability ranking are Gapdh, Actb and Pgk1, of which Actb is the
only one also stable in the mouse embryo (Table I). In contrast
to the mouse embryonic development system (see below),
several genes of the glycolytic pathway are ranked in the top of
the list (Gapdh and Pgkl). Similar results are seen when
treating mES cells with RA, with Actb as the most stable
reference gene (Table I). Importantly, no significant differences
were found in ranking and stability of the reference genes
between samples treated with RA or DMSO. Since spontane-
ous differentiated EB might contain more heterogeneous cell
populations in comparison to RA and DMSO differentiated EB,
we have compared spontaneous differentiation with mesoder-
mal and neuronal differentiation, but no significant difference in
ranking or stability values of the reference genes was found
(data not shown).

To demonstrate the necessity of analyzing and selecting the
bestreference gene(s), the expression of the pre-neural marker
Mashl was followed during RA-induced differentiation after
correction for different reference genes (Fig. 1). Significant
differences can be seen when using stable (Actb), less stable
(Tbp) or unstable (B2m) reference genes.

Reference genes in the developing embryo

Since many parallels between the mouse embryo and differ-
entiating ES cells can be drawn, reference gene stability was
also studied in the mouse embryo. Different stages of embry-
onic development were used: blastocysts (3.5 days post coitum

which were ranked according to their
stability (Table I). Tbp, Actb and
G6pd were in the top three (most
stable) of the ranking during the
developing embryonic stages studied. Hprtl and 18S were
found in the bottom part of the list.

Most of the genes of the glycolytic pathway (Gapdh, Ldha,
Pgkl) are ranked in the lower half of the stability list. To
investigate this further, the expression of the reference genes
studied in the embryo was corrected with a stable reference
gene (Fig. 2, corrected for Actb). Lower levels of mRNA were
found in the blastocyst for the reference genesinvolvedin sugar
metabolism, namely Gapdh, Ldha and Pgkl. Figure 2 also
shows that Hprtl is substantially downregulated from preim-
plantation to postimplantation development.

To demonstrate the importance of using an appropriate
reference gene, the expression of two markers for undifferen-
tiated cells, Oct4 (or Pou5f1) and Nanog, was compared in mES
cells and mouse blastocysts (Niwa et al., 2000; Smith, 2001;
Chambers et al., 2003). In Table IlI, the difference in relative
expression of Nanog and Oct4 between mouse blastocysts and
mES cells using several reference genes is shown. Depending
on the reference gene used, the expression of both Nanog and
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Fig. 2. Relative expression of the studied reference genes in the
developing mouse embryo (blastocysts or 3.5 dpc, 7.5 dpc, 9.5 dpc
and 11.5dpc) corrected for beta-actin (Actb), one of the stable genes.
For each gene, expression was made relative to the sample with the
highest expression (value of one). Error bars represent the standard
deviation of three independent reverse transcriptions from an RNA pool.
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Oct4 is higherin blastocysts (corrected for Gapdh) or mES cells
(corrected for Hprtl) or have comparable expression in both
samples (corrected for Actb).

Discussion

Determining stable reference genes

The importance of reference genes and the need to validate
them for each experimental system has already been stressed in
several publications (Bustin, 2002; Vandesompele et al., 2002).
Different approaches to identify the best reference gene have
been described, ranging from using classic PCR coupled to gel
electrophoresis (Goidin et al., 2001), Northern Blot (Solanas et
al., 2001) and more recently microarrays (Hoerndli et al., 2004)
and gRT-PCR. The latter technique is probably the most powerful
to address the issue of reference gene analysis, since it allows a
more sensitive quantification compared to the other techniques
described (Bustin, 2002). Several gRT-PCR approaches for nor-
malization have been developed such as the use of absolute
quantification (Tricarico et al., 2002), relative quantification
(Schmittgen and Zakrajsek, 2000), the use of RiboGreen
(Hashimoto et al., 2004) and more recently the use of statistical
models (Vandesompele et al., 2002; Andersen et al., 2004; Pfaffl
et al., 2004; Szabo et al., 2004; de Kok et al., 2005).

Since our aim is to develop a sensitive relative quantification of
the expression levels of genes between different samples (here
embryos and differentiating ES cells), a qRT-PCR approach was
selected in combination with the statistical tools, geNorm and
Normfinder, allowing assumption free analysis of reference genes.
We also attempted to identify single reference genes that could be
used to analyze results from the mouse embryo, mES cells and
hES cells, since the method of single reference genes is still
widely applied.

No large differences (except for a few occasional shifts of one
or two positions in the obtained rankings) between geNorm and
Normfinder were observed as illustrated in Table I. In support to
what we found, Szabo et al. (2004) have shown that the model-
based approach is very similar to the geometric averaging ap-
proach. Andersen et al. (2004) have mentioned that Normfinder
is less sensitive to co-regulated reference genes than geNorm.
We have investigated whether coregulation affects the outcome
of our results with the co-regulated genes GAPDH and PGK1.
When removing one of them out of the analysis, we could not see
any difference in the result, showing that in our data co-regulation

TABLE 2

EXPRESSION OF OCT4 AND NANOG IN MOUSE ES CELLS AND

BLASTOCYSTS
Oct4 Expression Nanog Expression
Reference
gene ES cells Blastocysts ES cells Blastocysts
Actb 1.00 0.98+0.05 1.00 0.99+0.10
Gapdh 0.28+0.10 1.00 0.25+0.08 1.00
Hprtl 1.00 0.38+0.08 1.00 0.57+0.16

Expression of Oct4 and Nanog was corrected for beta-actin (Actb, a stable reference gene),
glyceraldehyde-3-phosphate  dehydrogenase (Gapdh) and hypoxanthine
phosphoribosyltransferase (Hprt1), both of which are commonly used reference genes). For
each gene, the expression was made relative to the sample with the highest expression (value
of one). The standard error of three independent reverse transcriptions from pooled samples is
indicated (average expressiontstandard error).

does not affect the ranking of reference genes by stability.
Therefore, because of their similarity, the distinction between
geNorm and Normfinder will not be considered further.

Reference genes in hES cells, in mES cells and in the
developing embryo

Since hES cells and their derivatives may eventually contribute
to clinical applications, the accurate determination of their differ-
entiation state by gqRT-PCR requires suitable reference genes.
We have used two different hES cell lines, VUB01 and VUBO02, to
evaluate biological variation (Mateizel et al., 2005). Surprisingly,
18S came out as one of the most stable reference genes, which
is in contrast with mES cells and the mouse embryo where 18S
ranked poorly. Even though 18S was reported more stable by
others (Goidin et al., 2001; Tricarico et al., 2002), rRNA does not
represent the mRNA and rRNA and mRNA fractions of the total
RNA can vary from sample to sample (Solanas et al., 2001).
Therefore UBC, PGK1 and GAPDH were selected as the most
stable reference genes. It is also worth mentioning that ACTB,
stable in the mouse system, is not stable in human, which is in
agreement with previous studies (Goidin et al., 2001).

When considering both cell lines separately, PGK1 and TBP
were ranked differently in both cell lines, suggesting that the
expression of both genes might be variable between samples of
different origin. Recent publications on transcriptome analysis of
different hES cell lines show differences in expression of numer-
ous genes including PGK1 (Richards et al., 2004; Zeng et al.,
2004). Even though it is advised to study each cell line carefully
and work with multiple reference genes, GAPDH was not variable
between hES cell lines VUBO01 and VUBO02 and between different
hES cell lines studied by others and could thus be suitable as a
single reference gene when studying hES cells, but this approach
is less reliable than the use of normalization factors based on
several reference genes and should thus only be used with when
practically more advantageous (Richards et al., 2004).

After differentiation of mES cells with DMSO and RA, Actb is
among the most stable reference genes together with the sugar
metabolism genes Gapdh and Pgkl. The stability of Gapdh and
the instability of Hprt1 (located in the bottom of the ranking) were
also found by Murphy and Polak (2002) in differentiating mES
cells using classic RT-PCR. For spontaneous differentiation, the
same reference genes were found to be stable, indicating that
altering the direction of differentiation has no effect on the stability
of the reference genes studied.

Neural induction with RA was used as a model to show the
impact of using different reference genes by following the expres-
sion of Mashl over time (Fig. 1). In the mouse embryo the
expression of Mashl was shown to start at 8.5 dpc (in the
developing nervous system) and to decrease after 12.5 dpc
(Guillemot and Joyner, 1993). After correction for the reference
gene B2m, Mashl is already highly expressed in EB from day four
on, while when using Tbp (a relative stable reference gene) as a
reference gene, Mashl expression steadily increases up to
fourteen days. With Actb correction, Mash1is only highly detected
at day 8, which relates to the results by Bain et al. using Northern
blot on RA treated mES cells and correspond to the expression
pattern and the biological role of Mashl in the mouse embryo
(Guillemot and Joyner, 1993; Bain et al., 1996). The latter tech-
nigues however are not always absolutely reliable since normal-



ization is often inadequate and therefore one should be alert when
comparing results from these techniques to gRT-PCR data.
Nevertheless, this finding addresses that not only the stability of
a reference gene, but also suggests that the experimental out-
come after applying (a) reference gene(s) should be studied
before being able to validate the reference gene(s).

The determination of stable reference genes is necessary in
the developing mouse and in differentiating ES cells as they are
complex systems that are closely related to each other and in
which qRT-PCR is increasingly applied for comparative gene
expression studies. Several important stages in the developing
mouse were thus selected to represent the heterogeneity of the
developing mouse system. Additionally, RNA from embryos from
different litters was extracted and pooled to be able to compen-
sate for biological diversity between embryos. In the mouse
embryo, Tbp and Actb were found most stable. Even though
ACTB has been described as unsuitable in several studies on
other cell types or species (Schmittgen and Zakrajsek, 2000; de
Kok et al., 2005), this stability may depend entirely on the
experimental system. Moreover, the genes of sugar metabolism
were found at the bottom of the ranking because they are
downregulated in preimplantation development compared to
postimplantation when corrected for the stable Actb (Fig. 2).
Indeed, a switch from pyruvate to glucose metabolism occurs
within the developing blastocyst as seen by the measurement of
lactate production (Wales, 1986). On the contrary, the expression
of Hprtl, another lowly ranked gene, was much higher in blasto-
cysts compared to later developmental stages (Fig. 2), correlating
with the high activity of Hprt1 in mouse blastocysts followed by a
decrease in later developmental stages (Kratzer and Gartler,
1978). Hprtl and genes of the glycolytic pathway are thus unsuit-
able when comparing mouse preimplantation and postimplantation
development, since they show a high variation at those stages.

To illustrate the need for accurate relative quantification using
suitable reference genes, the expression of Oct4 and Nanog was
studied in mouse blastocysts and mES cells. It has been shown
that tight control of Oct4 and possibly Nanog expression in mES
cells is crucial, since overexpression or repression of both genes
leads respectively to differentiation into mesoderm and endoderm
or differentiation into trophectoderm (Niwa et al., 2000; Chambers
et al., 2003). Table Il illustrates that when using a less stable
reference gene such as Gapdh or Hprtl, biased results are
obtained. When a stable reference gene is used, for example
Actb, the levels of Oct4 and Nanog are similar in blastocysts and
mES cells. Even though, to our knowledge, no quantitative
comparison of their expression levels between mES cells and the
blastocyst has been published, both markers have been shown to
be highly expressed in mES cells as well as is mouse blastocysts
(Chambers et al., 2003). Based on these results, similar levels of
Oct4 and Nanog were expected in blastocysts and mES cells as
shown in Table II. Using an inappropriate reference gene in this
case thus has a significant impact on data interpretation.

What is the way to normalization?

Even though multiple reference genes nowadays are the
golden standard for normalization, a single reference gene (for
example in mammalian development or ES cells) would facilitate
research. Since single reference genes are still widely used and
because it is often impractical to use multiple reference genes,
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TABLE 3

OVERALL RANKING OF THE GENES IN EACH OF THE SYSTEMS
TESTED IN THIS STUDY
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The results from both Normfinder (N) and geNorm (G) were combined to obtain an overview of
stability ranking similarity of the reference genes studied in the following systems: mouse embryo
(embryo), mES differentiation (mES) and hES differentiation (hES).

one reference gene might be sufficient as proposed recently (de
Kok et al., 2005). Therefore, we have used our reference gene
ranking results to identify suitable single reference genes, which
could be useful in one or more of the systems analyzed. By
thoroughly analyzing reference genes before use, it could be
possible to only use one instead of multiple reference genes.

In Table Il we give a combined overview of the reference gene
ranking in each of the systems tested in this study. The results
clearly illustrate that there is no consistency in ranking between
the different systems, but in some combinations of two systems a
single reference gene could be used. For example GAPDH
appears to be the best gene in most systems: it performs well in
mES as well as in hES cells, but it should not be used in mouse
embryonic development. Similarly, ACTB can be used in studies
of mouse embryos and mES cells, butit should notbe used in hES
cells.

However, we would like to point out that this approach is much
less consistent than the use of multiple reference genes and
therefore we advise to calculate normalization factors based on
the three most stable reference genes in the ranking for each
system.

In conclusion, we have tested and validated reference genes
in the developing mouse embryo as well as in mouse and human
ES cell differentiation. In addition, we show the importance of
testing candidate reference genes in heterogeneous cell popula-
tions since the use of an inappropriate reference gene can have
a substantial impact on the interpretation of an experiment. We
would also like to emphasize, that the reference genes we have
found to be stable should only be used in systems similar to the
ones tested.

For the normalization of data of an experiment we advise to
apply the use of normalization factors, which are based on several
reference genes found in the top of the ranking. When practically
impossible, the use of a single gene could be allowed but one
should be aware of the lower reliability of the obtained results in
comparison to the multiple reference gene approach.

Materials and Methods

Sample preparation
Mouse E14 ES cells were cultured on mitomycin C (Sigma, St Louis
MO, USA) treated SNL76/7 fibroblasts in Knock Out DMEM (GIBCO,
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Carlsbad CA, USA) supplemented with 15% fetal calf serum (FCS)
(Hyclone, Logan UT, USA), 0.1mM beta-mercaptoethanol (GIBCO),
1% non-essential amino acids (GIBCO), 2mM L-glutamine (Sigma),
antibiotics (Sigma) and LIF conditioned medium (Smith, 1991).

Differentiation of mES cells in ES cell medium without LIF (differen-
tiating medium) was induced by the formation of embryoid bodies (EB)
with the hanging drop method using approximately 1000 ES cells per
drop. After two days, EB were resuspended in differentiating medium
and neuronal or cardiac development was induced by adding 10°°M RA
(Sigma) or 1% DMSO (Sigma), respectively. After eight days, EB were
plated on gelatinized dishes for six more days. Samples were collected
at days 0, 4, 8 and 14.

Human ES cell lines VUBO1 and VUBO2 (Mateizel et al., 2005) were
cultured on mitomycin C treated mouse embryonic fibroblasts in Knock
Out DMEM (GIBCO) supplemented with 20% Knock Out Serum Re-
placement (GIBCO), 2mM L-glutamine, 1% non-essential amino acids,
0.1mM beta-mercaptoethanol and 4ng/ml human recombinant basic
Fibroblast Growth Factor (hrbFGF) (Invitrogen, Carlsbad CA, USA).
Passaging was performed by either mechanical slicing of ES cell
colonies using a blunt-edge pulled pipette or by using 1mg/ml collage-
nase type IV (Invitrogen).

To induce EB formation, undifferentiated hES cell colonies were
collected using collagenase type IV and transferred to non-adherent
dishes. EB were cultured in hES medium without hrbFGF in the
presence of 15% FCS and were trypsinized and plated onto gelatinized
dishes at day twelve. Samples were collected at days 0, 6, 12 and 24.

Embryos from pregnant CD1 females of three to six months old were
collected at the indicated time points. Blastocysts were flushed from
the oviduct before implantation and older embryos were dissected from
the uterus. Animal research was carried out with the authorization of
the ethics committee of the Vrije Universiteit Brussel.

RNA extraction and reverse transcription

Mouse embryos as well as human and mouse ES cell samples were
collected in denaturing buffer from the corresponding RNA extraction
kits and stored at -20°C until RNA was isolated. All RNA samples from
mES cell experiments were extracted using the RNagents kit (Promega,
Madison WI, USA). For mouse embryos from different stages and the
human ES cell samples, RNA was extracted using the RNeasy kit
(Qiagen, Valencia CA, USA). A DNase treatment was performed on all
samples. RNA quality was assessed by gel electrophoresis and was
guantified using Ribogreen (Molecular Probes, Eugene OR, USA). To
limit biological variation, multiple embryos from different females were
pooled, independent experiments for ES cell differentiation were car-
ried out and two different cell lines of hES cells were used.

Depending on the availability of RNA for each sample 50ng or 500ng
of RNA was used for reverse transcription as previously described
(Kemp et al., 2005) and the cDNA was diluted to 60 microliters with
water.

Quantitative PCR

For gene expression analysis one microliter of cDNA was used in a
SYBR Green real time PCR reaction. gPCR was performed with primer
annealing at 58°C and fluorescence read after the extension step of
72°C on an iCycler IQ (Bio-Rad, Hercules CA, USA) using the No Rox
gPCR core kit for SYBR Green (Eurogentec, Seraing, Belgium).

Primer sequences were obtained from the available databases,
Primer Bank by Wang and Seed (2003) and Real Time Primer Data-
base (RTPDB) by Pattyn et al. (2003), whenever available, otherwise
primers were designed using Beacon Designer 3.0 (Premier Biosoft
Intl, Palo Alto CA, USA). Primers were selected over intron-exon
boundaries whenever possible to avoid genomic DNA amplification.
After DNase treatment, little DNA contamination in —RT controls was
present, appearing >20 cycles later than the +RT samples, which also
excludes the amplification of possible pseudogenes present in the

genome. Primer details are available in Supplementary Table A. Self-
designed primers are available in the RTPDB (http://medgen.ugent.be/
rtprimerdb/).

Data processing

Ct values were exported into Microsoft Excel from the iCycler 1Q
software. For the reference gene analysis tools, geNorm and Normfinder
(Vandesompele et al., 2002; Andersen et al., 2004), Ct values were
converted into quantities (Q) corrected for PCR efficiency (E) by the
following formula:

Q=(Er

with dCt = Ct of the highest abundant sample — Ct of the sample and E as
determined by LinReg (Ramakers et al., 2003).

The quantities were then imported into both analysis tools, which were
used as described in their manuals. For all reference genes studied, three
independent data points were introduced in geNorm or Normfinder for
every condition (time point) within each system (mES with RA or DMSO,
hES or embryo). In the case of hES we have used three data points of
each cell line (VUB0O1 and VUBO002) for all time points. Both tools
generate a value representing the stability of the gene. A low value
corresponds to a stable gene whereas a higher value corresponds to a
less stable gene. Stability values of both tools should not be compared as
they are the result of two different mathematical approaches.

To calculate the relative expression (R) of a gene of interest (GOI) in
a certain sample compared to a control sample, the formula described by
Pfaffl (2001), which includes correction for the PCR efficiency (E) and a
reference gene (REF), was used:

= ACt GOI (control-sample) ACt REF (control-sample)
R EGOI / EREF

with control as the highest abundant sample in the experimental system.
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Supplementary Tables

SUPPLEMENTARY TABLE A

DETAILS OF PRIMERS USED

A
e SIS sean AP
B e [ Toecomecococo o M o
o oo HE SISO o e
o s T SO o e S
o wwoows 18 st or o e
e wooss 5 SCCRCMGONS gy w0
b woses [ ASCMCSUGCRT, o w s
Tbp U63933 e gggﬂgg@gﬁgﬁ%ﬂiﬁcm 166 1761 bp No RTPDB
S T
o wooss 1R e v sas o b
o oms SIS e
Nanog  ABosasza 958 CCTCAGCCTCCAGCAGATGC 00 621 bp Voo Self
R658  CCGCTTGCACTTCACCCTTTG (ID3576)
boustt  NvLotsess 457  GAAGCAGAAGAGGATCACCTTG 28 185 bp Voo Self
R615  TTCTTAAGGCTGAGCTGCAAG (ID3577)
B
Symbol  Aseascion  Position Primer Sequence (5' to 3) comtby)  Spanmimg  semes  Database
18S X03205 F1275 GACACGGACAGGATTGACAGATTG 192 Intronless Yes Self
rRNA R1397 TGCCAGAGTCTCGTTCGTTATCG gene (ID N/A)
oo oo R GETCANGGIEG e L e s
GAPDH  NM_002046 ;gfi E%%ﬁ?%ﬁi%ﬁé%%?%%ie 86 193 bp Yes RTPDB
o wromes [ TS T
LDHA  NM_005566 Eggi égggﬁfﬂé%iﬁg%ﬁ&%ﬁ%ﬁ 76 1544 bp Yes RTPDB
UBC  NM_021009 ;1152 %ggig;gf?fgggggm 133 812 bp No RTPDB
TBP  NM_003194 le?c?zzs féﬂéléﬁéi%ﬁé@?@%ﬁ?m 226 4887 bp No RTPDB
BaM  NML004048 a0 OO 268 1877 bp No RTPDB
HPRTT  NML000194  [a00 e O oAy 93 4799 bp No RTPDB
PGKI  NMoooze1  LlI3d A O O 118 275 bp Yes RTPDB
I o
ons o [ BMCSOSGUEE e ww v o

Characteristics of the primers used in mouse (A) and human (B). The primer position is indicated for the corresponding sequence for both forward (F) and reverse (R) primers. The intron span of
the primers and amplicon length in base pairs (bp) are shown. The presence of pseudogenes for each gene is mentioned (they are not amplified due to DNase treatment). Primers were either obtained
from RTPrimerDB (RTPDB) and PrimerBank (PB) or were self designed with Beacon Designer 3.0 (Self) and are available from RTPrimerDB (database ID is indicated).
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SUPPLEMENTARY TABLE B

RANKING OF THE TEN REFERENCE GENES IN ES CELLS AND EMBRYO

Mouse Embryo mMES/RA: Neuronal Differentiation
A C
Normfinder geNorm Normfinder geNorm
Rank Gene Stability Gene Stability Rank Gene Stability Gene Stability
1 Thp 0.17 Tbp 1.20 1 Actb 0.32 Actb 1.04
2 G6pd 0.26 Actb 1.30 2 Pgkl 0.41 Pgkl 1.05
3 Actb 0.28 Gépd 1.33 3 Gapdh 0.46 Gapdh 1.07
4 Ubc 0.36 Ubc 1.33 4 18S 0.50 Tbp 1.14
5 Gapdh 0.49 Gapdh 1.46 5 Thp 0.53 18S 1.15
6 18S 0.71 18S 1.53 6 G6pd 0.58 G6pd 1.19
7 B2m 0.84 B2m 1.65 7 Hprtl 0.65 Hprtl 1.26
8 Pgkl 0.84 Pgkl 1.73 8 Ubc 0.67 Ldha 1.28
9 Hprtl 1.60 Hprtl 2.46 9 Ldha 0.69 Ubc 1.30
10 Ldha 2.02 Ldha 2.98 10 B2m 1.11 B2m 1.77
B MES/DMSO: Mesodermal Differentiation D HES: Spontaneous Differentiation
Normfinder geNorm Normfinder geNorm
Rank Gene Stability Gene Stability Rank Gene Stability Gene Stability
1 Gapdh 0.31 Gapdh 0.90 1 UBC 0.18 UBC 0.63
2 Actb 0.33 Thbp 0.96 2 PGK1 0.20 GAPDH 0.63
3 Pgkl 0.39 Pgkl 0.97 3 18S 0.21 18S 0.63
4 Tbp 0.40 Actb 1.00 4 GAPDH 0.21 PGK1 0.65
5 18S 0.44 18S 1.05 5 G6PD 0.31 G6PD 0.70
6 G6pd 0.55 Gépd 1.09 6 TBP 0.39 TBP 0.78
7 Ldha 0.60 Ldha 1.15 7 LDHA 0.44 LDHA 0.82
8 Hprtl 0.60 Hprtl 1.16 8 HPRT1 0.50 HPRT1 0.88
9 Ubc 0.69 Ubc 1.28 9 ACTB 0.54 ACTB 0.95
10 B2m 1.18 B2m 1.82 10 B2M 0.67 B2M 1.08

Ranking of the ten selected reference genes in the mouse embryo (A), mES cell differentiated with DMSO (B) or RA (C) and hES cells (D). Genes are ranked based on their stability value calculated
by Normfinder or geNorm. Stability values are given to illustrate the ranking (the lowest value corresponds to most stable and the highest value corresponds to least stable)



