Understanding the differentiation of
human embryonic stem cells
Technical report HS- IKI -TR-06-003
PhD research proposal
School of Humanities and Informatics
University of Skövde
25 April 2006

Student:

Jane Synnergren (University of Skövde)

Supervisors: Anders Lindahl (University of Gothenburg),
Björn Olsson (University of Skövde),
Patric Nilsson (University of Skövde)

Abstract
The proposed research project will apply an information fusion approach to
various types of experimental data in order to increase our understanding of the
differentiation of human embryonic stem (hES) cells into various specialized cell
types. Gene expression profiles from hES cells in different stages of
differentiation will be analysed to identify significantly over- and underexpressed
genes. The purpose of the analysis is to find genes that might be important in the
differentiation process and that are crucial for directing stem cells into specialized
cell types. The project will focus on the endoderm development and one issue will
be to increase our knowledge about two different types of endoderm development
occurring in humans; primitive and definitive endoderm and their derivates.
Another issue will be to compare gene expression profiles from cells that lack
chromosome 13 with a sub-clone with normal karyotype (Heins et al., 2004). A
comparison of gene expression profiles from in vitro derived specialized cells
with gene expression profiles from adult cells from the same tissue type will also
be conducted. The project will start, however, with an investigation and validation
of “housekeeping genes”, which will be used for normalization and calibration of
the gene expression levels in the subsequent analyses. The novelty of the project
arises from the fact that most previous research in understanding the
differentiation of ES cells has been done on animals (Yamada et al., 2002;
Stainier, 2002; Asahina et al., 2004), while very little has been done on human ES
cells. Since substantial differences both in morphology and in the gene expression
pattern are well known between ES cells from these two organisms, it is important
to characterize the genetic regulation of the processes responsible for these
differences. This project will work with hES cells supplied by Cellartis, a
company specialized in hES cell technologies.
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Project description
The discovery and subsequent availability of human stem cells have rendered a
new exciting area of research with many promising applications, such as treatment
of currently incurable diseases with cell therapy, replacement of animal testing,
and in vitro drug tests on human cells. Human stem cells can be divided into
human adult stem cells and human embryonic stem (hES) cells depending on how
they are extracted. Adult stem cells are immature cells found in differentiated
tissue. They are difficult to proliferate and have a limited ability to differentiate.
Embryonic stem cells can proliferate in culture and are pluripotent, which means
that they can differentiate into a great variety of cell types. They are extracted
from the inner cell mass of supernumerary in vitro fertilized (IVF) eggs, donated
for research (Heins et al., 2004). It has been shown that hES cells can differentiate
into all the three germ layers; ectoderm, endoderm, and mesoderm (Shivdasani,
2002; Grapin-Botton, 2000).
This project will focus on increasing our understanding of how the differentiation
of hES cells into various specialized cell types is regulated. The regulation of the
differentiation of hES cells is extremely complex and difficult to understand, but
this knowledge is crucial in order to succeed in directing in vitro hES cells into
specialized cell types like hepatocytes, cardiomyocytes or insulin-producing beta
cells. One way to increase our understanding of the regulation of hES cell
differentiation is to perform gene expression analysis of cells from different stages
in the development process. By comparing gene expression profiles from different
cell populations, one may be able to identify genes that are involved in the
differentiation process of various specialized cell types. Microarrays will be used
to obtain gene expression profiles from various cell populations and as they
generate such large amounts of data, efficient bioinformatics algorithms will be
needed for the extraction of plausible biological hypotheses that can be
experimentally tested.
In various gene expression analyses it is crucial to have stable control genes to use
for normalization and calibration of results. Commonly, housekeeping genes
(HKGs) are used for this purpose. HKGs are required for basal cellular function
and maintenance and are assumed to be expressed at relatively stable levels across
different cell types and experimental conditions (Watson et al., 2003). With the
advent of genome-wide expression profiling, HKG mRNA levels were observed
to vary extensively between different cell types (Lee et al., 2002), which
emphasizes the importance of careful selection and validation of HKGs before
using them as control genes in normalization (Abruzzo et al., 2005; Hoerndli et
al., 2004). Commonly used HKGs in studies of somatic cells include
glyceraldehydes-3-phosphate dehydrogenase, albumin, actins, tubulins,
cyclophilin, and 18S rRNA (Eisenberg & Levanon, 2003; Hsiao et al., 2001; Lee
et al., 2002; Warrington et al., 2000) and in general, investigators have used the
traditional HKGs (e.g. GAPDH, β-tubulin, β-actin) also in studies of hES cells
(Bhattacharya et al., 2005; Cai et al., 2005; Yang et al., 2005). However, it is well
known that the expression of several of these genes vary considerably in adult
tissues, and their suitability as HKGs in hES cells remains to be investigated. In
this regard, the RNA levels of hypoxanthine phosphoribosyl transferase and βtubulin were shown to vary substantially in differentiating mouse ES cells
(Murphy & Polack, 2002). Therefore, the project will start by investigating the
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stability of commonly used HKGs (see also section Experiment 1). If these are
found not to be appropriate as control genes, an attempt will be made to identify a
novel set of HKGs, which are stable in hES cells and can therefore be used as
control genes in future gene expression studies on hES cells.
The next study (see also section Experiment 2) that will be pursued is to
investigate the gene expression effects of trisomy of chromosome 13. Autosomal
trisomy is a common cause of human miscarriage, malformations, and learning
disability, and it is therefore a highly interesting research area. Primary genedosage effects have been confirmed by recent transcriptome analyses (FitzPatric
et al., 2002). A comparison of transcriptome effects between trisomy in human
and trisomy in mouse has been done and a model representing four different
categories of effects was presented in (FitzPatric, 2005). Many serious diseases
have been shown to be correlated to abnormalities of chromosome 13. To our
best knowledge, however, no study of trisomy has included hES cells. Therefore,
in this study gene expression profiles from hES cells that have three copies of
chromosome 13 will be compared with a sub-clone from the same cell line having
a normal karyotype.
After these two introductory studies, the focus will be on the main aim of the
whole project, i.e. to study the differentiation of hES cells into what is believed to
be functional hepatocytes (see also section Experiment 3). In drug discovery it
would be incredibly valuable to have access to hepatocytes derived in vitro,
because the primary hepatocytes from adult tissues that are used in drug discovery
today are only functional for a very limited time period. They very quickly, often
within 24 hours, lose their ability to produce most of the important metabolites
typically expressed in the liver. To increase the understanding of the regulation of
differentiation of hES cells into hepatocyte-like cells is crucial to be able to
efficiently derive hepatocytes in vitro in a large scale manner. Therefore, the
differentiating cells will be studied by harvesting cells for mRNA measurements
at different time points, and conducting comparisons of the gene expression
profiles between these time points. The focus of this study will be to investigate
the regulation of a set of genes known to be expressed in hepatocytes.
The last part of the project will focus on increasing our understanding of
endoderm development and their derivates (see also section Experiment 4), like
e.g. hepatocytes and beta cells. But because the same bioinformatics techniques
can be applied to the analysis of differentiation of other germ layers it will also be
possible to switch the focus of the project if necessary. Endoderm cells can be
divided into definitive endoderm (that develops into e.g. liver and pancreas) and
primitive endoderm (found in the yolk sack of the embryo). It appears that it is
easier to obtain primitive endoderm from in vitro differentiation of hES cells
(Asahina et al., 2004; Fujikura et al., 2002; Yoshida-Koide et al., 2003; and Heins
and Semb, unpublished), but these cells are probably more limited in their
functions than definitive endoderm. No gene expression profiling of such ES cellderived cell types has been reported. Therefore it is extremely important to
increase our knowledge about the gene expression signatures of primitive and
definitive endoderm, in order to be able to discriminate between these cell types
and to understand more about their biology.
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Previous work
Sato and co-workers compared the molecular signature of hES cells to mouse ES
cells and performed a global transcriptional profile of the state of “stemness” in
hES cells (Sato et al., 2003). They identified a set of 918 genes enriched in
undifferentiatied hES cells compared with their differentiated counterparts.
Interestingly they also found that a significant number of the enriched genes in
hES cells intersect with enriched genes in mouse ES cells, which indicates that a
core molecular program is shared between pluripotent cell lines from different
species.
The lack of stability of commonly used HKGs in stem cells is highlighted in a
work by Murphy & Polack (2002) were the suitability of three commonly used
HKGs, (GAPDH, HPRT and beta-tubulin) as internal standards for measuring
RNA levels are investigated. In their study neither HPRT nor beta-tubulin are
found to be suitable as control genes, since they vary substantially during early
differentiation in the experiment. However, their study used mouse ES cells, while
the degree of stability of common HKGs in hES cells remains to be investigated.
Microarrays have previously been used to identify novel HKGs in somatic cells
(Warrington et al., 2000; Eisenberg et al., 2003). Eisenberg and co-workers
analysed cells from 47 different tissues and identified a set of 575 genes that were
stable across all investigated tissue types. Warrington et al. analysed gene
expression data from 11 different human and fetal tissues and identified 535 genes
involved in cellular maintainence. However, none of these studies included hES
cells in their experiments.
FitzPatric and co-workers used microarrays to perform transcriptome analyses of
primary cultures of human fetal cells from pregnancies affected with trisomy 21
and trisomy 13 (FitzPatric et al., 2002). They explored the chromosomal
expression levels and could clearly show a misregulation of all the chromosomes,
and not only the trisomic one, in cells affected by trisomy. They presented a list of
genes that were significantly up- or downregulated in the trisomic cells, compared
with cells with normal karyotype. In their study they used amniocyte cultures
extracted from pregnancies affected by trisomy 13 or trisomy 21. The present
study will analyse if hES cells with trisomy 13 are affected in similar ways as the
investigated amniocytes.
Researchers have for several years used mouse models to learn how to direct ES
cells into functional specialized cell types, usable for therapeutic transplantation.
Milne et al. (2005) generated insulin-expressing cells from mouse ES cells. They
suggest that their insuline producing cells are probably derived from the extraembryonic endoderm origin, which in vivo develops to become the yolk sack.
Recently a highly interesting work by D’Amour and co-workers was published,
were they tried to direct hES cells to definitive endoderm (D’Amour et al., 2005).
They showed that differentiation of hES cells in the presence of activin A and low
serum produced cultures consisting of up to 80% definitive endoderm cells. Their
results increase the possibility to succeed in directing hES cells into functional
cells, usable in therapeutic applications.
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Microarray data analysis
An overview of the general data analysis workflow in a typical microarray
analysis project is shown in Figure 1. Before the gene expression profile of a cell
type can be analysed, the microarray data must be pre-processed by processing of
missing values, filtering out housekeeping genes, and normalization. These are
well-studied problems, and standard methods will be used (for details, see e.g.
Bolstad et al., 2003; Bø et al., 2004; Hill et al., 2001).
After the pre-processing steps, genes with altered expression levels between the
experiments will be identified using Tusher et al.’s (2001) method for significance
analysis of microarrays (SAM). Unlike conventional statistical methods such as t
tests, SAM has been adapted specifically for microarray experiments, and solves
issues such as the large number of false positives produced when t tests, fold
change, or pairwise fold change are applied to datasets of thousands of genes.
This is achieved by taking into account that variation is gene-specific, and
therefore defining a statistic based on the ratio of expression change for each gene
to the standard deviation for the same gene in the data (“gene-specific scatter”).
SAM also computes an estimated false positive rate from permutations of the
expression data, so that the significance threshold can be chosen in such a way
that the expected number of false positives is controlled.
Apart from individual differentially expressed genes, also groups of genes with
small but coordinated changes will be identified, using gene set enrichment
analysis (GSEA) and pathway level analysis of gene expression (PLAGE)
(Mootha et al., 2003; Tomfohr et al., 2005 ). As demonstrated by both Mootha et
al., and Tofohr et al., this is necessary in cases where the difference in expression
is very modest for each individual gene in a pathway, while at the same time the
difference in expression is consistent across all genes in the pathway. As known
from metabolic control theory, small (and statistically insignificant) adjustments
in many sequential steps of a pathway can lead to substantial change in the total
flux, while large changes in a single step may have no measurable effect. It is
therefore necessary to try to identify expression changes, which manifest at the
level of pathways rather than at the level of individual genes.
Since several signalling pathways (such as Wnt, Stat, Notch, and Nodal) have
been shown to be involved both in maintaining hES cells in an undifferentiated
state and in differentiation of hES cells into specialized cell types (Brandenberger
et al., 2004; Sato et al., 2004), we will carry out a pathway-level analysis of the
expression data. Sato et al. (2004) have shown that Wnt pathways are upregulated in undifferentiated hES cells and that they might be involved in
maintaining the important pluripotency of hES cells. Terami et al. (2004) suggest
that the Wnt11 pathway plays a crucial role in control of morphogenesis in several
tissues and is possibly involved in cardiac differentiation of ES cells. Statistical
methods, described above, will be used to analyse expression values of known
pathways in a systematic and rigorous manner.
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Materials and methods used in gene expression profiling
Several experiments will be performed during the project. Below follows a short
description of each of the planned experiments, and the biological material and
microarray equipment to be used.
Experiment 1
The first experiment will be to investigate if commonly used HKGs in somatic
cells are stable also in gene expression data from hESCs and therefore useful as
control genes in subsequent analyses. The study will also include identifying a
novel set of HKGs that are stably expressed in undifferentiated and early
differentiation of hESCs. Data from three different cell lines (SA001, SA002, and
SA002.5; Cellartis hES cell lines are further described in Heinz et al. 2004) are
used in the experiment, and RNA from five different differentiation samples per
cell line are extracted.
•

SA001 is a hES cell line with normal karyotype.

•

SA002 is a hES cell line with an abnormal karyotype that has an identified
triplicate of chromosome 13.

•

SA002.5 is a sub-clone of line SA002 having two chromosome 13, and
thus has a normal karyotype.

An overview of the sample sets is shown in Figure 2.
The materials used in the experiment are hES cells in different stages of
differentiation: 1) undifferentiated hES cells 5 days after passage1; 2) cells grown
in medium on plate for 11 days without passage; 3) cells grown in medium on
plate for 25 days without passage; 4) cells grown in medium on plate for 5 days
and then cut in aliquots and kept in suspension for 6 days to allow formation of
embryonic bodies (EBs), and develop a 3D structure that facilitates
differentiation; and 5) cells from plated EBs 14 days after plating.
The microarray equipment used in this experiment is the CodeLink microarray
platform manufactured by Amersham Bioscience (General Electric Healthcare).
CodeLink arrays differ from other commercial platforms in several ways. It is a
one channel, single probe platform that uses a three-dimensional (3-D) surface,
which is claimed to have a larger number of potential attachment sites than the
more common 2-D surfaces, and to thereby facilitate the interaction between
probe and target (Ramakrishnan et al., 2002, Amersham Inc. [online]2). They use
a 3-D polyacrylamide aqueous gel matrix that immobilizes amine-terminated
oligonucleotide probes, which is claimed to allow greater target access to probes
and better sensitivity than with a 2-D matrix. CodeLink microarrays have 30mer
oligonucleotide probes instead of 25mer probes, which is used by the well-known
competitor Affymetrix, claiming that they obtain better specificity with longer
probes.
Experiment 2
The second experiment will be to further analyse the data generated in experiment
1 from a new perspective. The research question is how a trisomy of chromosome
1
2

Cutting the cell culture in small aliquots which are re-plated.
http://www5.amershambiosciences.com

6

13 affects the gene expression profile in hES cells. The data generated from
experiment 1 will be very suitable for this analysis as it consists of two normal
and one trisomic cell line, where SA002 and SA002.5 are derived from the same
individual and therefore have exactly the same genetic material. With this set of
biological material, the chances increase that any identified differences actually
derive from the trisomic chromosome and not from genetic variations between
individuals.
Experiment 3
The third experiment will be to analyse microarray data from two customized
microarrays where: 1) genes that are particularly interesting in drug metabolism in
the liver will be represented; and 2) specific drug targets in hepatocytes like
cholesterol- and bile acid transporters will be represented. In the pharmaceutical
industry, it is crucial to gain an increased understanding of metabolic pathways
that are central for metabolism of various drugs. Furthermore, liver metabolism
and the interplay between liver and other organs are important drug targets for
metabolic and dyslipidemic diseases. Therefore, if one could direct the hES cells
to develop into functional hepatocytes, these would be invaluable tools for the
pharmaceutical industry by allowing improved target finding and evaluation and
in vitro testing of drug metabolism. The hepatocyte-like cells cultured at Cellartis
will be used for these microarray experiments to investigate if they have the
desired functionality. Customized microarrays from the Affymetrix platform will
be used for these experiments.
Experiment 4
As illustrated in Figure 3, the fate of a cell is determined during early
embryogenesis through the gastrulation, where the cell differentiates towards one
of the three germ layers; mesoderm, ectoderm, or endoderm (Shivdasani, 2002;
Grapin-Botton, 2000). Despite the importance of the fate of the cell at this early
stage in development, little is known of how this fate is controlled by gene
regulation. It is therefore interesting to analyze the differences in gene expression
during these very early developmental stages and to identify genes having
expression patterns that differ between the three germ layers.
The endoderm that gives rise to mature tissue cells such as liver and pancreas cells
is termed definitive, or embryonic endoderm. In addition, there is also endoderm
development in the yolk sack, termed primitive, or extraembryonic endoderm.
One purpose of the primitive endoderm is to support the embryo with metabolic
functions during the very early stages of development, when the liver is not yet
developed (Shivdasani, 2002). It is assumed that the primitive endoderm is not as
fully functional as the definitive endoderm but this hypothesis needs further
investigation. Therefore, the intension is to compare gene expression profiles from
the two endoderm types and analyse any identified differences in gene activity.
To attain meaningful data, homogenous cell populations are required where
primitive and definitive endoderm cells are isolated. As mentioned in Luo et al.,
(2003) the majority of genes involved in regulation of cell differentiation are often
only expressed for a very short period, and therefore several time points with short
time intervals will be measured to identify variations in the gene expression
profiles between the primitive and definitive endoderm. Several cell lines will be
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used in this experiment to facilitate comparison between different hES cell lines.
It is of interest to investigate if any differences between the cell lines can be
identified concerning how they spontaneously differentiate into one of the three
germ layers. The Affymetrix whole genome microarray, which has probes
representing ~42,000 known human genes, will be used for this experiment. It is
important to use a wide range array because the purpose is to identify genes that
are not yet known to have an impact on the differentiation process.
Information fusion approach
Whereas initial steps in microarray data analysis are based on more-or-less
standard statistical methods, as described in the previous section, additional steps
in the analysis are based on the application of various data mining techniques and
on the integration of many different data sources. Although clustering (see fig 1)
has become a well-studied standard approach in microarray data analysis (Eisen et
al., 1998; Ben-Dor et al., 1999; Yeung and Ruzzo, 2001; Dougherty et al., 2002;
McLachlan et al., 2002; and many other), the application of other data mining
techniques is still an open research question and methods for biological relevance
analysis are still rudimentary, at best. This means that any results from the
application of such data mining algorithms must be evaluated against other
sources. For this reason, information gained through various sources will be
combined into an overall understanding of the differentiation processes studied in
the project. Examples of information sources that will be used include:
•
•

•

•

•

Data mining results gained by analysis of the gene expression data
produced in the experiments that are part of the project (see “Materials and
methods used in gene expression profiling”).
Results from analysis of published gene expression data from other work
both from hES cells and mouse ES (mES) cells. For example, Sato et al.
(2003) collected whole genome gene expression data for undifferentiated
hES cells and for differentiated hES cells, co-cultured into neurons using a
co-culturing system described by Kawasaki et al. (2002). Ramalho-Santos
et al. (2002) have collected microarray gene expression data for mES
cells.
Results from a large scale sequencing project performed by Brandenberger
et al. (2004) where expressed sequence tags (ESTs) where generated from
hES cells. Through EST frequency analysis, where they compared the
frequency of ESTs for each gene in different cell populations, genes that
where differentially expressed in undifferentiated and differentiated hES
cells where identified. Their results were verified in several ways, e.g. by
rt-PCR.
Results from gene expression analyses with QPCR in collaboration with
TATAA (see www.tataa.com). QPCR is useful for verifying results from
microarray experiments since it provides a higher level of accuracy than
microarrays for the investigated genes. However, the genes of interest
must be known and QPCR can therefore be useful as a complement to
microarrays.
DNA- and amino acid sequence databases, which can be used as sources
of functional annotation and the loci of genes.
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•
•

•

Annotation ontologies, such as Gene Ontology (Ashburner et al., 2000),
useful for analysis of the molecular function of genes.
Pathway databases, such as the Kyoto Encyclopedia of Genes and
Genomes (KEGG) (Kanehis and Goto, 2000), which can be used to
identify groups of genes, involved in a particular pathway. A prerequisite
when applying the GSEA and the PLAGE algorithms (see Microarray data
analysis section) is that the genes in the investigated pathway are known in
advance (Mootha et al., 2003, Tomfohr et al, 2005)
Systematic methods for evaluation of the biological plausibility of data
mining results, such as the method under development by Gamalielsson et
al. (Gamaliesson et al, 2006).
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Figure 1. Overview of microarray data analysis steps. For explanations, see sections “Microarry
data analysis” (missing values, filtering, normalization, significance analysis) and “Information
fusion approach” (clustering, other data mining, biological relevance analysis).
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Figure 2. Overview of experiment 1, on comparing differentiation protocols.
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Figure 3. Overview of the main paths from undifferentiated stem cells to specific tissues. The
listed cell types are examples of cells derived from the different germ layers.
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