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Abstract

Embryonic stem (ES) cells are derived from blastocysts. They can differentiate into the three
embryonic germ layers and essentially any type of somatic cells. Therefore, they hold great
potentials in tissue regeneration therapy. The ethical issues associated with the use of human
embryonic stem cells are resolved by the technical break-through of generating induced
pluripotent stem (iPS) cells from various types of somatic cells. However, how ES and iPS cells
self-renew and maintain their pluripotency is still largely unknown in spite of the great progresses
that have been made in the last two decades. Integrative genome-wide approaches, such as gene
expression microarray, chromatin immunoprecipitation based microarray (ChlP-chip) and
chromatin immunoprecipitation followed by massive parallel sequencing (ChlP-seq) offer
unprecedented opportunities to elucidate the mechanism of the pluripotency, reprogramming and
DNA damage response of ES and iPS cells. This review summarized the fundamental biological
questions about ES and iPS cells and reviewed the recent advancesin ES and iPS cell research
using genome-wide technologies. In the end, we offered our perspectives on the future of genome-
wide studies on stem cells.

1. Introduction to the platforms for genome-wide analysis

One of the breakthroughs in modern stem cell biology isthe cloning of embryonic stem (ES)
cells from mouse and human 13, These cells are derived from the inner cell mass of
developing blastocysts and can be cultured /n vitroindefinitely without losing the ability to
develop into al the three germ layers in an embryo. The pluripotency of ES cellsis
demonstrated by their ability to form awhole organism in atetraploid complementation
assay. ES cells not only serve as agood model system to study developmental processes but
also have important therapeutic values. Human embryonic stem (hES) cells hold great
potentials in tissue regeneration and personalized therapy. It is critical for ES cellsto
maintain their genomic stability because mutations generated by exogenous and endogenous
DNA damage, and/or by re-activation of endogenous retroviruses in the genome could be
detrimental to all the offspring cells. Therefore, ES cells are al so endowed with an exquisite
ability to cope with insults that cause genomic instability 4. The creation induced pluripotent
stem (iPS) cells from somatic cells represents another major advance in stem cell research. It
is of great interest to study how iPS cells are formed and how they are different from ES
cells.

The availability of genome-wide approaches, such as gene expression microarray, chromatin
immunoprecipitation assay based microarray (ChlP-chip), massive parallel sequencing of
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RNA (RNA sequencing) and chromatin immunoprecipitation assay based massive parallel
sequencing (ChlP-seq), offers an unprecedented opportunity to explore the mechanisms
underlying these fundamental biological questions of ES and iPS célls.

1) Gene expression microarray and NanoString platforms

Gene expression microarray is probably one of the earliest platforms for genome-wide
study. It can measure the expression levels of thousands of genes simultaneously. Generally,
reverse transcribed cDNAS are labeled with various fluorescent dyes and then hybridized to
the microarray that contains thousands of gene-specific probes. The abundance of each
transcript is determined by the relative intensity of fluorescence signal. One of the biggest
advantages of this technique isits high throughput compared to quantitative reatime PCR
(gPCR). Old versions of gene expression microarrays contain probes that hybridize to
regions close to the 3' end of transcripts and were widely used for numerous studies on ES
cells” 8, However, they failed to detect alternative splicing that might play important roles
during differentiation. Some latest version of microarrays, such as exon microarrays, can
detect alternative splicing of genes. Thus, they offer another level of complexity to study the
gene expression and regulation. To our best knowledge, there has been no formal report to
link alternative splicing to the “ stemness’ or differentiation of ES cells. In addition, the
MRNA levels do not always correlate well with the protein levels. Indeed, using mass
spectrometry, many proteins found over-expressed in ES cells were not detected by gene
expression microarray®.

The dynamic range and sensitivity of microarray are normally lower than gPCR. Therefore,
gene expression microarray sometimes fails to detect subtle gene expression changes which
might have biological meanings. A multiplex system called NanoString nCounter gene
expression system filled the gap between gene expression microarray and qPCR 19,
NanoString uses a capture probe and a reporter probe to detect atranscript of interest. The
abundance of atranscript is determined by an automated system called nCounter System.
NanoString is based on hybridization and no reverse transcriptase or other enzymes are used
in the process. It has similar sensitivity to gPCR and much better sensitivity than gene
expression microarray0. Therefore, for detecting a small set of genes, such as a gene family,
or validating the result from gene expression microarray, NanoString could be a good
choice.

2) RNA sequencing platforms

RNA sequencing is based on massive parallel sequencing (also called deep sequencing). It is
an alternative platform to detect the expression level of thousands of genes. Deep
sequencing is a hybridization-free approach to sequence millions of DNA tags. The length

of sequenced tagsis normally 25-100 base-pair long. Afterwards, the sequenced tags are
aligned to a pre-sequenced genome to determine the identity of each DNA fragment. When
the number of sequenced tagsis big enough, the relative abundance of each tag can be
determined and is statistically correlated with the expression levels of its corresponding
mMRNAs. Because of the alignment step, the genome sequence needs to be determined before
performing deep sequencing. When performing RNA sequencing, RNA isreversely
transcribed to DNA, which then is subject to deep sequencing. Compared to gene expression
microarray, it is more powerful to discover novel RNAsincluding non-coding RNAs!: 12,
The basic principle of RNA sequencing is similar to an earlier platform called Serial
Analysis of Gene Expression (SAGE) 13. Although RNA sequencing is still in itsinfancy
and the cost is relatively high, it has the potential to completely replace the gene expression
microarray because of its high sensitivity, preciseness and essentially unlimited dynamic
range.
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Recently, atechnology called HeliScope Genetic Analysis system has been introduced 14,
HeliScope Genetic Analysis does not involve reverse transcription or ligation/amplification
step. Instead, it captures single molecule of RNA on a solid surface and directly sequences a
large number of RNA molecules simultaneously. Although the error rate needs to be further
improved, this technology has the potential to map the compl ete transcriptome of a genome
at single-nucleotide resolution. Importantly, the strand specificity can be easily determined
since no DNA synthesisis required prior to the sequencing. Thisfeatureis particularly
useful when the strand information about a RNA moleculeis not available.

3) ChlIP-chip platform

ChlIP-chip technology wasiinitially developed for mapping the interaction between a
transcription factor and DNA in a genome-wide manner1®. Later on, it has been shown to be
extremely powerful in epigenetic studies, such as measuring the levels of histone
modifications. Briefly, a specific antibody recognizing a transcription factor or a histone
modification is used to precipitate its associated DNA. The precipitated DNA and input
DNA are then labeled with different fluorescence dyes and subsequently hybridized to
microarray to detect the relative abundance of precipitated DNA. Because of the use of
hybridization, ChlP-chip inherits most of the technical advantages and disadvantages of
gene expression microarray platform. In addition, for large genomes, probe design is
extremely time-consuming and costly, which could become amajor challenge for some
custom designed arrays. Several previous ES cell studies utilized promoter arrays covering
the promoter regions of well annotated genes ® 8. Although several important conclusions
were drawn from these studies, the limited coverage (5—7%) of the genome could under-
estimate the importance of intergenic regions. Knowledge from studying other transcription
factors such as FoxA1 and estrogen receptor suggests that intergenic regions can aso be
functionally important6. This limitation was overcome later by using genomic tiling array
that covers essentially the whole human genome’: 7.

4) ChlP-seq and other alternative platforms

Similar to RNA sequencing, ChlP-seq is also based on deep sequencing. After
immunoprecipitation, the precipitated DNA is sequenced and aligned to the genome
seguence to determine the location of the sequenced DNA in the genome. Compared to
ChlIP-chip, ChlP-seq does not require probe design. In general, deep sequencing-based
approaches (RNA sequencing and ChlP-seq) are more powerful to generate genome-wide
information than hybridization-based approaches (gene expression microarray and ChlP-
chip). However, deep sequencing failsto focus on certain regions of the genome. Therefore,
for large genomes, such as human genome that contains about 3 billion bases, enough
sequencing depth is required to generate statistically significant data, in particular, at single-
nuclectide resolution. The assumption is that the whole genome has to be sequenced as least
once to make “yes/no” judgement call. Thisis particularly true for proteins that do not have
substantial bias to certain regions of the genome, such as histones. For transcription factors
or histone modifications, 10-20 millions of reads are generally sufficient for identifying the
binding sites because they tend to concentrate at specific regions of the genome. Asthe
sequencing depth continues to improve, the loci with lower enrichment can be identified.

The large amount of data generated by ChlP-seq is a daunting challenge for the
bioinformatic and bio-statistic infrastructure of alab or even some small institutes.
Depending on the nature of the study, ChlP-chip sometimes is a practical choice. ChlP-chip
requires relatively less sophisticated bioinformatic and bio-statistic tools and is particularly
useful for investigating small genomes, such as yeast genome. A noteworthy new
technology called SureSelect Target Enrichment System developed by Agilent is based on
both hybridization and subsequent deep sequencing. It uses location-specific probes to
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enrich the regions of interest via hybridization, and then deep-sequence the enriched regions.
Thus, it is especially useful for the studies in which the regions of interest are known. The
enrichment step could greatly increase the statistical power of the deep sequencing result.
Before the adoption of ChlP-seq, avery similar technique called ChlP Paired-End diTag
(ChIP-PET) was developed to study the genomic binding sites of pluripotent transcription
factors or other transcription factors 18 19, ChlP-PET has been discussed in another
review?0, and therefore it will not be covered in this article.

ChlIP-chip and ChlP-seq both involve purification, enzymatic and PCR steps to amplify the
immunoprecipitated DNA. Normally, nanogram quantity of DNA is required to perform
such studies. The new HeliScope Genetic Analysis system discussed above allows the
sequencing of single molecule and does not use PCR-based approach 2L, Importantly, only
50 picogram of DNA is needed to perform viral genome sequencing and genome-wide
profiling of the binding sites of histone modifications 21 22, Therefore, the technology of
direct sequencing enables genome-wide studies to be performed in cell typesthat are
difficult to obtain large amount, such as adult stem cells.

This review will summarize recent progress of using genome-wide approaches, including
gene expression microarray, RNA sequencing, ChlP-chip and ChlP-seq to investigate the
fundamental biological questions of ES and iPS cells: 1) How ES cells maintain
pluripotency? 2) How iPS cells are formed from somatic cells? 3) How ES cells maintain
their genomic stability? 4) How ES cells epigenetically silence the retroviruses? Because
thisisarapidly expanding area, we apologize to our colleaguesif this review did not cover
their research. The unique features of each platform were summarized in Table 1.

2. Important biological questions about ES cells

ES cells and their “off-spring” cells have the same DNA sequences. However, only ES cells
self-renew infinitely, and can develop into the three germ layers, the ability named as
pluripotency. How ES cells maintain their pluripotency is an important biological question.
Elucidation of the underlying mechanism of pluripotency will greatly facilitate the clinical
applications of ES cells. Genome-wide studies undoubtedly provide us unmatched
opportunities to address this question.

1) Maintaining the pluripotency of ES cells

a. Mapping the binding sites of pluripotent transcription factors—The
pluripotency and self-renewal of embryonic stem cells are maintained by internal
transcription network governed by several transcription factors which are referred to as
pluripotent transcription factors. The list of these pluripotent factorsis still expanding but
the mgjor players include Oct4 (Pou5f1), Sox2 and Nanog. Through mapping the binding
loci of these transcription factors using ChlP-chip platforms, the transcriptional circuitry of
ES cellsis delineated®. These pluripotent transcription factors form feedback or feedforward
loops to regulate their own expression as well asthat of other genes. In the meanwhile, they
repress the devel opmental genes and keep ES cell poised for development signal. The
underlying mechanisms as to how these pluripotent factors “ decide” when to activate or
repress are largely unknown. Using ChlP-seq, the binding sites of 13 pluripotent factors
were mapped in mouse ES cells at a genome-wide scale 23. One important observation
emerged from this study is that genes bound by several transcription factors generally have
higher expression levelsin ES cells than those bound by a single factor. An follow-up
guestion is whether the co-occupancy of these transcription factors is determined merely
DNA sequence or certain epigenetic events are involved.
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Theinternal transcriptional circuitry is connected to external signals, such asleukemia
inhibitory factor (LIF), bone morphogenetic proteins (BMPs) and Wnts, via transcriptional
factor Stat3, Smadi and Tcf3, respectively?4-26, In un-differentiation condition, ES cells
self-renew. Upon withdrawal of LIF, ES cellsinitiate a differentiation program characteristic
of the loss of Oct4, Sox2 and Nanog, which probably is mediated by mitogen-activated
protein kinase (MAPK) pathway 2. The exact events occurring during the transition from
un-differentiation to differentiation are currently unclear. Systematical mapping of the
binding loci of pluripotent transcription factors and measuring the global gene expression
changes will provide the molecular insights.

Recent genome-wide studies on Tcf3 using ChiP-chip in ES cells serve as good examples of
how genome-wide studies provide molecular insights into the underlying mechanism of
pluripotency 2% 26, Tcf3 occupies alarge number of genes that are also bound by Oct4, Sox2
and/or Nanog in ES cells. Therefore, canonical Wnt signaling appears to play critical roles
in ES cells. It isworth pointing out that embryos without beta-catenin, an important
downstream mediator of canonical Wnt signaling, successfully pass the developmenta stage
of blastocysts and arrest at gastrulation phase, suggesting that the canonical Wnt signaling is
not essential for ES cell maintenance 28, Therefore, it is possible that non-canonical Wnt
signaling is aso critical for mediating the function of Wntsin ES cells.

b. Unique features of histone modification patterns in ES cells—Epigenetic
differences between ES and somatic cells are subjects of extensive studies. A noteworthy
epigenetic feature of ES cellsisthat some genes, in particular developmental genes, are
simultaneously marked with bivalent histone modifications, i.e., histone H3 lysine 4
(H3K4me3) and lysine 27 (H3K 27me3) trimethylation 2%, This novel observation was
initially discovered using ChlP-chip 2%, which later on was confirmed by ChiP-seq 30. The
bivalent marks are featured with large blocks of H3K27me3 and small clusters of

H3K4me3. Therefore, ChlP-chip and ChlP-seq are powerful enough to detect this pattern
which normally will escape the “radar” of classical ChlP assay. Upon differentiation, these
bivalent genes either put on an active mark, H3K4me3, or arepressive mark, H3K27me3.
Using gene expression microarray, it was shown that the expression levels of these bivalent
genes are normally low in ES cells?. It is postulated that the bivalent marks poise the
developmental genes for activation during development. However, it is unclear how these
bivalent modifications are established and resolved during the devel opmental process.
Mixed Lineage Leukemia (MLL) and Polycomb group (PRC) complexes are definitely
playing critical rolesin these events. Precise mapping of the binding sites of each member of
MLL and PRC complexes during the differentiation of ES cells should shed light on the
regulation of bivalent modification. Answering this question also requires collecting samples
from the various developmental stages before blastocyst, which cast technical challenges for
genome-wide studies such as ChlP-chip and ChlP-seq.

Another distinct histone modification pattern between ES and differentiated cellsis histone
H3 lysine 9 dimethylation (H3K9me2). Using ChlP-chip, Wen et a. found that H3K 9me2
forms large blocks (designated as LOCKs) in differentiated cells 31. The LOCKSs cover up to
4.3 megabase regions in differentiated cells and 31% of the genome. Whilein ES cells, they
only represent about 4% of the genome. Interestingly, the LOCK s appear to lock the
differentiated cellsin their lineages. For example, genes with non-liver function are highly
enriched with LOCKSsiin liver tissue while those playing rolesin liver are not covered by
LOCKs. Similar to the bivalent modifications, the mechanisms as to how LOCKs are
established during the differentiation and whether the deregulation of LOCK's could
contribute to tumorigenesis are not fully appreciated. Because ES and somatic cells have the
same genomic DNA, epigenetic mechanism is definitely the major player for the
establishment and maintenance of LOCKSs.
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c. Roles of histone variants in ES cells—In addition to the major histones, H1, H2A,
H2B, H3 and H4, there are numerous histone variants such asH3.1, H3.3, H2A X, H2AZ
and macroH2A 32, Recently, the role of histone variant H2AZ has been studied in mouse ES
cells. H2AZ depletion did not affect the self-renewal of ES cells but the pluripotency was
severely affected 17. These observations agree to the /n vivofindings very nicely 33. The
authors further studied the underlying mechanism by which H2AZ regulates the
developmental potentials of ES cells. Using ChlP-chip, H2AZ and SUZ12, acritical
component of polycomb group proteins, were found to co-localize and co-regulate numerous
developmental genes. However, H2AZ has not been found to co-exist in the polycomb
group protein complex, suggesting that the cross-talk between H2AZ and polycomb group
protein is adynamic process, which may be difficult to be detected by conventional
biochemical assays. The recruitment of H2AZ is mediated by chaperone protein SWR1 (also
designated as SRCAP)34. It remains to be determined whether the deposition of H2AZ to
SUZ12 occupied loci is SWR1-dependent.

Recently, the genomic binding sites of histone variant H3.3 have been elegantly documented
using ChlP-seq®. Because there is not available ChlP grade antibody available for H3.3, the
authors added HA or EY FP tag to endogenous H3.3 protein using the novel zinc finger
nuclease technology. This allows them to interrogate the binding of endogenous H3.3.
Several important findings were generated from this study. First, the distribution of H3.3is
altered in differentiated cells versus ES cells, suggesting arole of H3.3 in ES cells. Second,
the canonical H3.3 chaperone, HIRA, is not the only protein that controls the deposition of
H3.3. Atrx isalso critical for regulating the recruitment of H3.3, particularly to telomeric
regions.

d. DNA methylation in ES cells—Genome-wide DNA methylationsin mouse ES and
ES-derived neural progenitor cells (NPC) were also mapped using ChiP-seq 36. Results from
this study revealed that DNA methylation correlates with histone modifications better than
with underlying DNA seguence, suggesting that histone modifications play important roles
in shaping the epigenome of ES cells and other cells types. Higher resolution of DNA
methylations in human ES cells and fibroblasts were determined at single-nucleotide
resolution using deep sequencing 7. This study found that DNA methylation is
predominantly CpG methylation in somatic cells. While in human ES cells, a significant
portion (about 25%) of DNA methylation is non-CpG methylation. Whether these non-CpG
methylations play important rolesin maintaining the stemness and regulating the
pluripotency of ES cells needs to be further studied.

2) DNA damage response of ES cells

DNA damage is one of the major drivers of DNA mutation. How ES cells deal with DNA
damage insults is an important biological question. Intuitively, DNA mutationsin embryonic
stem cells are more detrimental to an organism than those in adult stem cells and somatic
cells. Therefore, ES cells must have their unique way to cope with DNA damage. Indeed,
the spontaneous mutation rate in ES cellsis 100 times less than differentiated cells, such as
fibroblasts®. The tumor suppressor, p53, plays important roles in maintain the genomic
stability of ES cells. Upon DNA damage, p53 quickly binds to the promoter of Nanog and
represses its expression. The loss of Nanog leads to the differentiation of ES cells and
restrict the potential DNA mutations to the damaged cells. Recently, using an integrative
genome-wide approach, our group has discovered anovel function of p53in ES cells3,
Damaged ES cells quickly undergo apoptosis, and simultaneously secret Wnt ligands
through p53 to act on neighboring ES cells. The secreted Wnt ligands delay the
differentiation of neighboring cells, presumably giving them more time to divide and
compensate for the loss of damaged ES cells. Therefore the stability of ES cell population is
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maintained. It is currently unclear why tumor suppressor p53 activates the expression of the
Wnt ligands that are thought to be predominantly oncogenic in somatic cells 3. What is the
mechanism that determines the ES-specific regulation of Wnts by p53? The possible
explanations were discussed in another review article®.

3) Epigenetic silencing of retroviruses in ES cells

Endogenous retroviruses and retrovirus-like elements represent a significant portion of
human and mouse genomes. Some of the active ones become a major threat to the genomic
stability of ES cells. Epigenetic silencing of endogenous and exogenous retrovirusesin ES
cells presumably serves as an ES-specific defense mechanism to minimize the impact of
these viruses on the genome. ES cells uses KAP1 (also called Trim28)-ESET (also called
SETDB1) mediated histone H3 lysine 9 trimethylation (H3K9me3) and DNA methylation to
silence the expression of these retroviruses 3% 4142, Using RNA sequencing, Rowe et al.,
found that depletion of KAPL re-activated the expression of intracisternal A-type particles
(IAP) through the loss of H3K9me3 41, Because most commercially available gene
expression microarrays focus on the coding regions of genome, RNA sequencing is an ideal
platform to study the expression of endogenous retroviruses and retrovirus-like elements.
Since some of the retroviral elements are repetitive sequences and deep sequencing requires
an alignment step, certain adaption is required before this technique is used in retrovirus
study.

3. The biological questions about iPS cells

The generation of iPS cells revolutionized stem cell research 43 44, Human iPS cells also can
circumvent the ethical issue associated with using embryos*: 45, Since the establishment of
iPS cellsin 2006, our knowledge on iPS cells has significantly expanded. However, before
the ultimate clinical applications of iPS cells, we need to know whether and how iPS cells
are different from ES cells. Conventional biological assays, such as embryoid body
formation, teratoma formation and /n vitro differentiation assay, are invaluable to assess iPS
cells. Genome-wide analyses, by mapping genetic and epigenetic landscapes of iPS cells,
will facilitate the development of better approaches to make iPS cells and accelerate the
generation of risk-free iPS cells.

1) Roles of reprogramming factors in making iPS cells

It has drawn alot of attentions to generate iPS cells with rational design. Although the
methods of generating iPS cells vary, the common theme is to introduce pluripotent or
reprogramming transcription factors, such as Oct4/Sox2/KIf4/cMyc or Oct4/Sox2/Nanog/
Lin28 into somatic or adult stem cells to reprogram them into ES cell status. Several groups
are seeking to use chemical approach to make iPS cells 46: 47, So far, pure chemical
approach to generate iPS cells has not been successful. Sridharan et al., uses ChlP-chip and
gene expression microarray probed the roles of the reprogramming factors during the
reprogramming process “8. The study found that c-Myc is involved in the early events of
reprogramming while Oct4, Sox2 and KlIf4 in the later stages. This result not only shed light
on the reprogramming process, but also has ramifications in tumorigenesis. Many types of
cancers have gene signature of embryonic stem cells and cMyc is one of the factors that
regul ate both cancer and stem cells gene expression®®. Does this suggest that
reprogramming is a natural tumorigenic process or that cMyc simply plays two separate
roles during tumorigenesis and reprogramming? Or is there certain c-Myc downstream
gene(s) that can replace cMyc during the iPS generation without causing tumorigenesis?
Future genome-wide studies need to address these questions in order to harness the
reprogramming role of cMyc and, in the meanwhile, minimize its tumorigenic function.
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2) DNA methylation and histone modifications of iPS cells compared to ES cells and

fibroblasts

DNA methylation, chromatin states and gene expression were systematically documented in
mouse and human iPS cells 50 51, |n general, the DNA methylation pattern in iPS cellsis
similar to that in ES cells, although some local abnormality has been found®® 52, Using an
integrative genomic approach, DNA de-methylation was shown to be one of the major
barriers to reprogramming. Partially reprogrammed iPS (piPS) cells fail to demethylate the
pluripotent genes 3. A notable genome-wide study on difference between human ES (hES)
and human iPS (hiPS) cells indicates that hiPS cells at |ate passage are more similar to hES
cells than those at early passage ®*. Thus, induced pluripotency is a slow and stochastic
event. Interestingly, the hypomethylated (iPS versus fibroblasts) differentially methylated
regions (DMRs) are associated with the bivalent domains, which overlap with
hypermethylated DMRs in colon cancers ®1. Accumulating evidence has suggested that
abnormal histone modifications and DNA methylation could contribute to cancers 29,
Therefore, a careful interrogation of histone modification landscape and DNA methylation
needs to be performed with genome-wide studies before the clinical application of iPS
technology. Results from whole genome sequencing will be extremely useful to address this
demand.

4. Future perspective and challenges

Genome-wide approaches have provided important insights into the maintenance of
pluripotency, reprogramming, DNA damage response and epigenetic silencing of
retroviruses. Aswe are transiting from genomic to epigenomic era, how epigenetic and
chromatic events regulate these biological processes is a fascinating question®9. There are
more than thirty histone modifications and 10—20 pluripotent transcription factors that have
been discovered. Thislist israpidly expanding. The genome-wide bindings of some of these
histone modifications and transcription factors have aready been mapped in ES cells or
somatic cells 8 61.62. A mgjor challenge of genome-wide studies, in general, is to extract
biologically meaningful information from the ocean of data generated from these studies.
Obviously, it requires more powerful bioinformatic and bio-statistic tools and the close
communication between biologists, bioinformaticists and/or bio-statisticians. Data sharing
and mining will undoubtedly expedite the process of scientific discovery.

Because ES cells divide symmetrically, it is easy to obtain alarge amount of materialsto
perform genome-wide study. For adult stem cells, such as hematopoietic stem cells and
neural stem cells, they tend to divide asymmetrically /nn vivoand it is difficult to obtain a
sufficient amount of cells to perform genome-wide studies. Therefore, novel sample
isolation and preparation approaches for the rare cell populations are particularly useful for
addressing their biological function 63 64, |ntegrative genome-wide studies on ES cells will
pave the road for the future studies on adult stem cells.
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Commonly used genome-wide platformsin ES cell studies and their unique features

analysis

Principle Platforms Applications Coverage Notes
i Need probe designing
Cng?fc%XdFi)L?\lrjA High cost for large genome
- . e Partial genome or Low dynamic range
Gene expression microarray %?&?J‘e licin whole genome Less powerful than RNA
analvsis spiicing sequencing in discovering novel
Hybridization based Yy coding and non-coding RNAs
Mapping DNA-protein Need probe designing
ChiP-chi interaction Partial genome or High cost for large genome
p DNA methylation whole genome Low dynamic range
analysis Low resolution
Gene expression Pre-sequenced genome
Non-coding RNA Unlimited dynamic range
RNA sequencing expression Whole genome Easy to discover novel transcripts
Alternative splicing or non-coding RNAs
anaysis
: Mapping DNA-protein Pre-sequenced genome
Sequencing based ChiP- interaction Whole genome Unlimited dynamic range
s&q DNA methylation 9 High resolution
analysis
Genome seguencing Pre-sequenced genome
DNA sequencing DNA methylation Whole genome Unlimited dynamic range

Single nucleotide resolution
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