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ABSTRACT

Nucleosome positioning (NP) is a fundamental parameter in chromatin
packing/unpacking, playing key roles in transcriptional regulation and maintenance of
genomic integrity. To better understand NP dynamics in ESCs, we studied two systems: a
human embryonic stem cell (hESCs) differentiation system and a mouse embryonic stem
cell (MESCs) knockout system.

We investigated how NP changes in a hESC differentiation system: WAQ09 hESCs
— ISL1+ nascent mesoderm (INM) — smooth muscle cells (SMCs), by paired-end
sequencing of mononucleosomal DNA fragments generated by micrococcal nuclease
(MNase)-digestion (MNase-seq). The analysis reveals that at the promoter and gene body,
NP is correlated primarily with transcriptional activity and secondarily with the GC
content of the sequence. Pluripotent hESCs also exhibit a more dynamic NP than their
differentiated derivatives, indicating that more genes are in the poised state and can be
readily activated or silenced once differentiation starts. Surprisingly, the study finds
mononucleosomal DNA of hESC to be ~10bp (one helix turn) longer than its

differentiated WA09-SMC. Moreover, as fragment length increases, both the GC content



and %CpG also increase. Thus, longer nucleosomal DNA, possibly arisen from a larger
histone core, could be instrumental in maintaining the remarkable genomic integrity of
hESC by reducing mutations such as C—T changes.

We also studied the NP dynamics in promoters of mESCs and Ext1” ESCs, with
customized high density Comparative Genomic Hybridization (CGH) arrays. We
observed the similar pattern as hESCs that at the promoters, NP is correlated primarily
with transcriptional activity and secondarily with the GC content of the sequence. In
addition, we observed that genes with decreased expression had corresponding NP
change while NP remain unchanged for genes have increased expression in the Ext1”
ESCs. Interestingly, genes activated in Ext1” ESCs have significantly longer mRNA
half-life than those silenced on average.

Both studies revealed a fundamental level of epigenetic control that was not
previously recognized and adds to the complexity of epigenetic mechanisms. In addition,
our studies provided a systematic tool of studying global NP with high-throughput

approaches including the next generation sequencing and high density CGH arrays.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

INTRODUCTION OF NUCLEOSOMES
The chromatin

Eukaryotic genomes are packaged into a nucleoprotein complex known as
chromatin, which affects most processes that occur on DNA. There are different levels of
chromatin organizations: 1. Heterchromatin, such as those present at centromeres and
telomeres, is in a very highly condensed state that resembles the chromatin of cells
undergoing mitosis. Heterochromatin is transcriptionally inactive and contains highly
repeated DNA sequences. 2. Euchromatin refers to the chromatin that appears less
condensed in the microscope. Euchromatin participates in the active transcription of
DNA to mRNA products. The unfolded structure allows gene regulatory proteins and
RNA polymerase complexes to bind to the DNA sequence, which can then initiate the
transcription process. Rearrangements of chromatin structure are of essential importance
in regulating gene expression and other nuclear processes, such as DNA replication,
recombination and repair, but also cell cycle progression and developmental transitions

(Loidl 2001).



The nucleosomes

The basic structural unit of chromatin is nucleosome (Kornberg 1974; Kornberg
and Thomas 1974), which was first defined over 30 years ago through a combination of
biochemistry, microscopy, and X-ray crystallography. Under electron microscopy,
polynucleosomal tracts appear as “beads on a string”, where nucleosomes are seen as
beads, and the linker DNA is the string (Olins and Olins 1974; Woodcock et al. 1976).
Core particles of nucleosome was initially predicted by nuclease digestion and electron
microscopy and shown with a DNA repeat length of 200bp and four core histones, with
DNA on the outside of the particle (Noll 1974b; Noll 1974a; Van Holde et al. 1974). Six
years later, Klug et al. published a 25A crystal structure defined the shape of histone core
and the path of DNA around the nucleosome outer surface (Klug et al. 1980). Later, the
crystal structure was solved at 7A (Richmond et al. 1984) and 2.8A (Luger et al. 1997),
showing the details of the histone globular domains and the interactions of histone-

histone and histone-DNA.

With the fine tuned crystal structure of nucleosomes, it has been recognized that
nucleosome consists of 147 base pairs of DNA wrapped 1.7 times around an octamer of
histone proteins (two copies each of histones H2A, H2B, H3, and H4) through an
interface of ionic and hydrogen bonds (Luger et al. 1997; Richmond and Davey 2003).
These histones are arranged into four stable heterodimers, two H2A/H2B and two H3/H4.
A heterotetramer of H3 and H4 forms the backbone of the core particle and tightly binds
the central DNA with symmetry about the nucleosome dyad (Wolffe and Guschin 2000).

Histones are constantly disassembled and reassembled in a stepwise fashion where the



assembly begins with H3/H4 dimer binds the nucleosome dyad region, then followed by

the incorporation of H2A/H2B dimers.

There are several histone variants in eukaryotes, which can affect both the
structure of individual nucleosomes and the ability of nucleosomes to form higher order
chromatin structure (Downs et al. 2007). These variants are different in amino acid
sequence and associated with particular biological processes and exhibit specific
expression patterns (Talbert and Henikoff 2010). It was well characterized that the
nucleosomes near the TSS usually contain the H2A.Z variant instead of histone H2A
(Albert et al. 2007). Histone variants can also alter the bonds and interactions with DNA,
which could change the nucleosome positions and DNA sequence preferences. For
example, CENP-A, which was found replace H3 in centric heterchromatin, contains an
insertion of two amino acids in a loop involved in the DNA interaction, moreover,
evidences shown that CENP-A possibly even forming non-octametric particles with
right-handed DNA supercoiling and wrap less than the canonical 147bp (Dalal et al. 2007;
Furuyama and Henikoff 2009). Meanwhile, nucleosomes containing the H2A variant
H2A.Bdb similarly organizes <147bp (Bao et al. 2004). Nucleosomes with the core DNA
length ranged from 100bp to170bp, depending upon the histone core composition, have

been reported (Zlatanova et al. 2009; Bonisch and Hake 2012; Hasson et al. 2013).

In addition, linker histones (H1) also affect the architecture and the degree of
chromatin compaction (Downs et al. 2007). Linker histones associate with DNA

influence the orientation of DNA relative to the nucleosomes at the entry/exit sites of the



nucleosomes (Hamiche et al. 1996; Syed et al. 2010). The length of linker DNA varies
between 20-90bp depending upon the species of the organism, tissues, and the region of
the genomes (Szerlong and Hansen 2011). Linker histone binds DNA that facilitates the

folding of chromatin into ~30nm fibers (Thoma et al. 1979; Yao et al. 1991).

THE ORGANIZATION OF NUCLEOSOMES ON GENES
Nucleosome positioning

Aside from compacting DNA, nucleosomes and chromatin also serve important
functions in regulating the DNA-related process such as transcription, replication,
recombination and DNA repair (Arya et al. 2010). Nucleosome positioning (NP) is
defined as the probability that a nucleosome starts at a given base pair in the genome
(Segal and Widom 2009). It affects the accessibility of a binding site for a particulate
factor which plays a crucial role in regulating transcriptional activity. NP may be
characterized with four descriptors: Nucleosome repeat length (NRL), Nucleosome
fuzziness, Nucleosome occupancy and Nucleosome phasing (Arya et al. 2010). To date,
NP has been mapped on many genomes including yeast, fly, worm and human (Yuan et
al. 2005; Mavrich et al. 2008b; Schones et al. 2008; Shivaswamy et al. 2008; Valouev et
al. 2008; Kaplan et al. 2009; Westenberger et al. 2009; Lantermann et al. 2010). By
summarizing the characteristic features of NP in different regions of genome, people
found the NP across the genome is far from random. The most striking feature reveled in
the global NP mapping is the nucleosome density differences between the regulatory
regions and transcribed sequences. Over 90% of the promoters in budding yeast contain

fragments of DNA with very low nucleosome occupancy (Yuan et al. 2005; Lee et al.



2007). NP patterns were not only found in promoters but also found at the transcriptional
termination regions and at the boundaries of active and repressed chromatin domains
(Cuddapah et al. 2009). Surprisingly, NP pattern was also found at exon/intron junctions
and RNA polyadenylation sites that suggest the link between RNA processing and

chromatin organization (Schwartz et al. 2009; Spies et al. 2009; Tilgner et al. 2009).

NP in promoter regions

Studies of NP suggest two architectures of promoters, open and closed.
o Open promoters: The promoters typically have a clear and large (~150bp)
nucleosome depleted region (NDR), where the transcription factor binding sites
(TFBSs) are enriched, immediately upstream of the transcription start site (TSS).
Even though the NDR region often referred as nucleosome free region, there is
actually a gradient of nucleosome depletion, where the depletion is correlated
with the transcriptional activity (Schones et al. 2008; Weiner et al. 2010). The
NDR region is usually flanked by well positioned nucleosomes, where the
nucleosome located in the downstream is commonly referred as the “+1”
nucleosome and the one upstream is referred as the “-1” nucleosome (Yuan et al.
2005; Schones et al. 2008; Cairns 2009). Interestingly, human and fly promoters
have the +1 nucleosome shifted downstream (~40-60bp) of the TSS compared to
yeast. It has been observed that the nucleosome exhibit stronger phasing
downstream than upstream of the TSS, and the average nucleosome occupancy is
often higher in the downstream of TSS (Yuan et al. 2005; Mavrich et al. 2008b;

Schones et al. 2008). The nucleosomes around TSS at open promoters generally



contain the histone H2A variant H2A.Z (Albert et al. 2007).

o Closed promoters: The promoters do not contain a NDR signature but are
rather have nucleosomes cover the TSS and the regions flanking the TSS. Most of
the transcriptional activators binding sites are also covered by nucleosomes (Lee
et al. 2007; Schones et al. 2008). However, study of yeast NP shows that at least
one binding site, either in the linker DNA or in the entry/exit sites of the core
DNA is exposed (Struhl 1985), where the exposed site allows the access of a

pioneer transcription factor to the promoter.

NP at exons and 3’ termination sites

Studies have been suggested that intron/exon junctions contain DNA sequences
that promote the positioning of nucleosomes (Beckmann and Trifonov 1991; Kogan and
Trifonov 2005). In the meantime, well positioned nucleosomes at most internal exons are
independent of expression (Andersson et al. 2009). Nucleosomes positioned at these
junctions were proposed to protect the splice sites of exons from mutations (Kogan and

Trifonov 2005).

Recently, it has been demonstrated that the nucleosomes cover a gene
transcription termination sites (TTS) with NDR signature. Specifically, a clear NDR was
observed following a well-positioned nucleosomes occupies the TTS (Jiang and Pugh
2009). However, whether the positioned nucleosome located at 3° TTS of gene

contributes to the termination is unclear.



CHROMATIN ARCHITECTURE AT PROMOTERS
NP dynamics at promoters

Noticeable changes of NP have been observed upon gene activation or repression.
Generally, nucleosomes are evicted upon gene activation and nucleosomes are populated
upon gene repression (Shivaswamy et al. 2008). However, changes in NP are restricted to
few nucleosomes instead of large scale variations. For example, in CD4+ T-cells, the
expressed gene show typical NP pattern in promoters while the unexpressed genes only
show strong positioning of +1 nucleosomes (Schones et al. 2008). The histone variant
H2A.Z replaces canonical H2A at the -3, -2, +1, +2, +3 when the -1 H2A.Z is lost upon
gene activation. The +1 nucleosome also slides downstream of TSS from its initial
position a few dozen base pairs (Lomvardas and Thanos 2001; Schones et al. 2008). It is
possible that NP changes occur when the transcriptional activity of a gene remain
unchanged, probably in preparation for future process. Genes in this state are proposed to
be “poised” for transcription with RNA polymerase II either stalled at TSS and produce
full-length transcripts with elongation hallmarks or produce short, aborted transcripts

(Guenther et al. 2007).

Histone variants and modifications at promoters

The histone variant H2A.Z differs from canonical H2A in its amino-terminal tail
sequence and may also affects nucleosome stability by affecting the interactions with
H3/H4 tetramer and with itself. The distribution of H2A.Z varies within the promoter in
different organism, although certain themes have emerged. In yeast, H2A.Z occupied the

+1 and -1 nucleosomes, with lower amount at +2 (Guillemette et al. 2005; Raisner et al.



2005; Zhang et al. 2005). In flies, H2A.Z is absent at the -1 position but present in +1 and
several downstream nucleosomes (Mavrich et al. 2008b). In humans, H2A.Z localize
from -3 to +3 in genes with low expression (Schones et al. 2008). Functional studies in
yeast indicate that H2A.Z is promoting activation and H2A.Z containing nucleosomes are
lost upon transcription activation (Guillemette et al. 2005; Raisner et al. 2005; Zhang et al.
2005), especially in human, H2A.Z is lost at -1 position (Schones et al. 2008). This might
be caused by the destabilizing effect of H2A.Z on nucleosome core so that H2A.Z

containing nucleosomes can be removed more easily (Jin and Felsenfeld 2007).

The nucleosomes at promoters are also subjected to posttranslational
modifications that corresponding with transcriptional states. In open promoters, histone
markers such as H3K4me3, H2BK5mel, H3K9ac and H3K14ac are enriched
significantly in the nucleosome surrounding the TSS (Roh et al. 2006; Barski et al. 2007;
Guenther et al. 2007; Kouzarides 2007). Closed promoter often associates with repressive
markers such as H3K27me3 (Barski et al. 2007) as well as DNA CpG methylation.
Poised promoters are known to contain both H3K4me3 and H3K27me3, which usually

referred as “bivalent markers” (Bernstein et al. 2006).

DNA methylation

Methylation at cytosine of CpG has an important role in regulating gene
transcription in higher eukaryotes. Several studies point to a strong correlation between
DNA methylation status and NP, where experiments indicate that DNA methylation can

induce a more compact and rigid nucleosome structure (Choy et al. 2010). In Arabidopsis



and human, nucleosomal DNA was found more highly methylated than flanking DNA,
suggesting that NP influences DNA methylation patterning throughout the genome and
that DNA methyltransferases preferentially target nucleosome-bound DNA

(Chodavarapu et al. 2010).

DETERMINANTS OF NP
DNA sequences

Nucleosomes have different affinities for differing DNA sequence that varies in
5000 fold range (Thastrom et al. 2004; Gencheva et al. 2006). It was recognized that the
sequence of DNA affects its ability to form nucleosomes before the genomic era
(Satchwell et al. 1986; loshikhes et al. 1996). The nucleosome preferred DNA sequences
does not arise from its interactions with particular DNA bases but rather arise from the

sequence-dependent mechanics of the wrapped DNA itself (Widom 2001).

Early studies shown that intrinsic DNA sequence preferences plays a role in NP in
vivo (Zhurkin et al. 1979; Trifonov and Sussman 1980; Lowary and Widom 1998).
Subsequent analyses suggested that in vitro nucleosome preferences mirror in vivo
positions (Gencheva et al. 2006) and that NP in vivo can be predicted based on DNA

sequence (Segal et al. 2006; Yuan and Liu 2008; Kaplan et al. 2009).

In 1980s, study of a few hundred nucleosomal sequences showed that the most
favorable DNA sequences for positioning nucleosomes are WW (W is A or T) and SS (S

is C or G) dinucleotides occurring at 10bp intervals (Satchwell et al. 1986; loshikhes et al.



2006), where the SS dinucleotides is offset by 5bp compared with the WW patterns.
Thousands of nucleosomal DNAs show the same pattern in earlier studies (Satchwell et
al. 1986; Widom 2001; Albert et al. 2007; Peckham et al. 2007; Mavrich et al. 20083;
Miele et al. 2008; Valouev et al. 2008). These dinucleotide preferences are now partially
understood. The 10bp periodical presence of certain dinucleotides provides a sharp
bending every DNA helical repeat, because the WW dinucleotides tend to expand the
major groove and face outward of the histone octamer, whereas the SS dinucleotides tend
to contract the major groove of DNA 5bp away with the opposite direction when the
backbone face inward (Satchwell et al. 1986; Widom 2001; Segal et al. 2006). In addition,
histone arginine side chains could potentially provide additional 10bp periodic base
specificity by insert into the minor groove every DNA helical repeat (Richmond and
Davey 2003). Other sequence combinations including many different 5-mers are
disfavored by nucleosomes, certain motifs are disfavored from being located anywhere
inside the nucleosome (Field 2008; Kaplan et al. 2009). In addition, GC rich sequences
are believed to facilitate the assembly of nucleosomes by increasing DNA flexibility
(Peckham et al. 2007; Chung and Vingron 2009; Tillo and Hughes 2009), while poly-AT
sequences disfavor the nucleosome formation (Field 2008; Mavrich 2008; Kaplan et al.

2009).

Computational models have been developed to predict the genome-wide location
of nucleosomes, based on the existence of sequence preferences of nucleosome in
combination with the preferences of nucleosome for different 5-mers. The models

correctly predicted 74% of the nucleosome positions in yeast and 60% of the nucleosome

10



positions in worms (Kaplan et al. 2009). Furthermore, it also reproduced the NP pattern

at gene promoters obtained by experiments.

Two groups studied the correlation between the in vitro and in vivo nucleosome
positions in yeast and generated different conclusions. Kaplan et al. (Kaplan et al. 2009)
favored the idea that DNA sequence encodes the genomic NP in vivo intrinsically, while
Zhang et al. (Zhang et al. 2009) stated that NP in vivo was not determined by DNA-
nucleosome interaction significantly. This debate was resolved in the subsequent analyses
by defining nucleosome occupancy and translational NP (the nucleosome extent
measured when aligned relative to a given position). The correlation between in vitro and
in vivo nucleosome maps is high (about 70%) when nucleosome occupancy is measured
and much lower (15-20%) when translational NP is measured specifically (Radman-

Livaja and Rando 2010).

Transcription factors

Transcription factors (TFs) can directly influence the NP in vivo by competing
with nucleosomes for the access of DNA. Studies of protein-DNA complex structure
have revealed that many site specific DNA-binding proteins cannot occupy their target
sites when the native state nucleosomes present (Segal and Widom 2009); whereas
nucleosomes must be repositioned at nucleosome occupy TF sites to enable TFs to access
their sites (Yu and Morse 1999; Adkins and Tyler 2006). The detailed competition
between TFs and nucleosomes of DNA target sites is not known. It could result from the

partially unwrapped DNA from one end of the nucleosomes, thus enabling TF access

11



(Polach and Widom 1995; Anderson et al. 2002). Both in vitro and in vivo studies
indicate that the binding of multiple proximal TFs will be inherently cooperative: upon
the removal of the occupied nucleosomes and binding of one TF, subsequent TFs will
bind the now nucleosome-free DNA more easily (Vashee et al. 1998; Miller and Widom
2003). It was suggested that the equilibrium between TFs and nucleosome binding
account for the drastically nucleosome change across different cellular events (Segal and
Widom 2009). Furthermore, it was also proposed that histone modifications and DNA
methylations lead to the drastic change of some nucleosome positions, but not strong

enough to affect the balance for other nucleosomes (Arya et al. 2010).

Chromatin remodeler

ATP-dependent chromatin remodelers use the energy of ATP hydrolysis to move
nucleosomes along the DNA or to disassemble nucleosomes and remove them from DNA
(Boeger et al. 2008; Hartley and Madhani 2009). Especially, the spacing complexes of
the ISW (imitation switch) family, such as ACF (ATP-dependent chromatin assembly
and remodeling factor) and CHRAC (chromatin accessibility complex) are known to
establish regular nucleosome spacing (Ito et al. 1997; Saha et al. 2006; Gangaraju and
Bartholomew 2007). Moreover, an essential remodeler RSC (Chromatin structure
remodeling complex) is required for normal NP of the nucleosomes flanking the NDR

(Hartley and Madhani 2009).
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CHROMATIN AND EMBRYONIC STEM CELL DIFFERENTIATION

Embryonic stem cells (ESCs) are pluripotent, self-renewing cells derived from
inner cell mass (ICM) of the developing blastocyst-stage embryo (Thomson et al. 1998).
They have nearly unlimited self-renewal capability in vitro and have the ability to
differentiation into all three germ layers -ectoderm; mesoderm and endoderm- and any
fully differentiate cell of the body (Ameen et al. 2008). Once the differentiation initiated,
lineage-specification occur though the establishment of a unique genome-wide
transcriptional profile. Chromatin state including histone modifications and other proteins
that pack the genome, has been considered relate closely with the cell fate decisions

(Kouzarides 2007; Surani et al. 2007).

ESCs seem to have a distinct high-order chromatin structure that are richer in
euchromatin and, accumulate highly condensed heterochromatin regions as the
differentiation progresses (Francastel et al. 2000; Arney and Fisher 2004). Histone
modification patterns also changes accompanied with these chromatins changes. Studies
have shown that ESCs chromatin is more associated with more active marks. When ESC
differentiate, silenced chromatin mark H3K9me3 increased while active chromatin mark
-acetylated histones H3 and H4- decreased (Lee et al. 2004; Kurisaki et al. 2005). Besides,
regions with both active mark H3K4me3 and repressive mark H3K27me3 have been
defined as “bivalent domains”, which were found in many critical regions involved in
pluripotency and differentiation of ESCs (Bernstein et al. 2006). The changes of the
relative levels of two modifications can discriminate the expression status in ESCs

(Mikkelsen et al. 2007). Regions with both H3K4me3 and H3K27me3 modifications can

13



be resolved to monovalent modification when the ESCs committed to a specific lineage

(Azuara et al. 2006; Bernstein et al. 2006).

Recently, NP study during lineage commitment in mouse ESCs have been
suggested that the nucleosome occupancy was correlated with certain histone
modifications throughout the genome. Moreover, the average nucleosome repeat length is
5-7 base pair longer in the differentiated cells, indicating the involvement of NP in the

regulatory layer of cell differentiation (Teif et al. 2012).

OUR STUDY

ESCs and differentiated cells share the same genomic DNA sequences but have
distinct morphology and cellular functions. Many of the underlying cell-fate decisions
occur through gene expression alterations which regulated by epigenetic changes that
involved in chromatin features. Current epigenetic research in ESC and its differentiation
has greatly focused on histone modifications and DNA methylation, leaving another
equally fundamental epigenetic mechanism, NP (Ozsolak et al. 2007; Schones et al. 2008;
Jiang and Pugh 2009; Prendergast and Semple 2011; Valouev et al. 2011; Gaffney et al.
2012; Teif et al. 2012; Struhl and Segal 2013), relatively understudied. Therefore, our
studies focused on how NP involved in the determination of cellular functions during
human ESCs lineage commitment and how NP rearranged with the inactivation of
heparan sulfate (HS) expression in mouse ESCs. HS was recognized by playing key roles

in cell growth and development (Kraushaar et al. 2010).
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For human ESCs, we investigated NP in a well-defined differentiation system:
WAOQ9 ESCs — ISL1+ nascent mesoderm (INM) — smooth muscle cells (SMCs), by
paired-end sequencing of their mononucleosomal DNA fragments generated by
micrococcal nuclease (MNase)-digestion (MNase-seq), and for mouse ESCs, we studied
promoter NP with high density customized high density Comparative Genomic
Hybridization (CGH) arrays hybridized with MNase-digested mononucleosomal DNA
and control DNA from mouse Ext1*™* and Ext1 " ESCs. In both human and mouse ESCs,
we observed the correlations between NP dynamics and transcription activity as well as
sequence GC content. In addition, we explored the potential relationship between NP and
mMRNA half-life, which was investigated the first time. Furthermore, we integrated our
NP analysis with other epigenetic markers in human ESCs, such as histone modifications
and DNA methlylations. Our results suggested that NP was involved in the regulatory
layer of ESC differentiation with correlation of histone modification and DNA

methylation patterns.

In summary, both studies revealed a fundamental level of epigenetic control —NP-
that was not previously recognized as much as histone modifications and DNA
menthylations and add to the complexity of epigenetic mechanisms that contributed to the
pluripotency and self-renewal of ESCs. In addition, our studies provided a systematic tool
of studying global NP with high-throughput approaches including the next generation

sequencing and high density CGH arrays.
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ABSTRACT
Background

Nucleosome positioning (NP) is a fundamental parameter in chromatin
packing/unpacking, playing key roles in transcriptional regulation and maintenance of
genomic integrity. However, it is not as well studied as other levels of epigenetic controls

such as histone modifications and DNA methylation.

Results

To better understand NP, we investigated how it changes in a human embryonic
stem cell (hESC) differentiation system: WA09 hESCs — ISL1+ nascent mesoderm
(INM) — smooth muscle cells (SMCs), by paired-end sequencing of mononucleosomal
DNA fragments generated by micrococcal nuclease (MNase)-digestion (MNase-seq). The
analysis reveals that at the promoter and gene body, NP is correlated primarily with
transcriptional activity and secondarily with the GC content of the sequence. Pluripotent
hESCs also exhibit a more dynamic NP than their differentiated derivatives, indicating
that more genes are in the poised state and can be readily activated or silenced once
differentiation starts. Surprisingly, the study finds mononucleosomal DNA of hESC to be
~10bp (one helix turn) longer than its differentiated WA09-SMC. Moreover, as fragment
length increases, both the GC content and %CpG also increase. Thus, longer nucleosomal
DNA, possibly arisen from a larger histone core, could be instrumental in maintaining the

remarkable genomic integrity of hESC by reducing mutations such as C—T changes.
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Conclusions

The study reveals a fundamental level of epigenetic control that was not
previously recognized and adds to the complexity of epigenetic mechanisms that operate
in pluripotent cells such as bivalent histone modifications and hydroxymethylation.
Importantly, our findings shed light on the mechanisms through which hESCs maintain

their remarkable genomic stability.

Keywords

Nucleosome positioning, hESC differentiation, MNase-seq, sequence mutation, genomic

stability, nucleosome core DNA, GC content
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BACKGROUND

Human embryonic stem cells (hESCs) are pluripotent and therefore have the
capacity to differentiate into all cell types of the adult (Thomson et al. 1998; Menendez et
al. 2013). If cultured under the appropriate conditions, pluripotent stem cells maintain
their genomic integrity, ensuring fidelity in the transmission of genetic information from
generation to generation (Maitra et al. 2005; Funk et al. 2012). These unique features
could be attributed to epigenetic mechanisms, which are critical in chromatin remodeling
and for cell fate specification and cell identity establishment (Gopalakrishnan et al. 2008;
Hiratani and Gilbert 2009; Lister et al. 2009; Laurent et al. 2010; Consortium et al. 2012;
Xiao et al. 2012; Hu et al. 2013). Indeed, studies have demonstrated that hESCs bear
unique chromatin compared to somatic cells, including prevalent bivalent histone
modifications and DNA hydroxymethylation (Bernstein et al. 2006; Mikkelsen et al.
2007; Zhao et al. 2007; Cui et al. 2009; Ficz et al. 2011; Koh et al. 2011; Ruzov et al.
2011; Wu et al. 2011). Additionally, changes in DNA methylation and
hydroxymethylation, as well as histone modification patterns occur frequently and
extensively throughout the course of differentiation (Mikkelsen et al. 2007;
Gopalakrishnan et al. 2008; Cui et al. 2009; Lister et al. 2009; Laurent et al. 2010; Ficz et

al. 2011; Koh et al. 2011).

Current epigenetic research in hESC and its differentiation has greatly focused on

histone modifications and DNA methylation, leaving another equally fundamental

epigenetic mechanism, nucleosome positioning (NP) (Ozsolak et al. 2007; Schones et al.
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2008; Jiang and Pugh 2009; Prendergast and Semple 2011; Valouev et al. 2011; Gaffney

et al. 2012; Teif et al. 2012; Struhl and Segal 2013), relatively understudied.

To more comprehensively understand the chromatin of hESC and its changes
during differentiation, we investigated NP in a well-defined differentiation system:
WAO09 hESCs — ISL1+ nascent mesoderm (INM) — smooth muscle cells (SMCs), by
paired-end sequencing of their mononucleosomal DNA fragments generated by
micrococcal nuclease (MNase)-digestion (MNase-seq). Consistent with published studies
at the promoter and gene body (Ozsolak et al. 2007; Schones et al. 2008; Valouev et al.
2011), we noted that NP was correlated primarily with the transcriptional activity and
secondarily with the GC content of the sequence, and that WAQ09-hESCs possessed a
more poised and dynamic NP than their differentiated derivatives. An unexpected finding
is, however, that mononucleosomal DNA of WA09-hESCs is about 10bp, one helix turn,
longer than that of their differentiated WAQ09-SMCs. Critically, within each cell type, as
the DNA fragment length increases, both the GC content and %CpGs also ascend. We
hypothesize that the longer mononucleosomal DNA arises from a larger histone core
(Zlatanova et al. 2009) and contributes to the maintenance of genomic stability of hESCs
by reducing the C—T substitution, the dominating background sequence mutation in the
human genome (Venter et al. 2001; Prendergast and Semple 2011; Chen et al. 2012).
Hence, our findings represent potentially another unique feature of the chromatin of
pluripotent stem cells that may be as fundamental as bivalent histone modifications and

DNA hydroxymethylation.
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RESULTS
WAQ9-hESC = WA09-INM -> WA09-SMC differentiation

Several analyses support this WA09-hESC — WA09-INM — WA(09-SMC
differentiation. First, we conducted microarray experiments to examine gene expression
changes during the differentiation, of which principle component analysis (PCA)
indicated a clear separation among the three cell types (Figure 2.1), supporting the
cellular homogeneity for each. Second, we investigated established markers characteristic
of each cell type and observed the corresponding changes. These include: 1) silencing of
pluripotent markers SOX2, OCT4 and NANOG upon WAQ9-hESC differentiation; 2) high
level expression of INM markers ISL1 and HAND1 in WAQ9-INM only; and 3)
significant activation of SMC markers such as ACTA2 in WAQ09-SMC. These individual
marker observations are further corroborated by global gene functional changes during
the differentiation. Specifically, at false discovery rate (FDR) of < 0.1, we found a total
of 753 genes with expression altered during the first WA09-hESC — WAO09-INM
differentiation stage. Among them, while known and putative pluripotent markers (20
total) (Galan et al. 2013) were silenced (p < 2.2e-16), genes related to development,
extracellular matrix (ECM), and focal adhesion were significantly activated (FDR < 3.5e-
8) (Figure 2.1). The 2" stage of differentiation, WAQ09-INM — WA09-SMC, however,
was characterized by downregulation of cell adhesion molecules and tight junction genes
(p < 1.0e-04), as well as upregulation of genes that are consistent with SMC properties,
including 29 smooth muscle, actin or calponin-related genes (p=1.1e-07). In summary,
both individual and global gene expression analyses support the indicated identity and the

homogeneity for each cell type of the differentiation.
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Mononucleosomal DNA fragment isolation, sequencing and mapping

To isolate mononucleosomal DNA fragments, we treated the cells with MNase
that yielded >98% mononucleosomes in each cell type, gel-purified the
mononucleosomal DNA band (approximately 150bp), and sequenced from both ends. In
total, we generated 205 — 226 million end sequence pairs of 90bp and placed over 94% of
them uniquely back onto the human genome properly (both ends on the same
chromosome, with the right orientation and a reasonable genomic distance). This resulted
in a >10X coverage in both sequence and mononucleosomal fragments. As control, we
also sequenced randomly sheared genomic DNA fragments of 150-200bp of WAQ9-
hESC (termed “gWA09-hESC”) to a 12X coverage, and achieved the same sequencing

and mapping efficiency.

NP changes at the promoter and other parts of the genes during the differentiation
We first focused on the gene promoter and its flanking regions [-5kb to +5kb of
the transcription start site (TSS)] for nucleosome occupancy investigation. We observed a
nucleosome depleted region (NDR) and well-positioned nucleosomes immediately
upstream and downstream of the TSS respectively, the extent of which is directly
correlated with the transcriptional activity of the genes (Figure 2.2). In addition, a
correlation with the GC content of the sequence, albeit to a much lesser degree, was also
noted (Figure 2.2). These correlations also apply to the exon/intron and intron/exon
junctions. Lastly, a NDR was detected at the transcription termination site (TTS), which

however appear to arise largely from the low GC content of the sequence itself (Figure
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2.2). These findings are consistent with published studies (Segal et al. 2006; Ozsolak et al.

2007; Schones et al. 2008).

Another observation from Figure 2.2 is that in WA09-hESC, at both the promoter
and gene body, the nucleosome occupancy strength is more or less evenly spaced among
the six groups of genes classified based on their expression level. However, in WAQ9-
INM and WA09-SMC, while the two silent groups (with expression intensities of 100-
250 and <100 respectively) display similar nucleosome occupancy levels, they are more
distant from the expressed groups (with expression intensities of >250). This is consistent
with published findings that hESC contains more genes in a poised chromatin (Bernstein
et al. 2006; Zhao et al. 2007), readily to resume transcription or to be more irreversibly
silenced upon differentiation. The poised chromatin and genes progressively decreased

once differentiation started (Figure 2.2).

NP at the promoters matches the published CpG methylation, H3K4me3 and
H3K27me3 enrichment status in WAQ09-hESCs.

We integrated our NP studies with published DNA methylation data for WA09-
hESC (Laurent et al. 2010). As shown Figure 2.3, only unmethylated genes display a
prominent NDR and as expected, a large portion of the methylated genes were not
expressed or expressed at a very low level. These observations are consistent with the
notion that NP precedes DNA methylation in gene silencing (Chodavarapu et al. 2010).
Meanwhile, we also examined the histone modification data of WA09-hESC from the

NIH Roadmap Epigenomics Project. Indeed, significant enrichment with only H3K4me3
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is associated with the NP pattern of actively transcribed genes (a prominent NDR and
well positioned nucleosomes respectively upstream and downstream of the TSS; see
Figures 2 and 3), whereas significant enrichment with only H3K27me3 is associated with
that of silent genes. Those with enrichment in both histone marks display a NP pattern of
poised genes. Hence, these observations support the accuracy of our NP sequencing and

data analysis pipeline.

Genes silenced upon differentiation displayed substantial promoter NP changes,
while those activated upon differentiation showed barely any NP changes.

For a total of 118 genes that were actively expressed (with expression intensity
of >500) in WAQ9-hESC but whose expression decreased by at least 2-folds upon
differentiation, we observed a clear NP change as demonstrated by the increasingly
diminishing NDR and well-positioning nucleosomes flanking the TSS (Figure 2.4).
However, for 240 total genes whose expression increased by at least 2-folds upon
differentiation to reach an intensity of >500 in both WAQ9-INM and WAQ9-SMC, no
such a clear change was observed, although the NDR appeared to be slightly more
prominent in WAQ09-SMCs. As a control, we did not observe changes for the genes
whose expression remained largely constant for any of the six active or silent groups

shown in Figure 2.2.

Puzzled by this NP change difference between gene silencing and activating
described above, we explored the mRNA half-life of these genes. The rationale is that

gene expression (or mMRNA abundance) level, measured via microarray analysis here, is
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determined by both mRNA production (or transcription which is regulated via the
promoter NP and other mechanisms) and degradation (which can be assessed with
MRNA half-life). Because mMRNA half-life values in hESCs have not been globally
determined, we studied their mouse homologues in mouse ESCs already published
(Sharova et al. 2009). Interestingly, genes activated upon differentiation were found to
have a significantly longer mRNA half-life than those silenced on average (p<0.01; see
Figure 2.4). This indicates that the expression level of silencing genes (but not activating
genes) may be regulated primarily via promoter chromatin modeling, including NP.
While consistent with yeast findings which point to an association between a gene’s
MRNA half-life and its promoter sequence (Bregman et al. 2011; Trcek et al. 2011), the

significance and reasons of our observations clearly need further studies.

WAO09-hESC’s genome appears normal with no large-scale changes found and with
a sequence mutation rate as low as normal human genomes

With the sequences of randomly sheared genomic DNA fragments, we
investigated potential structural and sequence variations in the genome of WAQ09-hESC.
By examining paired-end sequence read information (see Methods), we did not detect
any structural rearrangements such as translocations and inversions. We also explored
copy number variations (CNVs) and found comparable amount of CNVs in the genome
of WAQ9-hESC, of an Middle East - East European ancestry (International Stem Cell et
al. 2011), as in a normal genome of an European ancestry (NA12892) that was sequenced
to approximately the same coverage (11.8X). For point/oligo-base variations, we

identified about 4 million single nucleotide polymorphisms (SNPs) when compared to the
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NCBI36/hg18 reference human genome (Figure 2.5). This is analogous to two normal
genomes derived from blood samples, NA12892 and an Asian genome that was also
sequenced to a similar coverage (Wang et al. 2008). Ciritically, similar to the two normal
human genomes, bases transitions (C<»>T and G<»A) dominate base transversions (Figure
2.5A). In summary, the analysis reveals no significant structural or sequence changes
occurring in the WAQ09-hESC genome, with the amount of variations comparable to those
of the two normal human genomes examined, consistent with other studies (Funk et al.

2012).

Changes in nucleosomes per se - mononucleosomal DNA length decreased after the
differentiation?

By examining the spanned genomic distance of the mapped sequence read pairs
(~200 million per sample), we noticed that the median length of mononucleosomal DNA
fragments is 163bp for WAQ09-hESC, 165bp for WAQ9-INM, and 155bp for WAQ9-SMC,
and is about the same between autosomes and chromosome X within a cell type (Figure
2.5B). While WA09-hESC and WAQ9-INM share approximately the same median length
(p=1), both differ (p = 0) from WAO09-SMC. Furthermore, the shape of the fragment
length distribution of WA09-SMC differs significantly (p=0.03) from that of WAQ9-
hESC, but insignificantly (p>0.08) from that of WAO09-INM (Figure 2.5B). These
variations in mononucleosomal DNA length are unlikely due to experimental artifacts
(e.g., differences in MNase-digestion), but instead is biologically relevant, as described
below. Also note that the fragment lengths of WAQ09-SMC are similar to those of human

lymphoblastoid cell lines undergone similar treatment (Gaffney et al. 2012).
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The sequence signature of 147bp canonical nucleosome core.

Canonical nucleosome core sequence is ~147bp with A/T and G/C dinucleotides
oscillating at about every 10bp, assisting the winding of the DNA molecule around the
histone core that consists of 2 copies each of H3, H4, H2A, and H2B histone proteins
(Luger et al. 1997; Richmond and Davey 2003). As shown in Figure 2.6, we indeed
observed a clear oscillating pattern of such for MNase-digested fragments of 147bp, but
not for randomly sheared fragments. In addition, within the same cell type, nearly
identical patterns were observed between autosomes and the X-chromosome. Between
the cell types, WAQ9-hESC resembles WAQ09-INM but slightly differs from WA09-SMC.
Moreover, consistent with the difference in the fragment length distribution described

above, WA09-SMCs have 4-5 times more fragments of 147bp (Figure 2.6).

The patterns shown in Figure 2.6 are consistent with those of nonmammalian
species (Ercan et al. 2011), with the exception that the frequency of A/T dinucleotides is
twice as high as that of G/C ones in our case. This is likely caused by a higher

C—T/G—A background mutation rate in the human genome (Venter et al. 2001).

MNase-digested mononucleosomal fragments of all sizes are symmetric in their A/T
or G/C dinucleotide oscillating frequency.

As the fragment length increases or decreases away from the canonical
nucleosome core length of 147bp, the 10bp periodicity shown in Figure 2.6 gradually
diminishes. However, for MNase-digested mononucleosomal fragments of all length

examined (135-180bp) in each cell type, the A/T and G/C dinucleotide frequency remains
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remarkably symmetric from the center of the fragmen. Critically, as the fragment length
increases, the G/C dinucleotide frequency also rises from 16% to over 21%, while A/T
dinucleotide frequency decreases from 35% to below 28%. For randomly sheared
fragments, however, no such symmetry and dinucleotide frequency changes were

observed.

The GC content and %CpG increase along with the length of MNase-digested
mononucleosomal fragments of 147-200bp.

We further examined the GC content and %CpG in each DNA fragment.
Interestingly, for MNase-digested mononucleosomal fragments, both numbers stay
constant (at approximately 40% in GC content and 1% CpG) from 90bp to about 147bp
(the length of canonical nucleosome core DNA), and then begin to increase until 200bp
(reaching ~50% in GC content and 2% CpG in autosomes) (Figure 2.5B). This again
differs from randomly sheared fragments, where the GC content and %CpG are both

lower than mononucleosomal fragments once the length exceeding 147bp (Figure 2.5B).

Nucleosome and linker length estimation.

We stacked all fragments mapped to a certain genomic window as described
(Valouev et al. 2011; Teif et al. 2012). As shown in Figure7, the start and end points of
MNase-digested mononucleosomal fragments form clear peaks, which however are
completely missing for randomly sheared fragments. Based on these, we estimated the
length of nucleosomal DNA to be approximately 165bp, 165bp and 155bp while the

linker to be 26bp, 26bp and 36bp long for WA09-hESC, WAO09-INM and WAQ09-SMC,
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respectively, on average. Thus, in our model the nucleosomal DNA of both WA09-hESC
and WAOQ9-INM is about 10bp longer, whereas their linker is about 10bp shorter, when
compared to WA09-SMC. Furthermore, the data indicate the same nucleosome repeat
length (~191bp) among the three cell types (Figure 2.7), unlike a study with a mouse
ESC to neural progenitor differentiation (Teif et al. 2012). The same observations were

obtained for fragments mapped to the promoter regions (-5kb to +5kb of the TSS).

Histone genes are downregulated in the WAQ09-SMC:s.

Histone variants have been reported to influence the nucleosome stability and the
nucleosomal DNA length (Bonisch and Hake 2012; Li et al. 2012; Hasson et al. 2013; Hu
et al. 2013). Consistent with this, we found significantly more histone genes
downregulated in WA09-SMC than in WAQ09-hESC (p=1.46e-07) and WA09-INM
(p=0.04), when compared to the entire gene set in the human genome. This change may
contributes to the nucleosomal length variation among the three cell types described

above (see Discussion).

MATERIALS AND METHODS
WAO09-hESC differentiation, mononucleosome preparation, sequencing (MNase-seq)
and analysis.

WAOQ09-hESCs were maintained in StemPro defined media (Invitrogen).
Differentiation to INM and SMCs was achieved by supplementation of defined media
with Wnt3a (25 ng/ml) and BMP4 (50 ng/ml) for 4 and 21 days, respectively. Chromatin

was processed by modifying previously published protocols (Ozsolak et al. 2007,
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Schones et al. 2008; Spetman et al. 2011; Gaffney et al. 2012) with 200 units of MNase
(Worthington Biochemical Corp.) and incubation at 25°C for 5 min to yield >95%
mononucleosomal DNA. All DNA samples were required to have a 260/280 absorbance
ratio around 1.8 for downstream applications. The about 150bp DNA fragments were gel
purified (Spetman et al. 2011), and sequenced from both ends to yield 90bp end sequence
pairs using Illumina Genome Analyzer at the BGI. As a control, genomic DNA was
extracted following the same protocol but without MNase-digestion, randomly cut to
100-200bp fragments, and sequenced from both ends. All read pairs were then mapped to
the human genome (hg18) using the Burrows-Wheeler Aligner (BWA) tool (Li and

Durbin 2009) with the default parameters documented in the bwa-0.5.9 version. Over 94%

read pairs were uniquely placed to the genome and were used for further analyses.

Permutation analysis of DNA fragment lengths.

Several 1Mb genomic regions were chosen (chr6: 32,000,001-33,000,000bp; chr9:
35,000,001-36,000,000bp; chrl5: 20,000,001-21,000,000bp; and chrX: 40,000,001-
41,000,000bp), with each having a fragment length distribution representative of its
corresponding whole genome distribution (Figure 2.5). Then, the fragment lengths were
randomly permutated between the cell types or autosomes and chromosome X within the
same cell type, and Wilcoxon signed-rank statistics was calculated for each permutation.

P-values were calculated based on 100,000 permutations.
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Gene expression microarray study.

RNA was purified from approximately 5 million cells per sample using the
Qiagen RNeasy Plus Mini kit (Cat. No. 74134). Then, high quality (a 260/280 absorbance
ratio of ~2.0, undegraded, and free of genomic DNA contamination) samples were
analyzed using the Affymetrix Human Gene 1.0 ST array with biological replicates. The
moderated t-test implemented in the ‘limma’ package (Smyth 2004) was used to identify
differnetnially expressed genes between the cell types, and the p-values were adjusted for
multiple-hypothesis testing with the Benjamini and Hochberg method (Benjamini et al.

2001). PCA analysis was performed using R (www.R-project.org). The packages used

are available at the Bioconductor (www.bioconductor.orqg).

Nucleosome occupancy calculation.

The KnownGene annotation (hg18) downloaded from the UCSC genome
database (genome.ucsc.edu) was used to match the genes of the Affymetrix Human Gene
1.0 ST array, and 33,271 transcripts (17,592 genes) with more than 90% overlapping

coordinates were chosen for the nucleosome occupancy analysis shown in Figure 2.2.

Cmi/Cm

Nucleosome occupancy for the base i in the genome was estimated by log, PR
giltg

where c,; and c,; respectively represent the total count of mononucleosomal fragments

(m) and randomly sheared genomic fragments (g) covering the base i, whereas ¢,,and ¢,

represent the corresponding genome-wide count average of c,,; and cy; . The TSS, exon-

intron, intron-exon junction, and gene end were extracted from the UCSC KnownGene
annotation. Average GC content for the corresponding region was calculated based on the

hg18 reference genome.
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Promoter CpG methylation and histone modification analysis.

Bisulfate sequencing data of WAQ09-hESC were obtained from a published study
(Laurent et al. 2010). Both H3K4me3 (GSM605316) and H3K27me3 (GSM706066 and
GSM667622) ChlIP-seq data for WA09-hESC were downloaded from NIH Roadmap
Epigenomics (www.roadmapepigenomics.org), and mapped to the hgl8 genome with
BWA using the default parameters. Uniquely mapped reads were selected for further

analyses.

Gene functional analysis and mRNA half-life.

Gene functional annotation and enrichment were analyzed by DAVID (Huang da
et al. 2009). Mouse mRNA half-life data were obtained from a study (Sharova et al. 2009)
and the mouse-human gene conversion were achieved using the Human and Mouse
Orthology file obtained from Mouse Genome Database (www.informatics.jax.org). As a

result, mMRNA half-life was assigned t013,578 human genes.

Mononucleosomal DNA dinucleotide frequency determination.

Mononucleosomal fragments with both reads perfectly matching to the hg18
genome were identified. Then, the corresponding reference sequences of a chosen
mononucleosomal length were cut out and aligned. Lastly, fractions of AA/AT/TT/TA
and CC/CG/GC/GG dinucleotides at each base position from dyad were calculated and

plotted as shown Figure 2.6.
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Structural and sequence variation analysis of the WAQ09-hESC genome.

The sequences of the randomly sheared genomic DNA of WAQ9-hESC (gWAQ9-
hESC), along with genomic sequences of an European ancestry (NA12892) downloaded
from www.1000genomes.org and of an Asian (Wang et al. 2008), were mapped to the
hg18 genome with BWA. SNPs, compared to the hgl18 reference genome, were identified
using SAMtools (Li et al. 2009) and GATK (McKenna et al. 2010). Copy number

variations were identified as described (Tang et al. 2010; Abyzov et al. 2011), by

dyi/de

— where
dai/da

normalizing the mapped fragment density at each 200bp window by log,

d;; and d; respectively represent the fragment density of the window i of the test
genome (t, either WAQ9-hESC or NA12892) and of the normalizing Asian genome,

whereas d, and d, represent the corresponding genome-wide average of d,; and d,;.

Length estimation for nucleosome repeat, nucleosomal DNA, and linker.

First, at each base position within a certain genomic region (e.g., 2kb) starting
from the 1% base or last base of each mapped fragment, we counted the frequency of
other mononucleosomal fragments with their start or end point mapped to the location as
described (Valouev et al. 2011; Teif et al. 2012). Both frequency counts formed peaks
and valleys, allowing the estimation of nucleosome repeat, nucleosomal DNA, and linker
lengths (Figure 2.7). To avoid complication, fragments mapped to within 1Mb regions
from the nearest centromeres and telomeres were excluded (Stephens et al. 2009), and for
regions with multiple fragments identically mapped, only one fragment was selected as

described (Zhang et al. 2008).
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FIGURE LEGENDS

Figure 2.1. Gene expression analysis of the three cell types. A) The principle
component analysis (PCA) was performed with the entire transcript set (22,089 in total)
included in the Affymetrix Human Gene 1.0 ST array. B) The enriched functional groups
of genes with significant expression changes (red: upregulated; green: downregulated)

among the three cell types is shown.

Figure 2.2. Nucleosome occupancy and GC content at gene promoters, exon-intron
and intron-exon junctions, and gene ends. Genes were divided into six groups,
represented by the six colored lines as shown, based on their expression intensities
obtained from the microarray analysis Genes in each group were aligned at the indicated
positions (e.g., 5kb upstream and downstream of the TSS). In each panel, plots on the left
present the average nucleosome occupancy status, represented by the mononucleosomal
fragment density normalized against the density of the randomly sheared genomic DNA
fragments (QWAOQ9-hEC) in log, scale (see Methods), at each position indicated (the X-

axis). Plots on the right indicate the average GC content of the corresponding sequences.

Figure 2.3. Nucleosome occupancy, CpG methylation, and histone modification at
promoter regions in WAQ9-hESC. A) Genes were sorted into five groups based on their
promoter CpG methylation status as described (Laurent et al. 2010). Specifically,
methylated (M), between methylated and partially methylated (M_P), partially
methylated (P), between partially methylated and unmethylated (U_P), or unmethylated

(V) correspond to >80%, 60-80%, 40-60%, 20-40%, or <20% of CpGs being methylated
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respectively. B) Genes were sorted into three groups: open, poised and closed, based on
their relative enrichment with H3K4me3 and H3K27me3 as shown. In each plot, the Y-
axis represents the average nucleosome occupancy status of each group at each base pair
position (the X-axis) as described in Figure 2. The tables indicate the number of genes
further categorized based on their expression intensity (the top row) for each group

shown in the corresponding plot above.

Figure 2.4. Nucleosome occupancy at promoter regions of genes down/up-regulated
upon differentiation. A) Top panel presents the nucleosome occupancy for genes with
expression intensity of >500 in WAQ09-hESC (black) but decreased by >2-folds in both
WAO09-INM (red) and WAO09-SMC (green). Bottom panel presents the nucleosome
occupancy for genes with expression intensity increased by >2-folds upon differentiation
to reach >500 in both WA09-INM and WAQ9-SMC. B) The mRNA half-life distribution
of the same downregulated and upregulated genes as shown in A. The nucleosome

occupancy is presented as described in Figure 2.

Figure 2.5A. Base substitution types of the WA09-hESC genome (QWAO09-hESC) in
comparison with two other normal human genomes. The base changes were identified
by comparing the relevant genomic sequences to the hg18 human genome. EUR: the
genome of an European ancestry. Asian: the Asian genome published (Wang et al.
2008_ENREF_50).

Figure 2.5B. Fragment length and sequence content distribution. Uniquely and

perfectly mapped fragments were used to plot their average length distribution at a 5bp
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window from 90bp to 219bp. Average GC content and %CpG were calculated in the

same window.

Figure 2.6. A/T and G/C dinucleotide frequencies for 147bp DNA fragments. The
147bp mononucleosomal DNA fragments (WAQ09-hESC, WAQ9-INM, and WAQ09-SMC)
or randomly sheared genomic DNA (gWAO09-hESC) were aligned. Then, the average
frequencies of AA/AT/TA/TT (black) and CC/CG/GC/GG (red) dinucleotides were
computed at each base pair position and presented as the left and right Y-axis,
respectively. The X-axis represents the relative base pair coordinates from the center of

the fragment. A: Autosomes; B: chromosome X.

Figure 2.7. Estimation of nucleosome and linker lengths of the three cell types. A)
Top: The plots indicate the frequency (the Y-axis) of the start (solid lines) and end
(dashed lines) of randomly sheared gWAOQ09-hESC (the 1* plot), or mononucleosomal
fragments (the 2" and 3" plots with WA09-hESC in black, WA09-INM in red, and
WAOQ09-SMC in green) mapped to each base pair position (the X-axis) within a 1kb region
starting from the 1% base of each mapped fragment. Peaks of the solid and dashed lines,
which were respectively marked by orange and blue vertical lines in WAQ9-hESC,
allowed the estimation of the length of nucleosomal and linker DNA. Bottom: two
hypotheses are proposed. Hypothesis I: the nucleosome core DNA of WA09-hESC and
WAO09-INM is about 10bp longer than WAQ09-SMC (165b vs. 155bp). Hypothesis II: the

nucleosome core DNA length is identical (~155bp) among the three cell types. However,
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in WAQ9-hESC and WAO09-INM, about 10bp linker adjacent to the nucleosome is

protected by other proteins (pink) from MNase-digestion.

B) The A/T and G/C dinucleotide frequencies were plotted for fragments of 165bp (those
mapped to the 378-542bp region in A) for WA09-hESC (523,790 in total) and WAQ9-
INM (619,575 in total), as well as those of 155bp (mapped to the 378-532bp region in A)
for WAQ09-SMC (585,540 in total) as described in Figure 2.6. As a control, randomly
sheared gWAQ9-hESC DNA fragments mapped to the same regions (65,711 and 16,537
in total mapped to the 378-542bp and 378-532bp regions respectively in A) were also

plotted.
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CHAPTER 3
CHANGES IN PROMOTER NUCLEOSOME POSITIONING IN MOUSE HEPARIN

SULFATE DEFICIENT EMBRYONIC STEM CELLS

INTRODUCTION

Embryonic stem cells (ESCs) are pluripotent, self-renewing cells derived from
inner cell mass (ICM) of the developing blastocyst-stage embryo. They can be
propagated in culture in an undifferentiated state through a process of self-renewal while
maintaining the ability to form any fully differentiate cell of the body. (Thomson et al.
1998; Takahashi and Yamanaka 2006). Heparan sulfate (HS) is a highly sulfated
glycosaminoglycan molecule that encoded by Ext1 and Ext2 genes in mouse ESCs and is
abundant of the cell surface in both ESCs and differentiated cells (Holmborn et al. 2004).
Several studies suggested that HS is involved in the regulation of ESC differentiation and
cell lineage development accompanied by the HS structure change (Johnson et al. 2007;
Baldwin et al. 2008). It also has been observed that HS deficient mouse ESCs retain the
potential of self-renewal but lost the ability of multilineage differentiation (Kraushaar et

al. 2010).

Epigenetic features of ESCs including characteristic histone modifications and
DNA methylation patterns have been under intense investigation (Mikkelsen et al. 2007;

Gopalakrishnan et al. 2008; Cui et al. 2009; Lister et al. 2009; Laurent et al. 2010; Ficz et
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al. 2011; Koh et al. 2011). However, another equally fundamental epigenetic mechanism,
nucleosome positioning (NP) is relatively understudied (Ozsolak et al. 2007; Schones et
al. 2008; Jiang and Pugh 2009; Prendergast and Semple 2011; Valouev et al. 2011,
Gaffney et al. 2012; Teif et al. 2012; Struhl and Segal 2013). Recent study of global NP
during mouse ESCs differentiation has suggested that NP was also involved in the
regulatory layer of ESC differentiation, in correlation with certain histone modifications

throughout the genome (Teif et al. 2012).

In previous studies, the NP at a genome scale in yeast (Yuan et al. 2005; Lee et al.
2007) and at a limited genomic regions in the human genome (Dennis et al. 2007;
Ozsolak et al. 2007) have been determined using high density DNA arrays with tiling
oligonucleotide probes. It has been proved to be a rapid and robust approach to determine
the positioned nuclesome in the genome. In this study, we employed the same technique
and identified genome wide promoter NP in the mouse genome for Ext1** and Ext1™”
ESCs, and studied how NP dynamics in promoters contribute to the maintenance of ESCs

self-renewal after the Ext1 gene knock out.
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RESULTS
Expression analysis for Ext1** and Ext1” ESCs.

In order to study how HS biosynthesis deficient affect the expression pattern of
mouse ES cells, we conducted microarray experiments with biological replicates to
examine gene expression changes before and after the Ext1 gene knockout, of which
principle component analysis (PCA) indicated a clear separation between Ext1** and
Extl” ESCs (Figure 3.1A). Furthermore, our examination of individual genes is
consistent with previous published study (Kraushaar et al. 2010) that Ext1”- ESCs were
deficient in Ext1 expression but retained normal levels of Ext2 mRNA, and pluripotent
genes such as Nanog, Sox2 and Pou5f1, remain in high level of expression in Ext1” ESCs.
More comprehensively, we identified 447 genes with expression altered more than 2
folds in Extl”- ESCs. Among them, genes related to TGF-B pathway, cell motion,
phospholipid binding, control of transcription and response to monosaccharide stimulus
were downregulated significantly (p<0.05, see Figure 3.1B) while genes related to cell
adhesion, ECM/glycoprotein, EFG-related and protease were upregulated significantly
(p<0.05, see Figure 3.1B). Taken together, the gene expression analysis support the
observation that Ext1” ESCs retained their normal self-renewal ability and HS formation

is not require for ESCs self-renewal maintenance.

Examine nucleosome positioning in promoters with customized CGH arrays.
We treated the cells with micrococcal nuclease (MNase) that yielded >98%
mononucleosomes, gel-purified the mononucleosomal DNA band (approximately 150bp)

and hybridized with customized high density Comparative Genomic Hybridization (CGH)
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arrays. The CGH array covered the promoter regions (1kb upstream and 1kb downstream
of transcriptions start sites (TSSs)) of chosen transcripts with 2.1 million 50-mer probes
and 15bp spacing between adjacent probes. Collected array signals were denoised as
described in previous study (Ozsolak et al. 2007) and further normalized among arrays

with quantile normalization (see Methods).

NP pattern in promoters.
We partitioned promoters into four classes depending on their expression
intensities as indicated in Figure 3.2. No obvious NP differences were noted between the

+/+

same expression group of Ext1*"* and Ext1” ESCs. However, we observed a nucleosome
depleted region (NDR) and well-positioned nucleosomes immediately upstream and
downstream of the TSS respectively, the extent of which is directly correlated with the
transcriptional activity of the genes (Figure 3.2). In addition, a correlation with the GC
content of the sequence, albeit to a lesser degree, was also noted. We calculated the
correlation between NP and GC content in different promoter regions, and found that GC
content is anti-correlated with NP in the upstream of TSS while highly correlated with
NP in the downstream of TSS. Our observations of NP in promoter regions are consistent
with published studies at the promoter (Ozsolak et al. 2007; Schones et al. 2008; Valouev
et al. 2011) that NP was correlated primarily with the transcriptional activity and
secondarily with the GC content of the sequence. More specifically, our observations

suggested that the major determinant of NP in the upstream of TSS is transcriptional

activity whereas GC content contributes more in the downstream of TSS.
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No NP change in promoters for gene with expression remains in the same group
after Extl gene knockout.

More than 85% of genes were remain in the same expression group after the Ext1
gene knockout. Meanwhile, we did not find NP changes in these genes’ promoters
(Figure 3.3A). We observed that NP in active genes (Expression intensity>100) still
exhibited a NDR region and positioned nucleosomes in the upstream and downstream of
TSS respectively, where the depletion of nucleosomes is correlated with the
transcriptional activity of genes. We did not observe clear NP patterns for silent genes
(Expression intensity<100), which suggested the randomness of nucleosomes. These
observations are consistent with NP patterns shown in Figure 3.2. To explore whether the
overall NP distribution is representative of individual genes, we examined NP for
individual genes of each expression group (Figure 3.3B): Gpx1 has expression intensity
of 3068+346; Lmnb2 has expression intensity of 372434; Prex2 has expression intensity
of 11147 and Synpo2 has expression intensity of 54=4 in both Ext1*"* and Ext1” ESCs.
Our observation of NP of these individual genes suggested the same pattern as the groups

they belong to, and no NP change was found after Ext1l gene knockout.

Genes silenced after Extl knockout displayed substantial promoter NP changes,
while those activated after Extl knockout showed barely any NP changes.

+/+

For a total of 278 transcripts that were actively expressed in Ext1™" cells but
whose expression decreased by at least 2-folds upon knockout, we observed a clear NP
change as demonstrated by the increasingly diminishing NDR and well-positioning

nucleosomes flanking the TSS (Figure 3.4A). However, for 189 total transcripts whose
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expression increased by at least 2-folds upon knockout in Ext1” ESCs, no such a clear
change was found (Figure 3.4A). We explored the values of mRNA half-life of these
genes owing to the NP change difference between gene silencing and activating described
above. The rationale is that gene expression (or mMRNA abundance) level, measured via
microarray analysis here, is determined by both mRNA production (or transcription
which is regulated via the promoter NP and other mechanisms) and degradation (which
can be assessed with mRNA half-life). We integrated the mRNA half-life data that
previously published (Sharova et al. 2009) from mouse ESCs. Interestingly, genes
activated upon differentiation were found to have a significantly longer mRNA half-life
than those silenced on average (Student's t-test: p=1.98e-6; see Figure 3.4B). As genes
shown in Figure 3.4C, all four genes’ expressions have been upregulated/downregulated
more than two folds. However, we observed NP change for both Anxa3 and Hsh2d,
whose mMRNA half-life are less than 5hrs, whereas we did not find NP change for both
Myolg and Plala, whose mRNA half-life are longer than 22hrs.These observations
indicate that the silencing genes’ expression may be regulated primarily via the promoter
chromatin modeling (including NP), whereas the activating genes’ expression is
determined largely through mRNA decay. While consistent with yeast findings which
point to an association between the values of gene’s mRNA half-life and its promoter
sequence (Bregman et al. 2011; Trcek et al. 2011), the significance and reasons of our

observations clearly need further studies.

MATERIAL AND METHODS

Gene expression analysis.
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RNA was purified from Mouse Ext1™* and Ext1” ESCs per sample using the
Qiagen RNeasy Plus Mini kit (Cat. No. 74134). Then, samples were analyzed using
Affymetrix MoGene 1.0ST arrays with biological replicates. PCA analysis was

performed using R (www.R-project.org).

TSS verification.

We downloaded both the mouse knownGene (mm9) annotation from the UCSC
genome database (genome.ucsc.edu) and mouse transcripts from Ensembl build 58
(useast.ensembl.org), which contained 49,409 and 85,345 transcripts respectively. Then
we verified the annotated TSSs of transcripts as following: we downloaded previous
published H3K4me3, Pol Il and Pol 11-Ser5p ChlP-seq data of mouse ES cell (Mikkelsen
et al. 2007, Rahl et al. 2010) and mapped those reads to mouse genome (mm9) using
Burrows-Wheeler Alignment Tool (BWA) (Li and Durbin 2009) with the default
parameters documented in the bwa-0.5.9 version. We identified enriched segments as
described before (Tang et al. 2010) and mapped these enriched segments to the promoters
(1kb upstream and 1kb downstream of TSSs) of all transcripts. In total, 23,731 and

46,586 knownGene and Ensembl transcripts were verified respectively.

We also identified non-promoter regions with enriched H3K4me3, Pol 1l or Pol
I1-ser5p segments. Each region was masked by RepeatMasker
(http://www.repeatmasker.org). We required those segments have size greater than 50bp

with divergence greater than 25%. Then, we chose segments which have masked region
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less than 50% and contained neither tRNA nor satellite. We expanded those segments for

750bp on each direction as our array design regions.

Finally, we added 8,705 transcripts from Mouse gene 1.0ST array (Affymetrix)

which were not included in our array design in the above steps.

High density CGH array design.

We defined 1kb upstream and 1kb downstream of the TSSs as our promoter
regions and merged those overlapping coordinates. In total, we have 30,816 knownGene
transcripts, 46,055 Ensembl transcripts with 31,303 unique TSSs and 2,679 segments
included in the preliminary array design. Then we designed high density CGH array
(Nimblegen) which contained 2.1 million 50-mer probes staggered in 15-base pair (bp)
steps covering selected coordinates. Those promoters and segments with less than 50%
coverage in the probe picking process were eliminated. The final array design contained
18,771 genomic regions with 30,177 knownGene transcripts, 45,673 Ensembl transcripts

and 2,633 non-promoter segments with a total length of 41,157,806bp.

Mononucleosome preparation and preliminary data analysis.

Chromatin was processed by modifying previously published protocols (Ozsolak
et al. 2007; Schones et al. 2008; Spetman et al. 2011; Gaffney et al. 2012) with 200 units
of MNase (Worthington Biochemical Corp.) and incubation at 25°C for 5 min to
yield >98% mononucleosomal DNA. All DNA samples were required to have a 260/280

absorbance ratio around 1.8 for downstream applications. The about 150bp DNA
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fragments were gel purified (Spetman et al. 2011), and hybridized to CGH arrays with
sonicated genomic input DNA from matched cells. After collecting signals for each probe,
we performed wavelet data denosing followed by quantile normalization using Wavelet
Toolbox in Matlab and ‘limma’ package (Smyth 2004) as described in previous study

(Sharova et al. 2009).

Nucleosome occupancy calculation.

We chose 22,371 knowGene transcripts and 17,960 Ensembl transcripts (13,789
genes) which have more than 90% overlapping coordinates with transcripts of the
Mogene 1.0ST array for the nucleosome occupancy analysis shown in Figure 3.2.
Nucleosome occupancy for each base pair was calculated by averaging the signal of all
probes that cover this base pair. Average GC content for the corresponding region was

calculated based on the mm9 reference genome.

Gene functional analysis and mRNA half-life.

Gene functional annotation and enrichment were analyzed by DAVID (Huang da
et al. 2009) and Panther Classification System (http://www.pantherdb.org/). Mouse
mRNA half-life data were obtained from previously published study (Sharova et al.

2009).
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FIGURE LEGENDS

Figure 3.1. Gene expression analysis of the mouse Ext1** and Ext1” ESCs. A) The
principle component analysis (PCA) was performed with the entire transcript set (25,137
in total) included in the Affymetrix MoGene 1.0ST array. B) The enriched functional
groups of genes with more than two folds expression changes (red: upregulated; green:

downregualted) between two cell types.

Figure 3.2. Nucleosome occupancy and GC content at gene promoters. Genes were
divided into four groups, represented by the four colored lines as shown, based on their
expression intensities obtained from the microarray analysis. Genes in each group were
aligned at TSSs and average probe signal at each base pair was calculated. X-axis
represents relative distance to the TSS; Y-axis on the left side represents the average NP
signals in log, scale; Y-axis on the right side indicates GC content. Solid lines represent
the average nucleosome positioning signals, while dash lines represent average GC
content. Ovals depict hypothetical nucleosome positions while the height of the ovals
represents how well the nucleosome is positioned (See Figure sl for biological

replicates).

Figure 3.3. Nucleosome occupancy at promoters of genes with no significant change
in expression intensities after Extl gene knockout. A) From top to bottom, each plot
presents the nucleosome occupancy for one of the four gene groups defined in Figure 2
and without expression changes after the Ext1 gene knockout. No notable changes in NP

were observed for these genes between Ext1** (red) and Ext1™” (green) cells. B) Each
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plot presents the nucleosome occupancy for one gene that represents their corresponding
gene groups on the A panel. In each plot, the Y-axis represents the average nucleosome
occupancy at each base pair position (the X-axis) as described in Figure 2. Arrows
indicate transcription direction. The ovals depict hypothetical nucleosome positions

across the site (See Figure s2 for biological replicates).

Fig 3.4. Nucleosome occupancy at promoter regions of genes down/upregulated after
Extl gene knockout. A) Top panel presents the nucleosome occupancy for genes with
expression intensity decreased by >2-folds in Ext1™ (green) compared with Ext1+/+
(red). Bottom panel presents the nucleosome occupancy for genes with expression
intensity increased by >2-folds in Ext1”". B) The mRNA half-life distribution of the same
downregulated and upregulated genes as shown in A. The genes, along with their mMRNA
half-life values and the statistic test, are provided in Table S5. C) Anxa3 and Myolg have
expression decreased more than 2 folds in Ext1” ESCs, Hsh2d and Plala have their
expression increased more than 2 folds in Ext1” ESCs. NP has changed for genes with
short mRNA half-life (Anxa3 and Hsh2d) while NP did not change for genes with long
MRNA half-life (Myolg and Plala). The mRNA half-life of each gene is marked with
black color. Expression intensities measured in each cell type were labeled with their
corresponding color. The ovals depict hypothetical nucleosome positions in each cell type

(Green: Ext1™, Red: Ext1*"*) across the site (See Figure s3 for biological replicates).
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CHAPTER 4

CONCLUSIONS AND DISSCUSSIONS

Both our studies of human and mouse ESCs reveal a fundamental level of
epigenetic control that was not previously recognized and adds to the complexity of
epigenetic mechanisms that operate in pluripotent cells such as bivalent histone
modification (Bernstein et al. 2006; Mikkelsen et al. 2007; Cui et al. 2009) and
hydroxymethylation (Ficz et al. 2011; Koh et al. 2011; Wu et al. 2011). We made several
important discoveries by investigating the global NP changes in a well-defined hESC
differentiation system: WA09 hESCs — ISL1+ nascent mesoderm (INM) — smooth
muscle cells (SMCs) and promoter NP dynamics in Ext1** and Ext1” mouse ESCs, by
paired-end MNase-seq and high density CGH arrays respectively. We found in both
human and mouse ESCs: First, NP is correlated primarily with transcriptional activity
and secondarily with the GC content of the sequence in promoters. Second, our results
suggest the correlation between NP and mRNA half-life indicating that the expression
level of silencing genes (but not activating genes) may be regulated primarily via

promoter chromatin modeling, including NP.

Specifically, we found the nucleosomal DNA of hESC WAOQ9 to be ~10bp longer
than their differentiated SMCs. Several lines of evidence indicate that this variation is
unlikely to be due to experimental artifacts such as differences in MNase-digestion. First,

mononucleosomal fragments of various size in each cell type all carry the signature of
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MNase-digestion (Dingwall et al. 1981), with the first and last bases being either Aor T
at >90% of the time. Moreover, clear NP patterns are observed for all three cell types, the
non-randomness of which argues against the experimental artifact theory. Second, like
the canonical nucleosome core sequence of 147bp, mononucleosomal fragments of all
size remain symmetric in their A/T and G/C dinucleotide oscillating frequency.
Furthermore, both the GC content and %CpG increase along with the fragment length
between 147bp and 200bp. All these features are missing in randomly sheared genomic
DNA fragments. Lastly, our promoter and gene body NP results are consistent with
published studies, supporting the accuracy of our analysis. A difference of “10bp”, a
DNA helix turn, observed among the cell types is also against the experimental artifact
scenario. A recent study (Gaffney et al. 2012) has reported a 10bp periodicity in DNase |
sensitivity extending beyond the putative nucleosome core region into the adjacent linker
sequences in human lymphoblastoid cells. Notably, these human somatic cells also have

approximately the same mononucleosomal lengths (Gaffney et al. 2012) as our SMCs.

Several mechanisms could conceivably explain the observed variation in
mononucleosomal DNA length among the three cell types. First, the histone core may be
different, as nucleosomes with the core DNA length ranged from 100bp to170bp,
depending upon the histone core composition, have been reported (Zlatanova et al. 2009;
Bonisch and Hake 2012; Hasson et al. 2013). It is possible that WAQ9-hESCs and their 4-
day differentiated WAQ9-INM have a larger histone core, resulting in an extra helix turn
of DNA in wrapping, when compared to the 21-day differentiated WA09-SMCs. This

model is consistent with the A/T and G/C dinucleotide symmetry shown in Figure 2.7B.
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Alternatively, the histone cores of WA09-hESCs and WAQ09-INM harbor histone variants
that stabilize the nucleosomes and protect more DNA from MNase-digestion. Examples
of histone variants influencing the nucleosome stability have been reported (Bonisch and
Hake 2012; Li et al. 2012; Hasson et al. 2013; Hu et al. 2013). Consistent with these
possibilities, significantly more histone genes are downregulated in WA09-SMC, when
compared to WAQ9-hESC and WAO09-INM. This may lead to a change in nucleosome
histone core composition during differentiation. Second, it is also possible that the three
cell types are all similar in nucleosome core composition. However, in both WAQ09-hESC
and WAQ09-INM, about 10bp linker DNA is protected by proteins such as hMeCP2
(Nikitina et al. 2007) from MNase-digestion. This theory, however, cannot easily explain
the observed dinucleotide symmetry shown in Figure 2.7B of chapter 2, unlike the first
model. Third, the difference could also come from the DNA itself, e.g., difference in its
methylation or hydroxymethylation status. This also seems less likely because we did not
observe significant differences between the X-chromosome, whose DNA is more heavily
methylated (Nazor et al. 2012), and autosomes, in any of our analyses. Clearly, further
studies, e.g., investigating the core histones and linker protein, are needed to distinguish

these scenarios.

Importantly, our findings shed light on why hESCs can maintain their remarkable
genomic stability, unlike somatic cells. The dominating background mutations in the
human genome are C—T changes arising from deamination of cytosine or 5-
methylcytosine (Venter et al. 2001). A recent study has reported that in eukaryotes,

nucleosome occupancy nearly eliminated cytosine deamination, resulting in a ~50%
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decrease in the C—T mutation rate in nucleosomal DNA (Chen et al. 2012). As described
above, the nucleosomal DNA of WAQ9-hESC is 10bp longer than their terminally
differentiated SMCs. In addition, both the GC content and %CpG increase along with the
mononucleosomal fragment length once exceeding the canonical nucleosomes core
length of 147bp. Thus, compard to somatic cells, longer nucleosomal DNA in hESC
could be instrumental in maininting the low sequence mutation rate by reducing C—T

changes, contributing its remarkable genome integrity.

In summary, our study reveals a fundamental level of epigenetic control that was
not previously recognized and adds to the complexity of epigenetic mechanisms that
operate in pluripotent cells such as bivalent histone modifications and

hydroxymethylation.

Future studies
Both NP studies introduced in this dissertation raised questions that need to be
answered in the future. These questions suggest a variety of research directions that need

to be pursued to construct overall epigenetic dynamics in embryonic stem cells.

One such direction would be to distinguish two hypotheses raised in Figure 2.7:
the ~10bp longer mononucleosomal DNA in hESCs was cause by larger histone core
(Zlatanova et al. 2009; Bonisch and Hake 2012; Hasson et al. 2013) or proteins (Nikitina
et al. 2007) at the nucleosome entry/exit position protect more DNA from MNase

digestion. For the first hypothesis: four histone H2A variants, namely, H2A.X, H2A.Z,
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macroH2A, and H2A.Bbd and two histone H3 variants, namely, H3.3 and CENP-A, have
been identified in mammalian cells (Okuwaki et al. 2005; Sarma and Reinberg 2005).
First, classical biochemistry experiments can be done to verify whether the
mononucleosomal fragment size differences were caused by histone variant: we can
reconstitute nucleosomes in vitro from purified core histone protein variants and varies
length of DNA fragments by salt gradient dialysis (Peterson 2008). Nucleosomes will be
purified and the length of DNA that wrap around nucleosomes can be accessed by gel
electrophoresis after digesting the core protein with proteinase. This experiment helps us
to verify whether the composition of histone core result in nucleosomal DNA length
differences. In addition, the result will also suggest which histone variant leads to the
~165bp and 155bp mononucleosomal DNA in WAQ09-hESC and WAQ09-SMC,
respectively. Second, genome-wide histone variant distributions can be determined by
chromatin immunoprecipitation followed by massively parallel sequencing (ChlIP-seq)
(Jin et al. 2009; Goldberg et al. 2010). Histone variants are not uniformly distributed in
the genome, they also mark chromatin status and are involved in the regulation of gene
expression (Torres-Padilla et al. 2006; Pasque et al. 2012). Integration of the nucleosome
reconstitution experiment and the genome wide study of histone variant distributions will
help us answer the question of whether histone variant cause the differences of DNA
fragments in three cell types and how the histone variant dynamics contribute to the
hESC differentiation. For the second hypothesis: proteins such as hMeCP2 (Nikitina et al.
2007) et al. 2007) protects ~11bp DNA from MNase-digestion. Whether certain protein
exists in the MNase digested fragments can be first determined by measuring the

absorbance at 280 nm then verified with biochemistry experiments such as western plot.
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The other direction would be the integration of NP dynamics during hESC
differentiation with other epigenetic components, including histone modification, DNA
methylation etc. We have explored the relationship between NP and histone
modification/DNA methylation status in hESCs. However, we did not have the matched
either histone modification or DNA methylation data for two other differentiation cell
types: WAQ09-INM and WAQ9-SMC. In this case, we cannot discuss how NP dynamics
corresponding to histone modification and DNA methylation state changes during the
differentiation. Once the histone modification and DNA methylation date for WAQ09-INM
and WAQ9-SMC have been generated, we can investigate how these epigenetic
components function cooperatively during the hESC differentiation process. Similarly,
we can study the relationship between NP and these two epigenetic markers after HS
knockout by generating the histone modification and DNA methylation data for mouse

ESCs and mouse Ext1” ESCs.

The third line of research is to investigate the relationship between NP and
MRNA half life values. We observed the similar correlation between NP and mRNA half
life values in both hESCs and mESCs that genes which are upregulated/downregulated
have distinct distributions of mMRNA half life. However, the human study was conducted
by mapping mESC mRNA half life to human with homologs, therefore, the correction for
hESCs mRNA half lives are needed. Furthermore, quantitative measurements of both NP
in promoter and mMRNA half life can be measured by perturbation of the promoter
sequence for individual gene (Bregman et al. 2011; Trcek et al. 2011). The combination

of both accurate hESC mRNA half life values and individual gene investigations may
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provide us more comprehensive evidences for the mechanism working behind the

regulation of transcription.

The fourth line of research is to explore the regulatory network in either hESC
differentiation or mESC knockout system. Previous researches have identified the core
regulatory network helps maintaining the pluripotency of ES cells (Boyer et al. 2005; Loh
et al. 2006), yet other genes such as Myc and Lin28 were also play essential roles in cell
fate decisions (Graf and Enver 2009). In our mouse HS deficient ESCs, we found that the
expression of Myc was decreased ~10folds, which may suggest a Myc-centered
regulatory network in mESCs. As suggested in other studies, we may use ChlIP-seq to
identify genome wide Myc targets (Chen et al. 2008), and use in vivo metabolic biotin

tagging method (Kim et al. 2010) to identify Myc partners.
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