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Abstract 
 
The replication of the genome is highly temporal organized, which means some sequences 
replicate at the same time, while others not. Normally, some genes replicate consistently 
during early S phase, whereas remaining parts of the genome replicate during late S phase. As 
the timing of DNA replication is conserved within consecutive cell divisions of a given cell 
type it constitutes epigenetic memory.  
 
This project is dedicated to a better understanding of the interphase between epigenetic 
regulation and replication timing. I mainly separated it into two parts, firstly bioinformatics 
analyses and secondly molecular/cell biological analyses.  
 
There are some changes of the timing of DNA replication during differentiation from the 
mouse embryonic stem cells (mESCs) into the neural precursor cell (mNPCs), which 
uncovered some interesting phenomena. Previous genome-wide studies of replication timing 
suggested a strong relation with transcription since early replicating genes are more likely to 
be expressed earlier than genes replicating later during S phase. A deduction made that these 
changes in DNA replication timing is influenced by epigenetic modifications, including both 
DNA and histone epigenetic modifications.  
 
To analyse any relationship between epigenetic marks and replication timing patterns during 
ES cell differentiation, we chose the distribution of the histone dimethylation (H3K9me2) 
mark. The reason is that this mark has been associated with repressed chromatin 
conformations and that a recent report identified all such marks in ES cells and derived 
differentiated cells. Thus, histone dimethylation marks tend to increase during the 
differentiation process and distributed primarily to late replication regions. This observation, 
executed within the framework of this exam work, might support the hypothesis that histone 
epigenetic modifications during ES cell differentiation influence replication timing changes. 
 
Furthermore, I could localize in situ two proteins Proliferating Cell Nuclear Antigen (PCNA) 
and methyltransferase for lysine 9 of histone H3 (G9a) to look for the potential connections of 
histone epigenetic modifications and replication timing changes. These two proteins were 
selected as PCNA is part of the replication fork and since G9a is a histone methyltransferase 
generating H3K9m2 from H3K9me1. In situ fluorescence experiments and confocal 
fluorescence microscopy provided opportunities to investigate whether or not PCNA and G9a 
interact with each other during different periods of S phase. The results are, as we 
hypothesized, that PCNA and G9a interact mainly during middle or late S phase.  
 
Taken together, my results support a causal relationship between timing of DNA replication 
and epigenetic modifications. 
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1. Introduction 
 
The main frame of this project is based on the bioinformatics analysis comparing DNA 
Replication Timing Patterns and Genomic Histone Dimethylation (H3K9me2) distribution 
patterns of mESCs and mouse differentiated stem cells. The predictions of epigenetics 
modification H3K9Me2 are suspected to influence DNA replication timing changes on the 
process of differentiation. And then I investigated the in situ proteins co-locations by 
molecular cell biological experiments -- Immunostaining and In situ Proximity Ligation 
Assay (ISPLA). 
 
All dividing eukaryotic cells must copy their genome in S phase before giving rise to daughter 
cells. The complexity of the DNA replication process is dictated by the need to replicate the 
entire genome once and only once during each cell cycle (Göndör et al. 2009).  
 
DNA replication has to be coordinated in time and space. Most cell types have a temporally 
regulated program of genome duplication, where distinct chromosomal regions replicate at 
defined time points in S phase (Aladjem et al. 2007). This is further complicated by the fact 
that eukaryotic genomes are confined into the small volume of a cell nucleus, so they need to 
be packaged into higher order structures -- this organization has a major effect on DNA 
readout, since the chromatin packaged DNA has to be made accessible for replication, 
transcription and DNA repair, and some regions of the genome are differently accessible than 
others. These differences in compaction state, at the same time, provide an opportunity for 
differential regulation of gene expression in different cell types.  
 
The following section will give an introduction to the organization of DNA in a eukaryotic 
cell nucleus and the epigenetic modifications. It will also introduce replication timing pattern, 
and genomic histone dimethylation (H3K9me2) distribution pattern, which offer the 
opportunities to investigate DNA replication timing change visually. Finally, the information 
of the proteins PCNA and G9a, one of di-methyltransferases, will be mentioned. 
 
1.1. Histone and Chromatin 
 
Eukaryotic cells contain nucleus, a specialized compartment, into which almost all the DNA 
is confined. Chromatin is the complex of DNA and proteins in which the genetic material is 
packaged inside the cells of organisms with nuclei. DNA in the nucleus is wrapped around an 
equal mass of proteins, forming a nucleoprotein complex. Chromatin structure is dynamic and 
exerts profound control over gene expression and other fundamental cellular processes. 
(Felsenfeld et al. 2003)  
 
The most abundant proteins within chromatin are histones (Felsenfeld et al. 2003). There are 
four canonical core histones: H2A, H2B, H3 and H4. They are highly basic proteins, and 
highly conserved throughout all eukaryotes (Sullivan et al. 2003).  Histones H3 and H4 form 
hetero-tetramers and H2A and H2B form hetero-dimers. The H3/H4 tetramer together with 
two H2A/H2B dimers form a histone octamer, on which 146bp of DNA is wrapped around in 
1¾ superhelical turns to form the nucleosome. These nucleosomes are connected to each other 
via a short (10-60bp) stretch of “linker” DNA in between them. Such an array of nucleosomes 
is about 10nm in diameter, and can also condense further to form a 30nm fibre, where the 
DNA is compacted about 50-fold.  
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Recent research indicates that chromatin is packed at a level higher than the 30nm fibre and 
such organization is crucial for long-range control of gene-specific transcription (Tremethick 
2007). The higher-order chromatin structures can range between 60-80 nm in interphase 
chromatin, and finally form the 500-750nm metaphase chromatids during mitosis, which are 
stabilized by the condensin complex (Figure 1). 
 

 
 
Figure 1 (Tremethick 2007), six nucleosomes are assembled into a Solenoid in association 
with H1 histones. The solenoids are in turn coiled onto a Scaffold, which is further coiled to 
make the chromosomal matrix.  
 
1.2. Histone Epigenetics Modifications 
 
Epigenetic information, encoded into the chromatin by virtue of covalently modified DNA 
and histone molecules provides a hereditable mechanism to regulate and maintain gene 
expression patterns through DNA replication.  
 
For DNA modification, adjacent nucleosomes that fold DNA into higher order structures 
restrict the accessibility of various basal and specific transcription factors or enzymes. During 
cell division and DNA replication, maintenance of the DNA methylation pattern onto the 
daughter strand is essential for stable repression of genes. (Estève et al. 2006) 
 
The histones’ N-terminal tails extend outwards from the nucleosome core particle, allowing 
for their interaction with other proteins (Luger et al. 1997) and histones H3 and H4 Lysine are 
highly modified, including methylation, acetylation, phosphorylation, and ubiquitination. H3 
and H4 positions 4, 9, 27, and 20 of histone H4 (Figure 2) are methylated (Lachner et al. 
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2003). 
 

 
Figure 2 (Esteller 2007), Nucleosomal arrays are shown in the context of chromosomal 
location and transcriptional activity. Histone acetylation and methylation (di- and tri-) are 
shown. In “normal” cells, genomic regions that include the promoters of tumour-suppressor 
genes are enriched in histone-modification marks associated with active transcription, such as 
acetylation of H3 and H4 lysine residues (for instance K5, K8, K9, K12 and K16) and 
trimethylation of K4 of H3. In the same cells, DNA repeats and other heterochromatic regions 
are characterized by trimethylation of K27 and dimethylation of K9 of H3, and trimethylation 
of K20 of H4, which function as repressive marks. In transformed cells, this scenario is 
disrupted by the loss of the “active” histone-marks on tumour-suppressor gene promoters, and 
by the loss of repressive marks such as the trimethylation of K20 of H4 or trimethylation of 
K27 of histone H3 at sub-telomeric DNA and other DNA repeats. This leads to a more 
“relaxed” chromatin conformation in these regions. 
 
1.3. G9a, Di-Methyltransferase of Histone H3 lysine 9 
 
Methylation of Lys 9 of histone H3 (H3K9) has been extensively studied and shown to 
correlate with transcriptional gene silencing. Furthermore, the methylation of lysines on 
histones is reversible and shown to regulate gene expression (Wysocka et al. 2005).  
 
The methylated H3K9 serves as a specific binding site for heterochromatin protein 1 (HP1). 
The Suv39h class of enzymes maintains methylation of heterochromatin (Rea et al. 2000); 
while in mammals G9a is likely to be the major euchromatic H3K9 histone methyltransferase. 
Gene disruption of G9a in mice significantly decreases H3K9 methylation in euchromatic 
regions (Tachibana et al. 2002). Biochemical studies with purified full-length G9a or its SET 
domain, along with a substrate peptide bearing the N terminus of histone H3, suggest that G9a 
is capable of mono-, di-, and trimethylation of Lys 9, although the transition from ditto 
trimethylation is rate limiting (Patnaik et al. 2004; Collins et al. 2005). G9a-null mice display 
severe growth retardation and die between embryonic days 9.5 and 12.5 due to deregulation 
of developmental genes (Tachibana et al. 2002). Thus, G9a deficiency is not complemented 
by other known H3K9 methyltransferases.  
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1.4. DNA Replication Timing 
 
When cells divide, they must first duplicate its genome in an organized and error free way. In 
eukaryotic cells, DNA replication starts at many sites throughout the genome termed origins 
of replication, and then proceeds during the S phase of the cell cycle (Figure 3).  
 

 
Figure 3 (Göndör et al. 2009), the relationship between origin spacing, replicon size and 
replication timing (in some articles defined “Replication Domain” -- a replicon in the same 
replication timing). As replication origins (Oris) generally fire bidirectionally (arrows), origin 
spacing and replicon size are directly related. The representation of the replicons shown here 
assumes that the speed of each replication fork is identical. The bars demarcate replicons. The 
colour code depicts early-replicating (green) and late-replicating (red) sequences. Despite 
early firing of replication origins, large replicon sizes, might require the bulk of S phase to 
complete replication. To achieve synchronous replication during early (or late) S phase for a 
larger domain, the replicon size needs to be reduced and the firing has to be coordinated. For 
simplicity, a scenario with only early firing origins is shown. 
 
DNA replication is a highly regulated process, ensuring that each sequence replicates once, 
and only once, during every cell cycle. This regulation occurs mostly at the level of the 
initiation of DNA replication: The more origins are used, the faster the replication of the 
whole genome will be finished. The typical length of S phase for cells of higher eukaryotes is 
about 10 hours. Not all regions of the genome replicate at the same time (Figure 3).  Instead, 
some regions replicate at the beginning of S phase, others more towards the end. This 
temporal order of DNA replication is highly conserved between consecutive cell cycles in a 
given cell type. The replication timing of a certain sequence depends on its distance to the 
closest origin and the time during S phase at which this origin is activated (Gilbert 2004; 
Aladjem 2007; Göndör et al. 2009).  
 
In eukaryotic cells, multiple replicators exist on each chromosome, which are specific genetic 
elements recognized by the initiator to start DNA synthesis. For instance, origins of 
replication (replicators) in budding yeast share a consensus sequence and their location has 
been mapped throughout the genome (Nieduszynski et al. 2006). Higher eukaryotes often lack 
genetically defined replicators (Gilbert 2004). Therefore it has been proposed that epigenetic 
features define the initiation of DNA replication in metazoan cells (Gilbert 2004; Aladjem 
2007). 
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1.5. PCNA, Proliferating Cell Nuclear Antigen 
 
Proliferating cell nuclear antigen (PCNA) is part of the replication machinery and forms a 
clamp around the DNA template. PCNA can also serve as scaffold for a large number of co-
factors that regulate post-translational modifications of chromatin proteins that are deposited 
on the newly replicated DNA (Moldovan et al. 2007). A key observation is that the 
association between histone deacetylase 2 (HDAC2), an enzyme that contributes to repressed 
states, and the PCNA complex takes place only at late-replicating foci (Rountree et al. 2000).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 (McCulloch et al. 2008), Simplified cartoon model of a eukaryotic replication fork, 
Protein depictions are based on currently accepted subunit composition of S.cerevisiae 
proteins but are not meant to be accurate structure-based models. The assignment of pol ε to 
the leading strand is based on a recent report (Pursell et al. 2007), but has not been 
definitively established for all replication. Pol δ is consequently assigned to the lagging strand. 
Helicase hexamer (magenta); replication protein A (RPA; light blue ovals); proliferating cell 
nuclear antigen (PCNA; purple torus); pol α-primase complex (blue); RNA-DNA hybrid 
primer (red zig-zag and arrow); pol δ (red); pol ε (green); template strand DNA (black lines); 
newly synthesized DNA (gray lines). 
 
Similarly, G9a, the histone lysine methyltransferase I mentioned above, which generates the 
repressive H3K9me2 modification, seems to be associated with PCNA potentially during the 
middle to late S phase. (Estève et al. 2006) Considering that early-replicating foci are 
enriched in histone acetyltransferase activities that generally create open chromatin 
conformations, the PCNA complex seems to have contrasting epigenetic allegiances during 
early versus late S phase. (Wu et al. 2005) 
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1.6. DNA Replication Timing Pattern 
 
David Gilbert’s Group mapped replication timing in mESCs and mNPCs using high-density 
oligonucleotide arrays. ESCs were chosen because they provide the opportunity to directly 
evaluate dynamic changes in the replication program in response to changes in growth 
conditions (Hiratani et al. 2004; Perry et al. 2004), in contrast to comparisons of separately 
isolated cell lines that may harbour genetic differences or long-term epigenetic adaptations. 
Cells were pulse labelled with BrdU and separated into early and late S-phase fractions by 
flow cytometry (Figure 5A). BrdU-substituted DNA from each fraction was 
immunoprecipitated with an anti-BrdU antibody, differentially labelled, and co-hybridized to 
a mouse whole-genome oligonucleotide microarray. 
 

 
 
Figure 5 (Hiratani et al. 2008), Genome-Wide Analysis of Replication Timing in mESCs 
(A) Protocol for genome-wide replication timing analysis using oligonucleotide microarrays 
with one probe every 5.8 kb. 
(B and C) Generating replication-timing profiles, an exemplary mESC replication-timing 
profile of a Chromosome 1 segment is shown. Raw values for probe log ratios [i.e., 
log2(Early/Late)] along the chromosome revealed a clear demarcation between regions of 
coordinate replication (B), which is highlighted upon overlaying a local polynomial 
smoothing (loess) curve (C). 
(D) Analyses at a density of one probe per 5.8 kb or 100 bp show essentially identical 
smoothed replication-timing profiles. 
 
The pattern (Figure 5B) shows the mean replication-timing ratio for each probe plotted as a 
function of chromosomal coordinate for an exemplary 50-Mb segment of Chromosome 1, and 
(Figure 5C) shows a loess-smoothed curve fit for the same region. This profile revealed a 
surprisingly clear demarcation between regions of coordinate replication referred to as 
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“replication domains” (Red lines marked in Figure 5C). To address whether 5.8-kb probe 
density was sufficient to provide a complete profile of replication domains were hybridized 
the same duplicate preparations of replication intermediates to tiling microarrays (one probe 
every 100 bp) of Chromosomes 6 and 7. Despite the nearly 60-fold–higher probe density, 
results showed an almost indistinguishable smoothed profile (Figure 5D). (Hiratani et al. 2008) 
 
Beside of presenting the replication domains, the other significant application of replication 
timing patterns is to indicate changes of replication domains before and after differentiation 
process, which were concluded and shown by Figure 6. 
 

 
 
Figure 6 (Hiratani et al. 2008), the reorganizations as domain “consolidation”, “boundary 
shift”, and “isolation”. Consolidation merged several replication domains to one, and 
boundary shifts occurred equally through the encroachment of late domains into early 
domains and vice versa, so did not affect the overall size or number of replication domains. 
The isolation cases are rare, the emergence of new smaller domains from within a larger 
domain. 
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1.7. Genomic Histone Dimethylation (H3K9me2) Distribution Pattern 
 
Andrew P. Feinberg’s group examined large organized chromatin K9 modifications (LOCKs) 
distributions of mESCs and randomly differentiated ES cells (Figure 7), using ChIP-on-chip 
assays, i.e. chromatin immunoprecipitation (ChIP) with antibody to H3K9Me2. After ChIP, 
DNA was purified, labelled, and hybridized to the ENcylopedia of DNA Elements (ENCODE) 
array and a custom array. And the ChIP-on-chip data was validated by quantitative ChIP real-
time PCR for 19 sites both within and outside blocks, confirming in all cases the observations 
based on array hybridization. H3K9Me2 revealed a dramatic block-like clustering of 
modifications over relatively large genomic regions (Wen et al. 2009). 
 

 
 
Figure 7 (Wen et al. 2009), H3K9Me2 LOCKs arise during differentiation. Depicted is a 
summary of data from a 10-Mb region of mouse chromosome 8. Locations of LOCKs in 
undifferentiated mouse ES cells, differentiated ES cells, liver and brain are denoted by green, 
red, orange and blue bars, respectively. 
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2. Results 
 
2.1. Comparisons between mESCs and mNPCs DNA Replication Timing Patterns 
 
Comparisons DNA Replication Timing Patterns between mESCs and mouse differentiated 
stem cells, which revealed substantial changes in the replication profile (Figure 8), since these 
specific changes in replication timing take place during the course of neural differentiation, 
generating a novel replication profile that is characteristic of mNPCs, which suggest that 
replication-timing profiles are stable within particular cell lineages but change significantly in 
response to major cell fate decisions. (Hiratani et al. 2008) 
 

 
 
Figure 8, A, mESCs replication timing data, and B, mNPCs replication timing data. The X- 
axis of these datasets is the location in mouse genome, and on the top of this frame, the 
positions based on the mouse genomic dataset of UCSC Genome is shown. The Y-axis for RT 
datasets indicates the timing sequence of DNA replication of different cells, and normally, the 
peak values of genomic fragments, which is higher than the baseline (0 values), are replicated 
earlier than those lower peak fragments. Green points represent transition points. 
 
Replication-timing changes induced by differentiation resulted in a dramatic change in the 
number and sizes of replication domains (Figure 8). Small domains that were replicated at 
different times in mESCs frequently merged to become one larger co-ordinately replicated 
domain (Figure 6). Those intersection points of replication timing curves and 0 value base 
lines were defined “transition points”, which are only the boundaries of replication domains in 
principle, but might not the real DNA replication boundaries, since DNA replication is a 
dynamic process -- which means when replicating the helicase might not stop at the transition 
point, if different replication origins start at a same time on the middle of early replication 
domains, and the middle of the late replication domain between these two early replication 
domains might be the end of the replication process.  
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Table 1, ES TPs means the quantity of mouse embryonic stem cell transition points, and NPC 
TPs means the quantity of mouse neural precursor cell transition points. 
 

E to L L to E  ES 
TPs 

NPC 
TPs Consolidation Boundary Isolation Consolidation Boundary Isolation

chr1 144 111 14 46 2 14 45 3 
chr2 98 84 7 23 3 6 24 3 
chr3 99 77 11 20 4 9 20 5 
chr4 84 67 12 16 3 14 18 5 
chr5 84 76 9 28 6 6 19 3 
chr6 80 68 8 28 5 8 18 3 
chr7 98 92 5 19 4 9 20 6 
chr8 75 71 2 27 2 8 16 5 
chr9 77 61 5 21 1 9 22 4 
chr10 94 86 11 24 5 8 20 7 
chr11 59 55 4 15 2 8 13 6 
chr12 73 71 4 15 2 8 20 4 
chr13 106 92 7 22 2 16 13 6 
chr14 65 68 2 13 5 10 14 3 
chr15 55 55 6 19 3 1 15 3 
chr16 55 51 4 19 1 2 17 2 
chr17 49 58 4 14 3 4 12 2 
chr18 62 71 7 17 2 4 11 6 
chr19 36 36 3 17 0 1 11 3 
chrX 98 85 14 16 1 2 16 2 
Total 1591 1435 139 419 56 147 364 81 

 
The quantity of transition points reduced when comparing the mESCs (1591) with mNPCs 
(1435) (Table 1), which might support the embryonic stem cells own totipotency. Small 
pieces of replication domains bind together and form bigger or larger replication domains 
during the differentiation from mESCs to mNPCs, which were concluded by “E to L 
Consolidation” and “L to E Consolidation” columns. The “isolation” columns included all the 
replication timing changes that were divided from integrated replication domains, which 
might present some specific domains changing their DNA condense to more compact “E to L 
Isolation” or more looser “L to E Isolation” since compact DNA condensation normally 
parallel to heterochromatin prone to be replicated late, whereas loose DNA condensation, 
euchromatin, prone to be replicated early. Most of the boundary shift fragments present the 
size change of replication domains but not overturns. Together, these results demonstrate a 
global reorganization and consolidation of replication domains during ESC differentiation. 
 
2.2. Comparisons between DNA Replication Timing Patterns and Genomic Histone 
Dimethylation (H3K9me2) Distribution Patterns 
 
H3K9Me2 distribution was considered to be one of the factors which could influence DNA 
replication timing, beside DNA replication timing data, epigenetics modification pattern 
analyses would provide new hints for this mechanism. It is possible to compare DNA 
Replication Timing Patterns and Genomic Histone Dimethylation (H3K9me2) distribution 
patterns, since both of them aligned to mouse genome by chromosomes.  
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Figure 9, mouse chromosome 18 H3K9Me2 distribution patterns and DNA replication timing 
patterns (RT) were compared with each other, datasets from top to bottom (A to D), the 
H3K9Me2 (mESCs), RT (mESCs),  RT(Neural precursor cells), H3K9Me2 (mEBs).  
 
In the whole mouse genome, large-scale modifications were minimal to absent in 
undifferentiated ES cells, but arose on their differentiation (Figure 9), comprising only 4% of 
the genome of undifferentiated ES cells, compared to 31% in differentiated EB cells. The 
average size of the modified regions also increased from undifferentiated ES cells (39 kb) to 
differentiated ES cells (81 kb). Further more, Andrew Feinberg’s group also extended this 
analysis to two adult mouse tissues, liver and brain -- 45.6% of the genome showed higher-
order modification in the liver, and 9.8% in the brain. The average size of the modified 
regions was comparatively large in the liver (235 kb), which also contained the largest 
modified regions (4.9 Mb). (Wen et al. 2009) 
 
 
 
 
 

A 

B 

C 

D 
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Figure 10, Histogram for mESCs H3K9Me2 distribution in every chromosome, the No.20 
means Chromosome X, Late located contrasts to early located H3K9Me2: 2.16. (Data from 
Table 3) 
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Figure 11, mEBs H3K9Me2 distribution similar with Figure 10, late located contrasts to 
Early located H3K9Me2: 3.52. (Data from Table 3) 
 
Table 2, quantitive changes overall H3K9Me2 modification in mESCs and mEBs. 
 

 mESCs Average 
Size in ES mEBs Average 

Size in EB 
Total H3K9Me2 Modifications  2590 39 kb 8600 81 kb 
Located on Early  725 (28%) 37 kb 1681 (19.5%) 55 kb 
Located on Late 1568 (60.5%) 40 kb 5909 (68.7%) 88 kb  
Located on Boundary 297 (11.5%) -- 1010 (11.8%) -- 
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Because of these differentiation- and tissue-specificity, these regions as large organized 
chromatin K9 modifications, 72.1% (1568/2590) H3K9Me2 modifications were located on 
late replication domains in mESCs, and this percentage on late replication domains in mEBs 
was 68.7% (5909/8600), and considering that the average modification size changed from 40 
kb to 88kb after differentiation. 
 
The increasing of late replicated H3K9Me2 modification size means these domains own more 
compact DNA condensation than early replicated domains. And there might own some more 
heterochromatin in mEBs. In principle, embryoid bodies (EB) are aggregates of cells derived 
from embryonic stem cells, which still own the abilities to develop every other type present in 
the organism but not trophectodermal tissue. Whether the pluripotency of mESCs is related 
with the replication domain size? Utilizing the data of average H3K9Me2 modification size 
could inference the changes of replication domains from mESCs to mEBs, and to investigate 
how these changes influence differentiation functions of cells. 
 
Table 3, Quantities of H3K9Me2 located on various chromosomes of mESCs and mEBs. 
Those modifications striding over the boundaries between Early to Late replication domains 
and Late to Early domains are not shown. 
 

mESCs mEBs 
 Total Early Late  Total Early Late 

chr1 19 5 8 chr1 688 98 540 
chr2 142 41 83 chr2 616 90 455 
chr3 48 13 32 chr3 648 45 558 
chr4 104 28 61 chr4 487 81 357 
chr5 241 64 142 chr5 465 125 275 
chr6 160 59 81 chr6 590 93 429 
chr7 237 62 143 chr7 441 119 239 
chr8 139 42 89 chr8 489 108 322 
chr9 190 50 125 chr9 367 113 202 
chr10 91 34 50 chr10 552 116 375 
chr11 254 82 152 chr11 299 104 144 
chr12 196 33 145 chr12 394 98 245 
chr13 132 34 86 chr13 469 121 282 
chr14 162 40 90 chr14 389 102 231 
chr15 107 38 65 chr15 320 46 248 
chr16 61 17 41 chr16 384 30 327 
chr17 59 19 35 chr17 254 43 194 
chr18 109 29 69 chr18 349 75 247 
chr19 99 27 61 chr19 204 60 114 
chrX 40 8 10 chrX 195 14 125 
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2.3. HCT-116 PCNA Patterns 
 
In my project, the hypothesis that H3K9Me2 modifications influence DNA replication timing 
changes was suggested from mESCs and mEBs data comparisons. When I was looking for 
support from molecular cell biological experiments I chose Human Colon Carcinoma cell line 
HCT-116, since these cells grown quickly and stably comparing with mouse stem cells. 
Firstly, classification of these cancer cells in different replication phases was based on the 
Proliferating cell nuclear antigen (PCNA) patterns. 
 
Proliferating cell nuclear antigen (PCNA) was chosen as a marker for replication factories 

since it has no known enzymatic activity, but is nevertheless a central and essential factor for 
DNA replication and it was the first protein identified at replication foci during S phase, since 
then it was widely used as a marker for replication foci. 
 
In recent researches, PCNA staining patterns resembled bromodeoxyuridine (BrdU) patterns 
throughout S phase, (Leonhardt et al., 2000) the patterns of Mouse C127 cell line were 
captured. (Lu and Gilbert et al. 2007) Normally, cells in G1 phase could be identified by their 
small, PCNA-negative nuclei, cells at different stages of S phase could be identified by their 
PCNA immunostaining pattern or BrdU patterns, and cells in G2 phase could be identified as 
large PCNA-negative cells. Beside of mouse cell PCNA patterns, Human embryonic kidney 
(HEK) 293T cell line was also PCNA immunostained, which were co-transfected with RFP-
PCNA to identify replication foci and to distinguish S-phase stages. (Schermelleh et al. 2007)  
 
The PCNA patterns shown in Figure 12 were proteins directly detected by 2nd Tritc against 1st 
anti-PCNA antibody (See 4.Methods and Materials), which could present in situ PCNA 
distributions of human cancer cells. Until now, there is no publication concluded HCT-116 
PCNA patterns yet. 
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Figure 12, PCNA immunostaining with antibody against PCNA, HCT-116 wild type cell 
lines, from 1 to 4, might be early, mid, late S phase and G2 phase patterns. Photos were 
captured by fluorescence microscope. 
 

1 2

3 4
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Figure 13, PCNA immunostaining with antibody against PCNA, HCT-116 wild type cell 
lines, from 1 to 4, might be early, mid, late S phase and G2 phase patterns. Photos were 
captured by confocal microscope. 
 
2.4. PCNA and G9a in situ distribution captured by immunostaining 
 
It was published that DNMT1 (DNA methyltransferase) could bind to PCNA and G9a 
constitute to a trimer protein complex (Estève et al. 2006). If this complex exists, PCNA 
might combine with G9a during cell division, and immunostaining would detect whether or 
not two protein molecules bind together. 
 
Since the H3K9Me2 distribution patterns presented most of the modifications are located on 
the DNA late replication domains, which also hints that more G9a might distribute with late 
replication fragments in the nucleus. PCNA could only express during S phase, and own 
different S phase patterns to be distinguished. If PCNA binding with G9a in different period 
of S phase and are detected by immunostaining, it might support that G9a and PCNA could 
execute their biological functions in meantime replicate DNA and recruit epigenetic 
modifications for next generation, which influences DNA replication timing changes.  

1 2

3 4
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Figure 14, Immunostaining result of PCNA, G9a, and DAPI merged together, Left, the 
PCNA (Red) and G9a (Green) colocalized positions inside a single nuclear were marked by 
white circle, Right, the Photo same as the Left one without marks. 
 

 
Figure 15, Left, PCNA immunostaining, Middle, DAPI immunostaining, Right, G9a 
immunostaining 
 
Some of the white circle marked combined yellow points in Figure 16 were close to nucleus 
membrane, which was consistent with the supposed principle -- G9a and PCNA bind together,  
and H3K9Me2 locate on late replication timing domains close to nuclear membrane. In Figure 
18 whole the cells have G9a expressed but PCNA not, and it was supposed that G9a 
molecules were diffused randomly and regulated by some other upstream mechanisms which 
could activate G9a to bind with PCNA, when PCNA were active, and to start DNA replication 
on special positions. 
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2.5. PCNA and G9a in situ interactions captured by ISPLA 
 
2.5.1. In situ proximity ligation assay (ISPLA) 
 
It is not convincible to rely on only immunostaining to detect protein-protein interaction, 
since some steps of immunostaining might influence the sensitivity of experiments, for 
instance ruined the original interactions and epitode-antibody interactions between protein-1st 
antibody or 1st antibody-2nd antibody. Here the in situ proximity ligation assay (ISPLA) was 
adopted to detect the PCNA-G9a interactions as well.  
 
ISPLA technology is capable of detecting single protein events such as protein interactions, 
for instance, protein dimerization and modifications, for instance, protein phosphorylation, in 
tissues or cells. 
 

 
 
Figure 16, ISPLA principle, from Left Up (1) tp Right Low (6), (1) primary antibodies that 
bind to the proteins; (2) add secondary antibodies conjugated with oligonucleotides; (3) 
hybridize to the two ISPLA probes if they are in close proximity; (4) ligation, ligase causes 
the two hybridized oligonucleotides to a closed circle; (5) amplification, consisting of 
nucleotides added together with Polymerase (yellow), the oligonucleotide arm of one of the 
PLA probes acts as a primer for a rolling-circle amplification (RCA) reaction using the ligated 
circle as a template, generating aconcatemeric (repeated sequence) product extending from 
the oligonucleotide arm of the PLA probe; or add biotin-dUTP to participate the RCA; (6) 
detection, consisting of fluorescently labeled oligonucleotides is added and the labeled 
oligonucleotides will hybridize to the RCA product; or use anti-biotin conjugated with 
fluresent molecules to detect the ISPLA signals. The signals are easily visible as a distinct 
fluorescent dot and analyzed by fluorescence microscopy or confocal microscopy. 
 
The target proteins PCNA-G9a are detected using two primary antibodies. In this case, two 
primary antibodies are used to detect these two proteins’ interaction; they must be raised in 
different species (anti-PCNA from mouse and anti-G9a from rabbit). A pair of 
oligonucleotide labelled secondary antibodies (ISPLA probes) is applied, and a signal is 
generated only when the two ISPLA probes have bound in close proximity, either to the same 
primary antibody or only two primary antibodies that have bound to the sample in close 
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proximity. The signal from each detected pair of ISPLA probes is visualized as an individual 
fluorescent dot. These ISPLA signals can be quantified and assigned to a specific location 
based on microscopy images.  
 
2.5.2. ISPLA figures of G9a and PCNA interactions 

 
Figure 17, Four figures of two cells, Green spots are ISPLA signals, and Red stain is PCNA 
pattern, which exhibits this cell in the EARLY S phase.  
In principle, with appropriate primary antibodies for PCNA and G9a, in situ PLA technology 
can detect any antigen with proximate epitopes at the single molecule level. The higher 
sensitivity and specificity could detect G9a-PCNA interaction more accurate and more 
definite than immunostaining. There are five groups of ISPLA result figures presented (Figure  
17 ~ Figure 21), in different HCT-116 cell division phases, and all of these figures were 
captured by confocal microscopy. 

4 

1 2 

3 
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Figure 18, Six figures of the same cell, from left to right, the focus changed from the bottom 
to the top of this cell. Green spots are ISPLA signals, and Red stain is PCNA pattern, which 
exhibits this cell in the MIDDLE S phase. 
 

 
Figure 19, Five figures of the same cell, from left to right, the focus changed from the bottom 
to the top of this cell. Green spots are ISPLA signals, and Red stain is PCNA pattern, which 
exhibits this cell in the LATE S phase. 
 
Green spots from ISPLA support the hypothesis that PCNA and G9a combine together during 
cell division. The quantity of PCNA-G9a ISPLA signals during early S phase seems less than 
middle and late S phase, and in S phase, more concentred to the centre of nucleus than the 
other two phases, which were both somehow consistent with original assumes.  
 
And the confocal figures could offer more clear PCNA patterns than immunostaining, when 
comparing Figure 20 ~ Figure 22 with Figure 15.   
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Figure 20, Four figures of the same cell, from left to right, the focus changed from the bottom 
to the top of this cell. Green spots are ISPLA signals, and Red stain is PCNA pattern, which 
exhibits this cell might in the G2 phase, because of some shallow red PCNA staining. 

 
Figure 21, Six figures of the two same cells, from up left (1) to low right (6), the focus 
changed from the bottom to the top of these cells. Green spots are ISPLA signals, and Red 
stain is PCNA pattern, which exhibits these cells might in the G1 phase, since almost no red 
PCNA staining presented. 

1 2  3 
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3. Discussion 
 
For the bioinformatics parts of DNA replication timing data and H3K9Me2 data comparison 
between mESCs, mNPCs and mEBs cell lines. Some researches (Hiratani et al. 2008), 
through biostatistics analyses, could not establish a link between the presence of the 
repressive chromatin marks H3K27me3, H3K9me3 and H4K20me3 and replication timing in 
late S phase. Although the H3K9me2 mark does not extensively overlap with late replication 
timing patterns in ES cells, H3K9me2 can be found only in mid to late replicating regions in 
embryoid bodies derived from ES cells (R.J. Hu, A.G., A.P. Feinberg and R.O., unpublished 
observations). Therefore, it is possible that the G9a–replication fork link does not usually 
apply to ES cells, and raises the question of whether the establishment of the different 
epigenetic allegiances of PCNA that are characteristic of somatic cells is part of the 
differentiation process. Thus, to conclusively determine causality in the link between active or 
repressive epigenetic marks and replication timing, epigenetic modifiers should also be 
targeted in somatic cells. (Göndör et al. 2009) 
 
The question of whether additional marks can be associated with different replication timing 
has been addressed in my studies that have looked at the relationship between chromatin 
marks and replication timing in HCT-116 cells. The results might suggest a mechanism that 
underlies the establishment of the repressive and active epigenetic domains characterize the 
epigenetic landscape of cancer cells. The epigenetics modification H3K9Me2 level would 
change between different cells, for instance, human somatic cells and human cancer cells, to 
indicate the G9a-PCNA interaction patterns in both these two kinds of cells is necessary, 
which might also own different DNA replication timing, since the cancerization procedure 
related with development. Therefore the DNA replication timing analyses between mESCs 
and mNPCs are appropriate as well. To consider the factors effecting G9a-PCNA interactions, 
DNMT1 mentioned above, which could combine with PCNA and G9a together and was 
double knocked out and single knocked out in HCT-116 cell line and the existence of these 
two mutant cell lines, will bring the opportunities for investigating whether the disassembly of 
G9a-DNMT1-PCNA trimer could influence G9a-PCNA interactions, or furthermore, the 
DNA replication timing. 

 
Figure 22, Three ISPLA figures of several cells, from left to right the focus changed from the 
bottom to the top of these cells.  
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Figure 23, Four ISPLA figures of several cells, from left to right the focus changed from the 
bottom to the top of these cells. Red stain is G9a pattern, which is just like the former 
Immunostaining results -- G9a expressed in all cells. 
 
The ISPLA control group results (Figure 25 and Figrue 26) still include green spots. Green 
spots should be false positive ISPLA signals since these figures belong to ISPLA negative 
control group. In Figure 25 Cells were during LATE S phase and in Figrue 26 these red Tritc 
stain is G9a but not PCNA, therefore it is impossible to estimate the cell division phase. 
Negative control groups only remained one of the primary antibodies (anti-G9a or anti-
PCNA), which could ruin the hybridization step of ISPLA, so the green spots should be false 
ISPLA signals, when comparing with Figure 20 ~ Figure 24 these false spots were smaller in 
size and less in quantity. The reason for these was still beyond understanding. 
 
4. Methods and Materials 
 
4.1. Data Analyses 
 
The DNA replication timing data and Epigenetics modification data were extracted by Perl 
from Original microarray datasets offered by Dr. David Gilbert and Dr. Andrew Feinberg 
respectively. The software SignalMap (NimbleGen) was chose to analysis and to compare 
these two datasets. 
 
4.2. Cell culture 
 
The cell line HCT-116 is known to have microsatellite instability and to have a high 
chromosomal stability. The cells were grown in MacCoy-S5A medium and cultivated to a 
confluent layer.  
 
4.3. Immunostaining 
 
For PCNA and G9a staining, HCT-116 cells grown on coverslips were fixed with cold 70% 
ethanol. After blocking with 10% normal goat serum in phosphate buffer for 30 min, cells 
were then incubated with primary antibodies against PCNA (CALBICHEM,NA03) and G9a 
(Cell Signaling, #3306) respectively for overnight at 4 degree, followed by incubation with 
FITC and TRITC-conjugated secondary antibodies. 
 

3 41 2
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4.4. In Situ PLA 
 
For ISPLA, HCT-116 cells grown on coverslips were fixed with cold 70% ethanol. After 
blocking with 10% normal goat serum in phosphate buffer for 30 min, cells were then 
incubated with primary antibodies against PCNA (CALBICHEM,NA03) and G9a (Cell 
Signaling, #3306) respectively for overnight at 4 degree and followed by incubation with 
secondary antibodies conjugated with oligonucleotides for 4 hours in room temperature. 
Hybridize (DuolinkTM In situ PLA kit) ISPLA probes for 1 hour in room temperature, 
followed by ligate these two probes for 45 mins in room temperature, and then ran the RCA 
for 1.5 hours in 37 degree, finally incubated with FITC-conjugated anti-Biotin and TRITC-
conjugated secondary antibody to mark the ISPLA signals and protein patterns. 
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