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Abstract 
DNA replication is an integral part of the cell cycle. Every time a cell divides, the 

entire genome has to be copied once and only once in a timely manner.    In order to 

accomplish this, DNA replication begins at many points throughout the genome called 

origins of replication. Origins are activated in a temporal manner throughout S phase. 

How these origins are selected and regulated is poorly understood.  

DNA replication is a multistep process with several opportunities for regulation. 

Potential origins are marked with the origin recognition complex (ORC). While ORC in 

S. cerevisiae binds to a specific sequence, no sequence specificity is required in 

metazoans, suggesting that other epigenetic factors influence ORC binding. In G1, the 

pre-replicative (pre-RC) complex assembles at potential origins, and a subset of these 

origins are activated in S phase in a temporal manner. 

The temporal firing of origins leads to megabase-sized  regions of the genome 

being copied at different times during S phase, which makes up the replication timing 

profile of the genome. These regions are not random, and several correlations between 

replication timing and both transcriptional activity and chromosomal landscape. 

Regions of the genome with high transcriptional activity tend to replicate earlier in S 

phase, and it is well know that the gene rich euchromatin replicates earlier than the gene 

poor heterochromatin.   Additionally, areas of the genome with activating chromatin 
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marks also replicate earlier than regions with repressive marks. Though many 

correlations have been observed, no single histone modification has been shown to 

directly influence replication timing. 

We mapped the replication timing profiles of three cell lines derived from 

Drosophila melanogaster using the Repli-seq technique. We found that the X chromosome 

of the male cell lines replicated earlier than the X chromosome in the female cell line or 

the autosomes. We were then able to compare the replication timing profiles to data sets 

for histone modifications acquired through the modENCODE (model organism 

Encyclopedia Of DNA Elements). We found that the early replicating regions of the 

male X chromosomes correlate with acetylation of lysine 16 on histone 4 (H4K16). 

Hyperacetylation of H4K16 on the X chromosome in males is a consequence of 

dosage compensation in D. melanogaster. Like many organisms, D. melanogaster females 

have two X chromosomes while males have one, and males compensate for this 

difference in gene dosage by upregulating the expression of the genes on the X 

chromosome two-fold via the dosage compensation complex (DCC), a complex that 

acetylates H4K16 on the X chromosome. 

We hypothesized that the activities of the DCC and the hyperacetylation of 

H4K16 also influences DNA replication timing. To test this, I knocked down 

components of the DCC (MSL2 and MOF) using RNAi. Cells in a male cell line showed 

preferential early X replication, and this phenotype was lost upon destabilization of the 
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DCC. These results suggest that the DCC and H4K16 acetylation are necessary for early 

replication of the X chromosome. Additionally, early origin mapping of different cell 

lines showed that while ORC density does not differ between male and female cell lines, 

early origin usage is increased on the X chromosome of males, suggesting that this 

phenomenon is regulated at the level of activation, not pre-RC formation. Other 

experiments in female cell lines have been unclear about whether the DCC and 

subsequent H4K16 acetylation is sufficient for early X replication. However, these 

results are exciting because this is, to our knowledge, the first mark that has been found 

to directly influence replication timing. 

In addition to these timing studies, I attempted to design a new way to map 

origins. A consequence of unidirectional replication with bidirectional replication fork 

movement is Okazaki fragments. These are short nascent strands on the lagging strand 

of replicating DNA. Because these fragments are small, we can isolate them by size and 

map them back to the genome. Okazaki density could tell us about origin usage and any 

directional preferences of origins. The resulting data show that Okazaki fragments map 

back to ORC binding sites in a strand-specific manner, which would be expected for 

bidirectional fork movement.  
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1. Introduction 

DNA replication is an integral part of the cell cycle that is necessary for 

cell division.  This process must be tightly regulated, and it is essential that the 

entire genome be copied exactly one time during S-phase.  Failure to completely 

duplicate the genome or over-replication can lead to genomic instability which is 

a common feature of many cancers.      

DNA replication happens during S phase of the cell cycle.  The entire 

genome must be accurately copied in a relatively short amount of time. For 

example, the 160 Mb Drosophila melanogaster genome replicates in approximately 

6 hours, while embryos can replicate the genome in a matter of minutes(Hyrien 

et al. 1995; Sasaki et al. 1999).  To achieve this, eukaryotic DNA replication begins 

at multiple points along the genome (Figure 1) (Huberman and Riggs 1966).  

These start sites are called origins of replication. Origins are selected in the G1 

phase of the cell cycle and are activated throughout S phase in a temporal 

manner. This gives rise to regions of the genome that replicate at different times 

during S phase (Raghuraman et al. 2001; Wyrick et al. 2001).  While these 

differences are seen in all eukaryotes, how and why they arise is not well 

understood.  
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1.1 Origins of Replication  

1.1.1 Yeast Origins 

The most well characterized model of eukaryotic DNA replication is that 

of Saccharomyces cerevisiae.  Initially, yeast replicators were defined as genomic 

sequences that allow plasmids to be maintained extrachromasomally.  These 

elements are called autonomously replicating sequences (ARS) and are 

approximately 80-120 bp long(Figure 2) (Stinchcomb et al. 1979).  In 

chromosomal context, most of the ARSs function as origins (Newlon and Theis 

Figure 1: Replication Origins.  

DNA replication begins at multiple points in the genome called origins of 
replication. Origins fire in a temporal manner during S phase of the cell 
cycle. 
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1993).  The ARS elements are further divided into A and B domains (Celniker et 

al. 1984; Walker et al. 1990; Marahrens and Stillman 1992; Rao et al. 1994; Theis 

and Newlon 1994; Huang and Kowalski 1996).   The A domain contains the ARS 

consensus sequence (ACS), a degenerate 10-12 bp T rich motif that is necessary 

for the binding of the origin recognition complex (ORC) (Figure 2) (Van Houten 

and Newlon 1990; Newlon and Theis 1993).  Though the ACS is necessary for 

origin selection, it is not sufficient as the yeast genome contains over 10,000 ACS 

matches but only 300-400 sites are actually utilized as origins (Eaton et al. 2010). 

 

Figure 2: S. cerevisiae Origin 

The origin in S. cerevisae  consists is 80-120 bp long and consists of several sequence 
elements, including an A domain and several poorly conserved B domains. The 11 bp 
ACS lies within the A domain, and the A and B1 domain serve as the binding site for 
ORC. 
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The ACS is not found throughout all yeast species, however. 

While Schizosaccharomyces pombe exhibit ARSs, these sites are quite large (>500 

bp) and have no consensus sequence (Clyne and Kelly 1995; Dubey et al. 1996). 

Instead, the ARS is AT rich, and poly dA/dT tracts can be substituted into the 

ARS without changing the origin usage (Okuno et al. 1999; Segurado et al. 2003).  

Like S. cerevisiae, S. pombe origins tend to be found in intergenic regions, as 

confirmed by genome wide mapping of pre-replicative complex (pre-RC) 

components and 5-bromodeoxyuridine (BrdU) labeled early origins, which were 

found in intergenic regions (see below) (Gomez and Antequera 1999) (Hayashi et 

al. 2007).  

 

1.1.2 Metazoan Origins 

 Unlike in S. cerevisiae, there is limited sequence specificity for origins in 

metazoans (Vashee et al. 2003; Remus et al. 2004), and plasmid maintenance 

assays have failed to identify ARS sequences in higher eukaryotes (Gilbert et al. 

1995; Smith and Calos 1995). Some systems exhibit site specific origin usage 

while others show regulation over a broad region.  For example, some human 

origins, such as the human β-globin or lamin B2 loci, have very defined sites of 

replication (Aladjem et al. 1995; Abdurashidova et al. 2000).  Similarly, the 
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chorion amplification locus in Drosophila follicle cells also exhibits site specific 

DNA replication (Delidakis and Kafatos 1989; Heck and Spradling 1990; Lu et al. 

2001). Two cis-acting elements of the chorion loci, ACE3 and Ori-β, have been 

shown to directly bind to ORC (Austin et al. 1999; Bosco et al. 2001; Chesnokov et 

al. 2001).  

Some metazoans exhibit a broader range of replication control.  At the 

dihydrofolate reductase locus in the Chinese hamster, replication initiation can 

happen at any of a large number of sites over a broad 55 kb region (Vaughn et al. 

1990).  This lack of sequence specificity suggests that other factors such as local 

chromatin structure or other DNA binding proteins are likely to play an 

important role in specifying replication origins.   

 

1.1.3 The Origin Recognition Complex 

Origin selection happens in a stepwise manner. Origins are marked by 

ORC throughout the cell cycle.  This highly conserved, heterohexameric (ORC1-

6) complex binds to origins in an ATP dependent manner (Bell and Stillman 

1992; Klemm et al. 1997; Lee and Bell 1997).  ORC1-5 are well conserved between 

yeast and higher eukaryotes, while ORC6 is well conserve in metazoans. In S. 

cerevisiae, ORC1-5 are necessary for the complex to bind to DNA, and while 

5 



 

ORC6 is not necessary for binding, it is necessary for replication and cell viability 

(Li and Herskowitz 1993). In S. pombe, ORC4 has a repeated AT-hook DNA 

binding motif at the N terminus. This motif is not found in ORC4  in other  

eukaryotes, but it is essential for viability in S. pombe (Chuang and Kelly 1999). In 

D. melanogaster, ORC6 is required for DNA binding and replication (Chesnokov 

et al. 2001).   However, purification of ORC in Xenopus did not include ORC6, 

and ORC6 was not necessary for replication licensing (Gillespie et al. 2001).  

ORC binds and hydrolyses ATP. Studies in S. cerevisiae and D. 

melanogaster have shown that ATP binding by ORC1 is necessary for DNA 

binding (Bell and Stillman 1992; Austin et al. 1999; Chesnokov et al. 2001). 

However, ATP hydrolysis is not necessary for DNA binding (Klemm et al. 1997; 

Chesnokov et al. 2001). In fact, studies in S. cerevisiae showed that ORC binding 

with origin DNA inhibits ATP hydrolysis, suggesting that ATP binding is 

necessary for ORC to bind at origins, but ATP hydrolysis is reserved for later 

initiation steps (Klemm et al. 1997). Mutations in the ATP binding motif of ORC 

have shown that ATP binding is necessary for the assembly of the pre-replicative 

complex (pre-RC) (Klemm and Bell 2001). Studies have shown that ATP 

hydrolysis by ORC is necessary for the proper loading of the mini-chromosome 
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maintenance 2-7 complex (MCM2-7) (Bowers et al. 2004; Randell et al. 2006; 

Frigola et al. 2013). 

In S. cerevisiae, ORC binds at ACS sites, as it was purified in a DNase I 

footprint assay of the ACS (Bell and Stillman 1992).  However, there is a lack of 

sequence specificity in other eukaryotes.  In S. pombe, the AT-hook domain on 

ORC4 is drawn to the AT rich regions of the ARS (Chuang and Kelly 1999).  In 

metazoans, ORC binding sites are less clear. In vitro purification of the complex 

yielded no sequence specificity (Vashee et al. 2003). In D. melanogaster, ORC 

binds to slightly AT rich regions (MacAlpine et al. 2004) and prefers negatively 

supercoiled DNA (Remus et al. 2004), but no consensus sequence is necessary. 

Studies in Xenopus laevis eggs, which exhibit an excess of replication proteins, 

showed that an injected DNA could be replicated (Mechali and Kearsey 1984), 

with initiation sites showing a slight preference for AT rich sequences (Stanojcic 

et al. 2008). Binding at an AT rich region is also seen in the human B2 lamin 

origin, where a CpG island also plays a role in ORC binding (Paixao et al. 2004).  

Additionally, genome-wide studies of mouse and human origins showed a 

correlation between origins and unmethylated CpG islands (Cadoret et al. 2008; 

Sequeira-Mendes et al. 2009; Besnard et al. 2012). Taken together, these studies 
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suggest that while metazoans may not show a specific consensus sequence for 

ORC binding, certain DNA neighborhoods are preferred for origin selection. 

1.2 Origin Selection 

Origin assembly and activation is a multistep process that allows for 

complex regulation at several points in the cell cycle. It is important that the 

genome is duplicated only once during each cell cycle, and a process called DNA 

replication licensing ensures that the genome is not over-replicated and that 

origins are only utilized once during a cell cycle (Bell and Dutta 2002).  Many 

potential origins are assembled and licensed in G1. At the beginning of S phase, 

only a subset of the licensed origins are activated (Mechali 2010). Additionally, 

these origins are not fired uniformly; origins are activated at different times in S 

phase, and some origins are never activated and are replicated passively. 

Furthermore, safeguards are in place to ensure that origins are not reassembled 

or initiated more than once in each cell cycle (Arias and Walter 2007). 

1.2.1 Origin Licensing 

Once ORC is bound to the DNA, the components of the pre-RC can be 

recruited to ORC binding sites (Bowers et al. 2004; Randell et al. 2006).   In all 

eukaryotes, potential origins are marked in G1 phase of the cell cycle by the 
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assembly the pre-RC (Figure 3) (Bell and Dutta 2002; Juan Méndez 2003). First, 

ORC recruits Cdc6 and Cdt1 (Henneke et al. 2003).  Discovered in S. cerevisiae, 

Cdc6 was identified in a mutant screen for proteins that affect the cell cycle 

(Hartwell 1973).  ORC is required for Cdc6 binding at the origin and Cdc6 is 

required for the recruitment of the MCM2-7 complex (Coleman et al. 1996). 

Studies in S. pombe showed that mutations in Cdt1 block DNA replication 

(Hofmann and Beach 1994). Cdt1 associates with the C-terminus of Cdc6, and 

together these proteins recruit MCM2-7 to the origin (Nishitani and Lygerou 

2000). 

Next, ORC, Cdc6, and Cdt1 load MCM2-7 at the origin.  This complex was 

found in a genetic screen for proteins necessary for plasmid maintenance (Moir 

et al. 1982; Maine et al. 1984). Biochemical studies in Xenopus egg extracts have 

shown that the MCM2-7 complex is a critical component of the pre-RC (Chong et 

al. 1995; Madine et al. 1995; Kubota et al. 1997). Additionally studies have shown 

that MCM2-7 plays a role in initiation and elongation. Chromosome 

immunoprecipitation (ChIP) studies of MCM proteins found MCM proteins at 

origin proximal sequences, suggesting that MCM2-7 moves away from the origin 

(Aparicio et al. 1997) .  Recently, this heterohexameric complex has been 

confirmed as the replicative helicase (Remus et al. 2009).  
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Figure 3: Pre-RC and Pre-IC Assembly.  

The pre-replicative (pre-RC) complex is assembled in G1, and the pre-initiation complex 
(pre-IC) is assembled in S phase. Assembly of both complexes are regulation points in the 
cell cycle.  
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 Though only two helicases are necessary to move the replication fork in 

either direction from the origin, it has been shown that MCM2-7 is loaded in over 

20-fold excess at the origin and spread across the chromatin (Burkhart et al. 1995; 

Lei et al. 1996; Rowles et al. 1996; Donovan et al. 1997; Mahbubani et al. 1997; 

Edwards et al. 2002).  The “MCM paradox” suggests that the number of MCMs 

could be greatly reduced without affecting DNA replication.  A study has shown 

that using RNA interference (RNAi) to reduce the number of MCMs loaded in 

human cells did not affect DNA replication, but the excess MCMs were necessary 

for firing dormant origins when replication stress was present (Ibarra et al. 2008).  

Once the MCM complex is loaded, pre-RC formation is complete and the origins 

are licensed for initiation.  

It is important to ensure that origins are only able to be initiated once 

during each cell cycle. Therefore, there are mechanisms to prevent re-licensing of 

origins.  In metazoans, Cdt1 is downregulated by two methods.  First, geminin, 

which is only found in metazoans, is upregulated at the beginning of S-phase 

and binds to Cdt1 and inhibits Cdt1 function. Geminin is present through G2 and 

M phase, and degraded in S phase to make Cdt1 available for the following  G1 

(McGarry and Kirschner 1998; Melixetian and Helin 2004). This inhibitory 

binding of geminin prevents Cdt1 from binding to the pre-RC (Wohlschlegel et 
11 



 

al. 2000). Geminin knockdown with RNAi in D. melanogaster cells causes re-

replication in heterochromatic regions (Ding and MacAlpine 2010). Geminin is 

degraded in late M phase to make Cdt1 available for the following G1 (McGarry 

and Kirschner 1998). Additionally, any Cdt1 that is not bound by geminin is 

promptly ubiquitinated and degraded in S phase (Arias and Walter 2006; Jin et 

al. 2006; Senga et al. 2006).  Without Cdt1 present, MCM2-7 is not recruited to the 

origin and the complex cannot be re-licensed.  

1.2.2 Origin Initiation 

Once the pre-RC is assembled, origins are subsequently activated in S-

phase by the action of at least two kinases: Cdc7-Dbf4 (DDK) and cyclin-

dependent kinases (CDK) (Sclafani and Holzen 2007; Labib 2010). The 

phosphorylation events by CDK and DDK recruit a second set of activators, 

including MCM10, Cdc45, GINS (go-ichi-ni-san; 5-1-2-3), Sld2, Sld3, and Dpb11. 

Together, these proteins form the pre-initiation complex (pre-IC) (Figure 3) 

(Sclafani and Holzen 2007) . In S. cerevisiae, CDK is present in low levels in G1 to 

allow for pre-RC assembly, and CDK levels increase throughout S-phase.  CDK 

phosphorylates Sld2 and Sld3 (Tanaka et al. 2007; Zegerman and Diffley 2007). 

These phosphorylation events create binding sites for Dpb11. Together, Sld2, 

Sld3, and Dpb11 are essential for the recruitment of Cdc45 and GINS (Labib and 
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Gambus 2007). The main target of DDK is MCM2-7. DDK has been shown to 

interact with Mcm2 and phosphorylate Mcm2, Mcm3, Mcm4, Mcm6, and Mcm7 

in vitro (Lei et al. 1997; Weinreich and Stillman 1999). 

MCM10 has been shown to be necessary for replication initiation 

(Merchant et al. 1997). MCM10 is the first components of the pre-IC to associate 

with the origin, and MCM10 has been shown to preferentially associate with 

loaded, inactive MCM2-7 (Gambus et al. 2006; van Deursen et al. 2012). Once 

loaded, MCM10 promotes the association of Cdc45, though it is not stably 

associated with the helicase (Ilves et al. ; Pacek et al. 2006; van Deursen et al. 

2012). Additionally, MCM10 has been shown to interact with polymerase α (Fien 

et al. 2004; Zhu et al. 2007; Warren et al. 2008) and recruit it to origins (Ricke and 

Bielinsky 2004; Ricke and Bielinsky 2006; Chattopadhyay and Bielinsky 2007) , 

suggesting that MCM10 plays a crucial role in coordinating the helicase and the 

polymerase at active forks.   

Cdc45 and GINS are recruited to MCM2-7 to form the CMG-complex 

(Cdc45-MCM-GINS), which was purified from Drosophila embryos (Moyer et al. 

2006). Discovered in S. cerevisiae, Cdc45 is recruited to MCM2-7 in G1, but the 

activation of CDK and DDK are necessary to form a stable complex (Dolan et al. 

2004). Additionally, studies have shown that the phosphorylation of Mcm4 by 
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DDK facilitates the binding of Cdc45 to chromatin (Masai et al. 2006; Sheu and 

Stillman 2010). GINS, which was first discovered in S. cerevisiae and Xenopus egg 

extracts, is necessary for replication fork progression  (Kubota et al. 2003; 

Takayama et al. 2003). The CMG-complex is the stable, active replicative helicase 

(Ilves et al. ; Bochman and Schwacha 2008). Additionally, Cdc45 is required for 

the loading of polymerase α (Aparicio et al. 1999). A recent study in budding 

yeast has shown that Cdc45 binds to single stranded DNA and is important in 

stalling replication forks when replication stress is present (Bruck and Kaplan 

2013). 

1.2.3 Origin Usage 

Not all sites of pre-RC formation are equal.  Only a subset of formed pre-

RCs will initiate replication in the subsequent S phase (Raghuraman et al. 2001; 

Wyrick et al. 2001).  Additionally, those that do fire will do so in a temporal 

manner, with some origins firing early in S phase and some firing later in S 

phase.  Efficient origins are fired early in every cell cycle, while more flexible 

origins may fire later. Other inefficient origins do not fire and are passively 

replicated by already established replication forks (Gilbert 2007).  

This temporal usage of origins differs throughout development. In both 

Drosophila and Xenopus, early embryogenesis has random localization of 
14 



 

replication initiation (Hyrien et al. 1995; Sasaki et al. 1999).  In Drosophila, 

fertilization of the embryo triggers a series of 13 rapid cell cycles consisting only 

of S phase and M phase.  There is no zygotic transcription during this period.  

The first six rounds last about nine minutes and increase to about 17 minutes by 

the 13th round.  At this point, called the mid-blastula transition, transcription of 

the zygotic genome begins (Foe et al. 1993).  Replication initiation switches from 

random localization to a preferential localization in the promoter region, and 

fewer origins are fired (Hyrien et al. 1995; Sasaki et al. 1999).  The timing of S 

phase changes from minutes to hours.  This developmental change in replication 

timing shows that the same regions of the genome can be subjected to different 

regulators of DNA replication, and these regulators are probably dependent on a 

combination of the chromatin environment and the transcriptional activity. 

1.4 The Replication Timing Program 

The temporal firing of replication origins leads to broad regions of the 

genome being replicated at different times in S phase.  These regions make up 

the replication timing profile of the genome.  These regions are not random; early 

replicating regions are found in open and active regions of the genome while late 
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replicating regions are associated with inactive regions and gene poor 

heterochromatin (Stambrook and Flickinger 1970). 

Advances in genomics have allowed for increasingly detailed genome 

wide studies, and these advances have been directly applicable to replication 

timing. The first replication timing profiles in S. cerevisiae incubated cells in 

‘heavy’ isotopes for an extended period of time and then arrested the cells in G1 

with α factor. The cells were then released into ‘light’ isotopes. Newly 

synthesized DNA was labeled with light isotopes and collected throughout S 

phase. The heavy/light chain DNA were separated by centrifugation and 

mapped using Affymetrix microarray technology (Raghuraman et al. 2001). Since 

then, several advances have been made in mapping replication timing profiles. 

Heavy/light chain labeling has been replaced with BrdU labeling. BrdU is a 

nucleotide analog that labels nascent DNA and can be detected with an antibody, 

which allows for enrichment of newly synthesized DNA. The use of hydroxyurea 

(HU), which depletes cells of their nucleotide pools and stall forks, has been used 

to synchronize cells. Arresting cells in HU in the presence of BrdU allows for 

labeling only DNA that is adjacent to early firing replication forks, and cells can 

be released cleanly from an HU arrest to allow for synchronized labeling of a cell 

population in S phase (Santocanale and Diffley 1998b; Shirahige and Hori 1998). 
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However, a major caveat of using HU is that the drug activates the intra-S phase 

checkpoint and can alter the replication timing program (Anglana et al. 2003). 

More recently, fluorescence assisted cell sorting (FACS) based assays have been 

utilized to avoid any complications caused by treatment with HU (Karnani and 

Dutta 2011; Poli et al. 2012). While array-based technology could give a wealth of 

information, arrays were limited to genomes that were small enough to fit on a 

microarray. With the development of high throughput sequencing, it is now 

possible to directly sequence replication intermediates (Hansen et al. 2010). 

 Timing programs are found in all eukaryotes (Ryba et al. ; Raghuraman et 

al. 2001; Schubeler et al. 2002; MacAlpine et al. 2004), which suggests that 

replication timing profiles are important (Figure 4). However, the purpose of the 

replication timing program is unclear.  

1.4.1 Why does the replication timing program exist? 

Because DNA replication timing programs are found in all eukaryotic 

genomes, it is apparent that replicating DNA in a temporal manner is important. 

Studies have shown that mutation rates are greater in late replicating regions, 

and the transition from early firing origins to late firing origins may be 

influenced by cell cycle checkpoints and nucleotide availability (Chabes et al. 

2004b; Herrick 2011; Lang and Murray 2011b).  
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Several recent studies have shown that mutation rates are higher in late 

replicating sequences. Examination in budding yeast showed that mutation rates 

varied at least six-fold across the yeast genome, and this variation was found in 

late replicating regions (Lang and Murray 2011a). A study in D. melanogaster 

found a 10%-30% increase in the mutation rate in late S phase (Weber et al. 2012). 

A rodent study found a 10.5% increase in mutation rates in late replicating 

Figure 4: Replication timing programs are found in all eukaryotes.  

Replication timing programs are found in all eukaryotes, including S. cerevisiae 
(Raghuraman et al. 2001), D. melanogaster (MacAlpine et al. 2004), and H. sapiens (Ryba et 
al.). In all profiles, regions that replicate early are near the top while later replicating 
regions are near the bottom.  
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regions, and a human study showed a 22% increase (Stamatoyannopoulos et al. 

2009; Pink and Hurst 2010). Recently, a study in cancer cell lines catalogued 

individual mutation signatures and found mutation frequencies to be dependent 

on replication timing (Liu et al. 2013). Because this trend is seen throughout a 

wide range of organisms, many of the genes in these late replicating mutational 

hot spots tend to be genes found in speciation events (Hahn et al. 1986; Hoy et al. 

1987; Conti et al. 2007; Green et al. 2010; Herrick 2011). Additionally, these 

findings suggest that late replicating regions are more prone to reduced 

replication fidelity and lower levels of DNA repair efficiency, which leads to 

elevated mutation rates (Herrick 2011). 

DNA replication checkpoints have been shown to play a role in origin 

activation and regulating replication timing. In S. cerevisiae, the checkpoint 

proteins Chk1 and Rad53 have been shown to prevent the activation of late 

origins until approximately half of the genome has been replicated (Santocanale 

and Diffley 1998a; Shechter et al. 2004). Additionally, Chk1 regulates origin firing 

by negatively regulating Cdc45 and possibly by negatively regulating Cdc7, 

which increases when Chk1 is downregulated (Liu et al. 2006; Montagnoli et al. 

2008; Petermann et al. 2010). ATM and ATR, two other checkpoint proteins, also 

influence replication timing. Experiments in Xenopus showed that treatment with 
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caffeine, an inhibitor of ATM and ATR activity, increases the number of origins 

fired (Marheineke and Hyrien 2004). Similar results have been seen in human 

cells, with the inhibition of either ATR or Chk1 (Syljuasen et al. 2005; Karnani 

and Dutta 2011). This regulation by checkpoint proteins could delay the 

activation of late origins to allow for more origin firing during replication stress, 

as dormant origins are fired when replication forks are stalled, which allows for 

continued replication during DNA repair (Herrick and Bensimon 2008). 

One reason for staggering DNA replication may be to prevent the 

depletion of nucleotide pools. The dNTP pools are maintained at a level that only 

supports a few minutes of DNA synthesis because high levels of dNTPs can 

inhibit cell cycle progression and  nucleotide imbalances can be highly mutagenic 

(Mathews 2006; Chabes and Stillman 2007; Lis et al. 2008; Xu et al. 2008). Studies 

in yeast have shown that inhibition of ribonucleotide reductase, an enzyme that 

is necessary for dNTP synthesis, slows S phase but does not alter the replication 

program (Alvino et al. 2007). In metazoans, ribonucleotide reductase is rate 

limiting after origins fire (Johansson et al. 1998; Chabes et al. 2004a; Nordlund 

and Reichard 2006), suggesting that the production of nucleotides plays a role in 

regulating the replication program. 
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1.4.2 The replication timing program is influenced by the chromatin 
landscape 

The genome is organized and compacted in the nucleus in the form of 

chromatin. DNA (147 bp) is wound around a histone octamer consisting of two 

of each core histone (H2A, H2B, H3, and H4) forming a nucleosomes. How the 

DNA interacts with the histones regulates the availability of the DNA to other 

DNA binding proteins. The position of the nucleosomes can influence origin 

usage. In S. cerevisiae, it has been shown that ORC prefers to bind to ACS sites 

that are in nucleosome depleted regions (Berbenetz et al. 2010; Eaton et al. 2010), 

suggesting that the chromatin landscape is important to origin selection. 

Posttranslational modifications, including acetylation and methylation, of the 

histones play an important role in the compaction of the chromatin and the 

availability of the DNA to other DNA binding proteins. The acetylation and 

methylation states of the histones can be either ‘activating’ or ‘repressive’ and 

can influence the transcriptional and the replicative activity of the genome. 

Acetylation is almost always activating (Sterner and Berger 2000) and can be 

regulated by deacetylation. Methylation (mono-, di-, and tri-) can be either 

activating or repressive (Kouzarides 2007). 
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Several studies have shown that epigenetic factors and the chromatin 

landscape surrounding origins influence the timing of their activation during S-

phase.  While histone acetylation and deacetylation are often associated with 

regulation of transcription, it has been shown that histone acetylation can also 

influence the temporal pattern of replication. For example, the histone 

deacetylase Rpd3p has been shown to delay origin firing in yeast (Vogelauer et 

al. 2002).  The loss of Rpd3p function results in the early activation of late origins, 

while the timing of early origins are unaffected (Aparicio et al. 2004).  In 

Drosophila follicle cells, mutations in Rpd3 prevent specific amplification at the 

chorion loci (Aggarwal and Calvi 2004).  However, the genome-wide function of 

Rpd3 could cause a change in transcription that could also affect the replication 

timing program. In addition, earlier activation occurs when the histone acetyl 

transferase Gcn5 targeted histone acetylation to a late origin (Vogelauer et al. 

2002).     

A study a human β-globin locus has shown that replication timing can be 

controlled by histone modifications at the origin.  The human β-globin genes are 

replicate late in non-erythroid cells and early in erythroid cells.  These genes are 

packed with acetylated histones in erythroid cells, and they are associated with 

deacetylated histones in non-erythroid cells.  This investigation shows that 
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recruitment of acetylases to the origin results in a shift to early replication in 

lymphoid cells, while tethering a histone deacetylase to the origin in erythroid 

cells causes late a delay in origin activation (Goren et al. 2008).  Taken together, 

these data suggest a model in which histone acetylation opens chromatin, which 

structurally allows for the binding of replication factors at the level of origin 

activation.   

Histone modifications may influence the activation of origins by 

interacting with replication factors. A study in S. cerevisiae demonstrated that 

H3K36 methylation determines the timing of Cdc45 association with origins, 

which directly influences when an origin is activated. Deletion of Set2, the 

methyltransferase that methylates H3K36, delays the binding Cdc45 to origins 

and renders origins insensitive to other changes in the chromatin landscape, such 

as Rpd3 deletion (Pryde et al. 2009). Another study showed that the replication 

factors Sld2, Sld3, Dpb11, and Dbf4 are limiting factors in origin activation, and 

overexpression of these factors in the absence of Rpd3 caused early replication of 

heterochromatic regions, suggesting that open  chromatin allows access for 

initiation factors (Mantiero et al. 2011).  

The model organism encyclopedia of DNA elements (modENCODE) 

consortium has allowed for more in-depth analysis of the chromatin landscape 
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around origins.  Using data acquired through the modENCODE consortium, 

comparisons between DNA replication timing and chromatin marks were 

studied in cell lines derived from D. melanogaster .  Early replicating regions were 

found to be correlated with ‘activating’ histone modifications, such as H3K4me1 

and H3K18ac, and negatively correlated with ‘repressive’ modifications, such as 

H3K27me3 and H3K9me2 (Eaton et al. 2011). While several correlations have 

been observed, there has been no evidence that a single histone modification can 

directly influence the replication timing program. 

1.4.3 The replication timing program is correlated with transcriptional 
activity 

Many studies have established a link between transcription and 

replication.  It is well known that euchromatic regions of chromatin replicate 

before heterochromatic regions in metazoan cells (Stambrook and Flickinger 

1970; Goldman et al. 1984; Taljanidisz et al. 1989; Stevenson and Gottschling 

1999; Rountree et al. 2000; Gilbert 2002).  Though the first genome-wide study of 

replication timing in budding yeast did not find a global relationship between 

transcription and timing (Raghuraman et al. 2001), the complex genomes of 

higher eukaryotes have shown a strong correlation.  In Drosophila, an analysis of 

5000 genes in embryonic Kc cells uncovered a correlation between a gene being 
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replicated early and the likelihood of it being actively transcribed (Schubeler et 

al. 2002), though active transcription is not a requirement for early replication.  

The link between replication timing and transcriptional activity is not at the level 

of individual genes, but rather transcriptional activity of broad chromosomal 

domains (MacAlpine et al. 2004).  Regions rich in actively transcribed genes 

replicate early whereas regions devoid of active genes replicate late.  Studies in 

the human genome have reached similar conclusions with early replicating 

regions of the chromosome containing more active genes than late replicating 

domains (Stambrook and Flickinger 1970; Aparicio et al. 2004; Goren et al. 2008).  

While these studies show a clear correlation between replication timing and 

transcription, they only do so over broad regions and do not give insight into 

how transcription affects the activation of individual origins.   

In this work, I have examined the replication timing program in cell lines 

derived from D. melanogaster. Interestingly, it has been shown by our lab and 

others that a differential timing program exists between male and females in D. 

melanogaster, and the earlier replicating X chromosome in males correlates with 

an increase in acetylation of lysine 16 on histone 4 (H4K16) (Berendes 1966; Meer 

1976; Schwaiger et al. 2009). H4K16 hyperacetylation of the X chromosome is a 

hallmark of the dosage compensation mechanism in D. melanogaster, and while a 
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correlation had been observed, no evidence had been shown that the dosage 

compensation program in D. melanogaster affects the replication timing program. 

Here, I explored the effects of the dosage compensation complex (DCC) on the 

replication timing program utilizing an RNAi system in D. melanogaster cell lines. 

I have shown that the DCC is necessary for preferential early replication of the X 

chromosome in males and that loss of the DCC and H4K16 hyperacetylation 

leads to a loss in early replication on the X chromosome.  

In addition to exploring the replication timing program, I also attempted 

to design a new origin mapping strategy. While replication timing profiles 

provide useful information about replication across the genome, the information 

is restricted to large domains. Chromatin immunoprecipitation (ChIP) of ORC 

can give insight into the location of individual origins but cannot provide 

information about origin usage or efficiency. Early origin mapping, which 

involves labeling actively replicating DNA with bromodeoxyuridine (BrdU) in 

the presence of hydroxyurea (HU), restricts any origin activity to those that fire 

before the intra-S phase checkpoint. Here, I attempted to isolate and sequence 

Okazaki fragments, which are short nascent strands found on the lagging strand 

of the replication fork. Because replication forks move bidirectionally while 

polymerases can only synthesize in one direction, the sequencing and mapping 
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of Okazaki fragments could give insight into origin efficiency and fork 

directionality.  

 

2. The Replication of the male X chromosome Is 
Influenced by the Dosage Compensation Complex in D. 
melanogaster 

2.1 Introduction 

In many organisms, males and females have an equal compliment of 

autosomes and a difference in the number of sex chromosomes. Often, females 

have two X chromosomes while males have an X and a Y.  To prevent an 

inequality of sex-linked gene expression, these organisms have evolved methods 

of dosage compensation. In humans, females (XX) will randomly inactivate an X 

chromosome in each cell. In contrast, D. melanogaster males (XY) upregulate the 

genes on the X chromosome two-fold to compensate for the difference in dosage. 

Replication timing studies have shown that the male X chromosome 

replicates earlier in S phase than autosomes or the female X chromosome.  

Differential replication of the male X chromosome is not a new observation; 

cytological studies of Drosophila salivary glands have demonstrated this 

phenomenon (Berendes 1966; Meer 1976). Comparison of replication timing 
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profiles with chromatin mark profiles obtained from modENCODE reveals that 

this early replication of the X chromosome coincides with H4K16 

hyperacetylation, a mark that is associated with Drosophila dosage compensation. 

Here, I will explore the relationship between dosage compensation and 

replication timing in D. melanogaster cell lines. 
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2.1.1 The Dosage Compensation Complex 

Dosage compensation in D. melanogaster is achieved by a two-fold 

upregulation of the genes on the X chromosome in males (Figure 5A). This 

upregulation is mediated by the Dosage Compensation Complex (DCC). This 

ribonucleotide complex consists of five proteins (MSL1, MSL2, MSL3, MOF, and 

MLE) and two non-coding RNAs (roX1 and roX2) (Figure 5B). The complex is 

localized to the X chromosome at genes marked by H3K36 trimeythylation, 

where it facilitates global acetylation of H4K16 (Figure 5C) (Bone et al. 1994; 

Larschan et al. 2007; Conrad and Akhtar 2012). The histone tail of H4 associates, 

specifically amino acids 16-20,  with an acidic patch formed by the H2A/H2B 

dimer, which contributes to chromosome condensation(Luger et al. 1997; Schalch 

et al. 2005). Acetylation of H4K16 disrupts this interaction, which allows for a 

more open chromatin environment (Shogren-Knaak et al. 2006). 

The binding of MSL2 stabilizes MSL1, a scaffolding protein that facilitates 

the binding of MSL3 and the histone acetyl transferase (HAT) male absent on the 

first (MOF) to the complex (Kadlec et al. ; Morales et al. 2004).   The transcription 

of the roX1 and roX2 genes, which are found on the X chromosome, is facilitated 

by MSL1, MSL2, and the DNA helicase MLE (Bai et al. 2004; Lee et al. 2004; 

Aratani et al. 2008; Li et al. 2008).  The resulting non-coding RNAs are 
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incorporated into the complex with help from MLE and the ATP-dependent 

DEXH box RNA (Gu et al. 2000; Meller et al. 2000).  MLE is loosely associated 

with the complex through RNA interactions.  

The DCC binds at high affinity binding sites called chromatin entry sites 

(CES), which are GA-rich sequences mostly found in intronic sequences. MSL1 

and MSL2 direct the complex to the CESs on the X chromosome (Alekseyenko et 

al. 2008; Straub et al. 2008).  ChIP-chip and ChIP-seq experiments found a GA-

rich motif called the MSL recognition element that is present in CESs. This motif 

is only enriched two-fold on the X chromosome, but has over four-fold 

enrichment within active genes (Alekseyenko et al. 2008). Once bound, the DCC 

spreads across the X chromosome to the 3´end of active genes (Alekseyenko et al. 

2006). There are two models that explain how this spreading could be achieved.  

The first model postulates that the high-affinity binding at the CESs attracts high 

levels of the DCC to these binding sites.  The biochemical equilibrium shift at 

these sites then induces 
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Figure 5: The dosage compensation complex (DCC) 

A) Females have two X chromosomes while males only have one. To compensate, males 
upregulate the genes on the X chromosome two fold through the DCC. B) The DCC 
involves five proteins and two noncoding RNAs. MOF is a histone acetyl transferase 
that acetylates H4K16 (orange triangle).  C) The DCC localizes to the X chromosome and 
hyperacetylates H4K16. (Bone et al. 1994; Hallacli and Akhtar 2009) 
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binding at lower affinity sites across the X chromosome. Studies have shown that 

DCC-bound loci are reduced when the concentrations of DCC proteins are 

depleted (Kelley et al. 1997; Demakova et al. 2003). The second model suggests 

that the resultant H4K16 acetylation around the CESs opens the chromatin and 

allows for DCC binding along the chromosome.  This model is supported by 

studies in flies with catalytically dead MOF that were unable to spread the DCC 

away from the CESs (Gu et al. 2000).  

The histone acetyl transferase MOF is the DCC component that directly 

influences the chromatin landscape.  MOF is responsible for the hyperacetylation 

of H4K16 that allows for increased transcription of the X chromosome (Hilfiker 

et al. 1997). MOF is a MYST histone acetyltransferase, a family of lysine 

acetyltransferases defined by a unique acetyltransferase domain that contains a 

C2HC zinc finger motif necessary for substrate recognition (Sapountzi and Cote ; 

Akhtar and Becker 2001).  The DCC sequesters MOF to the X chromosome.  

Outside of the DCC, MOF can be found across both the male and female 

genomes at many gene promoters in the non-specific lethal (NSL) complex. This 

complex is a transcriptional regulator, and MOF appears to serve as a modulator 

of gene expression (Raja et al. ; Kind et al. 2008).  Thus, in the absence of the 
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DCC, MOF could be more readily available for other functions across the 

genome.  

 

2.1.2 Sex Lethal 

In female flies, many of the genes for the DCC are expressed; however, 

MSL2 protein is undetectable and the other complex components are only 

expressed at low levels (Gilfillan et al. 2004).  This is mediated by the RNA 

binding protein sex-lethal (SXL).  SXL represses the translation of MSL2 by 

binding to the 3´ and 5´ untranslated regions (UTR) of msl2 mRNA in a two-step 

process. First, SXL binds to the 5´ intron in the nucleus, which inhibits splicing of 

an intron (Bashaw and Baker 1997).  Once the mRNA leaves the nucleus, SXL 

binds to the 3´ UTR to inhibit recruitment of the small ribosomal unit to 

ultimately prevent transcription (Kelley et al. 1997).  This step requires the co-

repressor Upstream of N-ras (UNR) (Abaza et al. 2006; Duncan et al. 2006). 

Without MSL2, the DCC is no longer stable and X chromosomal genes are not 

upregulated (Figure 6). 
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2.2 Results  

2.2.1 Replication timing profiles for three Drosophila cell lines 

To investigate what factors could influence the replication timing profile, 

we examined the replication timing profiles of three cell lines derived from D. 

melanogaster: Kc167 cells were derived from female embryos, S2 cells were 

derived from male embryos, and DmBG3 cells are a neuronal cell line derived 

from male third instar larvae. Actively replicating cells from an asynchronous 

population were pulse labeled with the nucleotide analog BrdU for one 

Figure 6: SXL inhibits increased transcription in females. 

Females express SXL, which inhibits increased transcriptional activity. SXL 
blocks the translation of MSL2, and the absence of MSL2 destabilizes the DCC. 
Without a stable complex, H4K16 is not hyperacetylated on the X 
chromosome. 
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hour.  The cells were then sorted by flow cytometry into four populations, 

representing early, mid-early, mid-late, and late S-phase, based on their DNA 

content (Figure 7A).  Immunoprecipitation with a BrdU antibody enriched for 

those sequences that were specifically replicated during each S-phase 

fraction(Hiratani et al. 2004; Hansen et al. 2010). The nascent BrdU labeled 

sequences from each S-phase fraction were subjected to next-generation 

sequencing on the Illumina HiSeq2000 platform.  For each S-phase fraction 

approximately 5 million reads were uniquely mapped backed to release 5 of the 

Drosophila genome assembly.   

The distribution of sequence reads across the genome from each S-phase 

fraction were indicative of when those sequences were replicated.  Importantly, 

the early (E) and late S-phase (L) fractions were largely non-overlapping 

indicating distinct early and late replicating domains in the Drosophila 

genome.  In contrast, the early-mid (E-M) and late-mid (L-M) fractions were less 

distinct and largely paralleled the early or late fractions, respectively (Figure 

7B).   Together, these results suggest that Drosophila genome is partitioned into 

domains that replicate early or late in S-phase; however, the precise order and 
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Figure 7: Generation of replication timing profiles. 

A) Method overview. Cells were labeled with BrdU for 1 hour and sorted by FACS 
into 4 S-phase fractions, replicating DNA was precipitated with anti-BrdU antibodies 
and was used as template for the generation of Illumina TruSeq libraries, the 
sequenced libraries were mapped to release 5 of the Drosophila genome using Bowtie. 
B) Different genomic regions replicate at distinct times.  The sequence results for each 
of the fractions were aligned to the genome. The early (E red) and late (L blue) fraction 
are enriched in different location with the intermediate fraction (early-mid E-M, green 
and late-mid L-M, purple) displaying an intermediate pattern changing from E to L. C) 
Generation of a combined timing value. The ratio of reads found in each of the timing 
fraction, out of the total number of reads for each position along the chromosome, was 
calculated. The ratios were used to generate a combined value that represent the 
replication timing for each location. High values represent early replicating regions 
and low values represent late replicating regions. Each cell line is represented: Kc 
(black), S2(grey), and Bg3 (gold).  D) The replication profiles are conserved but not 
identical between cell lines. The Pearson correlation of the replication timing values 
between the 3 cell lines is displayed as a grey scale with zero correlation being white 
and correlation of 1 being black. 
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time in which specific origins are activated, as well as which particular initiation 

sites within each domain are utilized during each specific cell cycle are likely 

determined by local chromatin effects (Anglana et al. 2003).  

To compare the replication timing program across the different cell lines, 

we have generated continuous replication timing profiles for each cell line.  To 

calculate the replication timing profile, the  ratio of sequence reads at each 

position (10 kb windows)  along the chromosome for each of the four timing 

fractions were used to assign a single combined timing value for each position 

(Figure 7C). Comparison of the replication timing profiles between cell lines 

revealed strong similarities (Figure 7D) similar to our earlier work as well as 

recent descriptions of mammalian replication timing profiles (Ryba et al. 2010; 

Eaton et al. 2011).  Together, these results suggest a relatively invariant or hard-

wired replication program for the Drosophila genome.  

2.2.2 Male specific early replication of the X chromosome 

Mapping the timing profiles in these cell lines allowed us to compare 

replication domains within and between cell lines. These comparisons clearly 

showed an increase in early replication timing domains on the X chromosome in 

the male cell lines (Figure 8). Here, we have mapped the timing domains across 

the X chromosome and an autosome (2L) in a male (S2) and female (Kc) cell line.  
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Each position on the chromosome is represented by a stacked column that 

represents the fraction of each S phase fraction found at that position: early (red), 

early-mid (green), late-mid (purple), and late (blue). The male X chromosome 

shows far more early domains and less late domains than the either autosome or 

the female X chromosome. 

To identify potential chromosome specific patterns of DNA replication we 

also examined the distribution of replication timing ratios for each chromosome 

in the different cell lines (Figure 9A).  We found few differences in the 

distribution of replication timing ratios across each of the chromosomes with the 

exception of 2R and the X chromosome.   Chromosome 2R replicated slightly 

earlier in all three cell lines likely due to the higher gene density on this 

chromosome, a characteristic that has been previously linked to earlier 

replication timing (Belyakin et al.). The X-chromosome replicated significantly 

earlier than the autosomes, but this increase in early replication was limited to 

the male cell lines (S2 and Bg3).   Analysis of the extent of chromosome coverage 

by the discrete early and late replicating domains also clearly indicated that there 

was significantly fewer late replicating domains on the male X chromosomes 

(Figure 9B). The sex-specific early replication of the X had first been noted more 
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Figure 8: The X male X chromosome shows more early replication timing domains. 

Timing domains across an autosome (2L) and the X chromosome in a male (S2) and a 
female (Kc) cell line. A stacked column at each position on the chromosome represents 
the fraction of each timing domain found at that location (Early=red, Early-Mid=green, 
Late-Mid= purple, Late= blue). The male X chromosome (S2 X) exhibits more early 
domains than the autosomes or the female X chromosome. 
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than 50 years ago using tritium labeled metaphase chromosome 

spreads(Berendes 1966; Meer 1976) and more recently the advancement of 

replication timing on the male X chromosome was  re-discovered by our group 

and others (Schwaiger et al. 2009) in the genomic era.   

The dosage compensation mechanism in D. melanogaster hyperactelates 

H4K16 across the male X chromosome by way of the DCC. The increase in 

H4K16 acetylation allows for the upregulation of X-specific gene 

expression.   The male specific early replication of the X-chromosome suggests 

that the replication and transcription program are responding to the same 

chromosomal cues – which is likely an X-chromosome specific increase in H4K16 

acetylation levels.  

We examined the median enrichment for different chromatin marks for 

the early and late replicating domains in Kc and S2 cells.  We found that there 

was X chromosome specific hyperacetylation of H4K16 in both the early and late 

replicating domains in the male S2 cells (Figure 9C).  These results are consistent 

with prior reports establishing a strong correlation between hyperacetylation of 

H4K16 and an advancement of replication timing for the X chromosome 

(Schwaiger et al. 2009).  However, a direct causal link between H4K16Ac and the 

advancement of replication timing on the X-chromosome is currently lacking.  
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Figure 9: Differential replication timing of the male X chromosome:  
 
A) Boxplots representing the median timing value for each chromosome in the individual 
cell lines. In both male cell lines the X chromosome replicates significantly earlier than 
the autosomes (p-value <2.2x1016 when compared by t-test to the combined timing of all 
autosomes with confidence level of 0.99). B) The fraction of the male X chromosome 
included within late domains (red) is smaller than  the equivalent fraction in the female X 
chromosome, no equivalent difference exist in the coverage of early (blue) and late 
(domains) along the autosomes (A). C)  Heatmap represents the median score of 
chromatin marks found within early (left) and late domains (right) on the X chromosome 
or the autosomes (A) in male (S2) or female (Kc) cells, H4K16 acetylation is strongly 
enriched within early on the male X chromosome but not the female X or the autosomes. 
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2.2.4 Knockdown of the DCC Does Not Affect the Cell Cycle 

To establish a causal relationship between DCC mediated 

hyperacetylation of H4K16 on the X chromosome and advancement of 

replication timing, I  sought to deplete key DCC components by RNAi and to 

assess the impact on the replication program.   Male S2 cells were treated with 

dsRNA targeted towards MSL2 and MOF, two key components of the DCC, or a 

control dsRNA derived from the pUC119 plasmid. Reduced expression of either 

DCC component causes destabilization of the complex, which results in the 

degradation of the two non-coding RNAs roX1 and roX2 (Figure  10A). 

Previously, Schwaiger et al. attempted to deplete MOF via RNAi in S2 cells. 

Upon reduction of MOF, they saw a strong reduction of cells in S phase 

(Schwaiger et al. 2009). Importantly, depletion of the DCC did not affect the cell 

cycle in our studies or those done in the Kuroda lab (Mitzi Kuroda, personal 

communication), and S phase remained unperturbed following RNAi treatment 

(Figure 10 B).  
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2.2.4 The DCC is necessary for Preferential Early X Replication: HU 

release 

To assess the impact of the DCC and H4K16Ac on the DNA replication 

program I cytologically monitor the production of early replication intermediates 

in control cells and those depleted by RNAi for either MOF or MSL2.    DCC 

depleted and control cells were first synchronized at the G1/S 

Figure 10: Knockdown of the DCC does not affect the cell cycle. 

A) Knockdown of MSL2 or MOF destabilize the entire DCC. Either MSL2 or MOF were 
knocked down in male (S2) cells and the stability of the DCC was assessed by RT-PCR of 
the roX2 noncoding RNA, both knockdown significantly reduced the level of roX2 to a 
level close to that found in female cells (Kc) but did not significantly affecting the level 
of a control transcript (GAPDH). B) DCC knockdown does not change the overall cell 
cycle. The cell cycle profile of MOF and MSL2 knockdown cell is not different than that 
of untreated or control siRNA, the fraction of cells in S-phase (circle) is indicated for 
each condition. 
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boundary by treatment with 10 mM HU.  The cells were then released from the 

HU-induced arrest and briefly pulsed with EdU for 10 minutes to label actively 

replicating sequences.   The EdU was washed out and the cells were arrested in 

the subsequent metaphase with the microtubule destabilizing agent colcemid to 

cytologically assess the location and chromosomal distribution of EdU labeled 

replication intermediates and H4K16Ac (Figure 11).    Depletion of either DCC 

component, MOF or MSL2, resulted in a loss of X chromosome specific H4K16 

hyperacetylation (Figure 12A). It should be noted that the H4K16 

hyperacetylation occurs on multiple different mitotic figures, and this is due to 

the inherent aneuploidy of the S2 genome, which features a large number of 

Figure 11: HU arrested cells are subsequently labeled with EdU.  

Cells were arrested with HU and released into an EdU pulse. Cells were then released 
and captured in metaphase for analysis. 
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A 

B 

Figure 12: Knockdown of the DCC eliminates the preferential replication of the X 
chromosome.  

A) Wild type and knockdown S2 cells were pulse labeled with EdU (green) after release from 
HU arrest and then allowed to complete S-phase before being arrested in metaphase. The X 
chromosome was preferentially labeled in the non-treated and control cells on the X 
chromosome but not in cells treated with MSL2 and MOF dsRNA, the EdU labeling overlapped 
H4K16 acetylation (red), which has also been lost in the knockdown cells. X chromosomes are 
labeled with white arrows. B) Quantitation of the fraction of cells showing preferential X 
chromosome labeling, based on the data shown in A. 
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chromosomal copy number variations as well as structural rearrangements and 

translocations (Zhang et al. 2010).  Control cells and those treated with a non-

specific scrambled dsRNA (pUC19) exhibited preferential early EdU 

incorporation on the X chromosome (40.6% and 37.3% of metaphase spreads, 

respectively), while no such enrichment was detected in DCC knockdown cells 

(Figure 12B).  Disruption of the DCC, and consequently H4K16 hyperacetylation, 

by depleting either MOF or MSL2 eliminated the preferential early replication of 

the X chromosome (Figure 12 A, B). These results demonstrate that the DCC 

mediated H4K16 hyperacetylation is required for the X-specific early replication 

in male flies, representing the first case in which a specific chromatin 

modification can be directly linked to the regulation of the replication timing 

program.  

2.2.5 The DCC is necessary for Preferential Early X Replication: 
Pulsing Asynchronous Cells with EdU 

 

The previously described data demonstrated that male cells preferentially 

label the X chromosome when released from an HU induced arrest. I wanted to 

ensure that the preferential X replication was a consequence of earlier replication 

on the X chromosome and not a consequence of the cells increased ability to 
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recover from the cell cycle arrest.  Cells were incubated, and then treated with 

colcemid for 2h to capture cells in metaphase. Cells were treated in a time course: 

colcemid was added at 6h, 8h, 10h, and 12h and then collected 2h after adding 

colcemid (harvested at 8h, 10h, 12h, 14h) (Figure 13). Cells collected at earlier 

time points represent cells that were in late S phase during the EdU pulse, and  

later time points represent cells that were in earlier points of the cell cycle during 

the EdU pulse. Metaphase spreads were counted and placed into one of five 

categories: those with no EdU staining represent cells that were not in S phase 

during the EdU pulse; late S phase cells were labeled near the centrosome, 

suggesting that the pericentric heterochromatin was labeled during the pulse; 

mid S phase cells have robust labeling on all chromosomes, suggesting that 

Figure 13: Labeling Asynchronous Cells with EdU. 

 Asynchronous cells were pulsed with EdU, and early replicating cells were caught in 
metaphase 

47 



 

many forks were active at the time of the pulse; early S phase cells have faint 

staining on all the chromosomes, suggesting only early origins had fired and 

fewer forks were active; and early X cells had more robust EdU staining on the X 

chromosome (Figure 14A). At lease 100 metaphases were counted for each time 

point, and four time points were taken for each RNAi treatment. The 

quantification can be seen in Figure 14B. Clearly, the cells moved through S 

phase as expected; earlier time points showed staining exemplary of late S phase 

and later time points showed staining patterns that would be seen during early S 

phase. Non-treated cells and control treated cells showed preferential X 

replication between 8h and 14h, peaking  between 10-12h 21.78% and 25.00% for 

non-treated and pUC treated cells, respectively, while cells treated with dsRNA 

against MSL2 and MOF showed no preferential X 
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Figure 14: EdU Labeling in Asynchronous Cells. 

A) Metaphases were placed into one of five categories: No EdU staining, late S phase 
(pericentric), mid S phase (robust staining), early S phase (light staining on chromosome arms), 
and early X (clear increased staining on the X chromosome). B) Quantification of the time course 
for each RNAi treatment. Each timepoint is a total percentage of all metaphases counted. At least 
100 metaphases were counted for each time point. C) Plot of the early X metaphases at each time 
point for all RNAi treatments. No early X staining was seen in either the MSL2 or MOF RNAi 
treated cells at any time point.  The early X staining for both non-treated and puC treated cells is 
between 10-12 h at 21.78% and 25.00%, respectively, suggesting that these cells were in early S 
pahse during the EdU pulse. 
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replication, and early staining patterns peaked between 10-12 h (Figure 14 B and 

C).  These results suggest that the early staining pattern is a consequence of 

earlier replication of the X chromsome, and this phenomenon is dependent on 

the presence of the DCC and the resulting H4K16 acetylation. 

 

2.2.6 Sex lethal can be knocked down without affecting the cell cycle 

In females, the DCC is suppressed by the expression of sex lethal (SXL), 

which blocks the transcription of MSL2 (see above). To examine whether the 

DCC is sufficient for preferential early X replication, Kc cells (female) were 

treated with dsRNA targeted against SXL. The presence of the DCC can again be 

detected by the presence of the non-coding RNA roX2 (Figure 15A). Upon 

knockdown of the SXL, roX2 is expressed, indicating stabilization of the DCC. 

Diminishing SXL does not affect S phase of the cell cycle, which is important for 

examining DNA replication (Figure 15B).  

 

2.2.7 H4K16 hyperacetylation, but not the DCC, may be sufficient for 
preferential X replication 

To determine if the DCC is sufficient for preferential replication of the X 

chromosome, Kc (female) cells treated with no RNAi, or RNAi (pUC control, or 
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SXL) were pulsed with EdU and collected at several time points in metaphase. 

While Kc cells with no RNAi or cells treated with pUC control RNAi do not 

show hyperacetylation of H4K16, cells treated with SXL RNAi showed 

hyperacetylation on the X chromosome, which is indicative of the presence of the 

DCC (Figure 16). On rare occasions, we observed preferential replication of the X 

chromosome, as indicated by increased EdU labeling on the X chromosome. 

However, these events were very rare, and we were unable to quantify them. 

Figure 15: Knockdown of SXL.  

Kc cells were treated with dsRNA targeted against SXL (control=pUC dsRNA). A) The 
presence of the DCC is detected by RT-PCR of roX2. S2 (male) cells exhibit roX2 
(control). Upon knockdown of SXL, the DCC is stabilized and roX2 is expressed. B) 
BrdU FACS of RNAi treated cells. Cells in S-phase are highlighted in the circle. There is 
no significant difference in S phase between the untreated cells and the cells treated with 
RNAi. 
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This suggests that H4K16 acetylation may influence early replication on the X 

chromosome, but the DCC may not be sufficient for early X replication.  

Unfortunately, the assays used to study the influence of the DCC on 

replication timing in S2 cells were not as informative in the female Kc cells. These 

cells repsonded differently to the HU arrest and release into EdU; the 

Figure 16: H4K16Ac may be sufficient for preferential X replication 

Asynchronous cells were pulse labeled with EdU (green), captured in metaphase, and 
labeled for H4K16 acetylation (red). Kc cells not treated with RNAi and treated with 
control (pUC) RNAi do not show preferential X replication. Cells treated with SXL RNAi 
show H4K16 hyperacetylation and, on rare occasion, preferential X replication. 
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combination of HU and EdU seemed to trigger a checkpoint, and very few cells 

were reaching metaphase, which made quantification difficult. Additionally, the 

asynchronously pulsed cells did not show an adequate population of cells 

labeled in early S phase. Therefore, another approach is necessary to address 

sufficiency of the DCC for early X replication. Because these cells appear to 

advance normally through the cell cycle and RNAi treatment against SXL is 

robust, the replication timing program in these cells could be examined using 

repli-seq. Additionally, we can look at the early origin usage between untreated 

cells and cells treated with SXL RNAi to determine if more origins are fired 

earlier in S phase.  

2.2.8 The difference in timing is regulated at the level of origin 
activation, not pre-RC formation 

The next question to ask is whether this difference in replication timing is 

established in G1 during pre-RC formation or in S phase during origin activation. 

To examine where in the cell cycle this difference in replication timing is 

regulated, we compared the ORC binding site density between the X  

chromosome and the autosomes of male S2 cells. We found no significant 

difference between the ORC density on the X chromosome and the ORC density 

on the autosomes (Figure 17). This suggests that the same number of pre-RCs are 
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established per kilobase across the entire genome including the X chromosome. 

Therefore, acetylation by the DCC is not influencing pre-RC formation, but may 

be affecting the activation of origins. This can be examined by mapping early 

origins, or origins that fire before the intra-S phase checkpoint, in all cell lines 

and comparing origin density.

 

2.3 Discussion 

Here, we have examined the replication timing program across three 

Drosophila melanogaster cell lines and found that the male X chromosome 

replicates significantly earlier than the autosomes or female X chromosome. I 

have shown that the DCC of D. melanogaster can directly influence replication 

Figure 17: ORC density across each chromosome 

The average number of ORC binding sites per 10 Kb of each chromosome in 
S2 cells shows that there is no significant difference between the number of 
ORC binding sites on the X chromosome and the autosomes 
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timing on the X chromosome. The directed hyperacetylation of H4K16 that 

allows for increased transcription on the X chromosome also allows for earlier 

replication of the chromosome. When the activity of the DCC is lost, preferential 

X replication is also lost. These results indicate that the DCC and the resulting 

H4K16 acetylation are necessary for the early replication of the X chromosome. 

This is the first example of a single histone modification directly influencing the 

DNA replication timing program on a chromosome wide scale. 

Though the DCC seems to be necessary for early replication of the X 

chromosome, it is unclear if the complex is sufficient.  In D. melanogaster females, 

the actions of the DCC are blocked by the expression of SXL, which inhibits the 

translation of MSL2 (Bashaw and Baker 1995; Kelley et al. 1997). Without MSL2, 

the complex is unstable, and transcription is not upregulated. Similarly, we see 

no increase in early replicating domains on the X chromosome over the 

autosomes of Kc cells. Depletion of SXL in Kc cells led to hyperacetylation of 

H4K16 on the X chromosome, but early X replication was only observed on rare 

occasions, suggesting that DCC-induced H4K16 acetylation is not sufficient to 

influence replication timing. 

The loss of SXL results in the expression of MSL2, which leads to the 

stabilization and targeting of the DCC to the X chromosome (Gorman et al. 1993). 
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This results in the sequestration of MOF to the X chromosome and 

hyperacetylation of the X chromosome. It is to be expected that the expression of 

the DCC in females should cause an increase in transcription of the X 

chromosome; however, several studies have shown that this is not the case. A 

study in sxl mutants showed by northern blot that increased H4K16 acetylation 

on the X chromosome did not lead to an increase in expression of X linked genes, 

but caused a decrease in autosomal expression (Bhadra et al. 2000). A recent 

study in Kc cells showed that depleting SXL with RNAi did increase 

transcriptional activity, but not to a full two fold over autosomal expression 

(Alekseyenko et al. 2012). Additionally, H4K16 acetylation has been shown to be 

positively correlated with autosomes and the female X chromosome, but this 

correlation is not seen on the male X chromosome. This study also compared the 

activity of MOF when associated with MBD-R2 (NSL complex) and with MSL2. 

A reporter gene on the female X chromosome showed that ectopic expression of 

MSL2 reduced the amount of bound MBD-R2 at the reporter and reduced the 

expression level of the reporter from about eight-fold to two-fold above basal 

levels (Prestel et al. 2010). Another recent study demonstrated that tethering 

MOF to a reporter gene in females increases reporter expression well beyond 

two-fold, but expression levels of the reporter were reduced to normal 
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expression when MSL2 was ectopically expressed and the DCC was fully 

functional at the reporter site, and an X linked reporter did not show increased 

expression upon stabilization of the DCC(Sun et al.). These results suggest that 

hyperacetylation by MOF may allow for increased transcription on the X 

chromosome, but a regulatory function of the DCC ensures that genes are not 

overexpressed. Similarly, we saw hyperacetylation of the X chromosome that is 

not necessarily coupled with early replication of the X chromosome Therefore, 

the hyperacetylated state of the chromatin is not sufficient for increased 

transcription and may not be sufficient for early replication of the X 

chromosome. Instead, the replication timing program may be subject to the same 

regulatory mechanisms that control transcriptional activity. 

2.4 Materials and Methods  

2.4.1 BrdU labeling and FACS Sorting 

Cells were plated at a concentration of 2x106 cells/ml in Schneider's insect 

medium and were incubated overnight at 25°C before adding 10µg/ml BrdU 

(Roche) for 1 hour. The cells were harvested and resuspended in 600µl of PBS 

and fixed by adding 10ml of cold 70% EtOH dropwise with slow vortexing and 

incubated at -20°C overnight. The ethanol was removed and the cells were 

resuspended in 20ml of ice cold PBS and allowed to rehydrate for at least one 
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hour at 4°C.  The PBS was then removed and the cells were resuspended in 

denaturing solution (2 N HCl, 0.5% Triton in PBS) and incubated at room 

temperature for 30 min. The denaturing solution was removed and replaced with 

neutralization solution (0.1 M Na2B4O7 ·H2O, pH 8.5) for 30 minutes. The 

neutralization solution was removed and replaced with 37 µl blocking solution 

(1% BSA, 0.5% Tween-20 in PBS) and 15 µl BrdU antibody, and the cells were 

incubated in the dark at room temperature for 1h. 1 ml of PBS was added to 

wash the cells. After the wash, 1 ml of PBS containing 5µg/ml RNase A and 10 

µg/ml propidium iodide was added to the cells. Samples were incubated at 37°C 

for 30 min. Cell sorting was performed using the FACScan Analyzer (Becton 

Dickson), and data was analyzed using CellQuest software.  For timing profiles, 

cells were sorted into four S phase fractions based on DNA content using the 

Becton Dickson DIVA sorter. 

2.4.2 Immunoprecipitation of BrdU labeled DNA 

Sorted cells were resuspended in SDS-PK buffer (50mM Tris HCl pH8, 

10mM EDTA, 1M NaCl, 0.5% SDS), supplemented with 50µg/ml glycogen and 

0.2mg/ml proteinase K to a final concentration of 5x106 cells/ml and lysed by 

incubating for 2 hours at 56°C. 200µl (equivalent to 106 cells) from each fraction 

was used for IP. 
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200µl of SDS-PK buffer, supplemented with 50µg/ml glycogen was added 

to the lysed cell extract and DNA was extracted once with phenol chloroform 

and once with chloroform and precipitated in isopropyl alcohol.  

The precipitated DNA was resuspended in 500µl of TE, sonicated to size 

of ≈800bp (15 minutes, 30 second on, 30 second off on high setting using the 

Bioruptor sonicator [Diagnode, UCD-200]) and denatured by incubating at 95°C 

for 5 minutes. 

The denatured DNA was transferred to a fresh tube containing 60µl of 

10X IP buffer (0.1M Sodium phosphate pH7, 1.4M NaCl, 0.05% Triton X-100). 

40µl of 12.5µg/ml (1:40 dilution in PBS of BD bioscience #555627) of anti-BrdU 

antibody was added and the reaction was incubated for 20 minutes on a rotator 

before adding 7.2µl of anti-rabbit IgG (Sigma #M-7023) and rotating for 

additional 20 minutes.   

The DNA-antibody pellet was washed once in 1X IP buffer and 

resuspended in 200µl of digestion buffer (50mM Tris HCl pH8, 10mM EDTA, 

0.5% SDS, 250ng/ml proteinase K[added fresh]) and digested overnight in a 37°C 

air incubator. An additional 100µl of digestion buffer were added and the 

reaction was incubated for an additional hour at 56°C. 
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The precipitated DNA was extracted once with phenol/chloroform and 

once with chloroform and precipitated by adding 1µl of 20mg/ml glycogen, 

100µl of 10M ammonium acetate and 750µl of EtOH. The precipitated DNA was 

resuspended in 40µl of H2O, 30µl were used to prepare sequencing libraries. 

2.4.3 Generating Illumina Sequencing Libraries 

Libraries were prepared as previously described (Pipiras et al. 1998), using 

Illumina TruSeq adaptors. Libraries were multiplexed and sequenced on the 

Illumina HighSeq2000. Sequence reads were aligned to the genome using bowtie 

(Langmead et al. 2009). Reads per Kb of mappable sequence (RPKM) were 

calculated and plotted to generate the replication timing profile. 

2.4.4 RNA Interference 

Double stranded RNAs (dsRNAs) was generated using PCR products 

flanked by a T7 promoter sequence at each end as template for in vitro 

transcription using the T7 Ribomax Express RNA production System (Promega). 

The complementary RNA strand were annealed to generate dsRNA. 

S2 cells were grown in Schneider’s medium supplemented with 10% fetal 

bovine serum (FBS) and 1% penicillin/streptomycin/glutamine (Invitrogen) at 

25°C.  For RNA interference (RNAi), cells were washed and plated in serum free 

Schneider’s medium at a concentration of  2x106 cells/ml, and 10 µg/ml of dsRNA 
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was added.  After incubation for 1h at 25°C, 2X medium was added to a final 

concentration of 1x106 cells/ml.  Cells were incubated for 6 days. Cell 

concentration was maintained at 1x106 cells/ml, and dsRNA concentration was 

maintained at 5µg/ml. 

2.4.5 RT-PCR 

RNA was extracted from cells using the RNeasy Kit (Qiagen) according to 

the manufacturer’s instructions and treated with RQ1 DNase 

(Promega).  Reverse transcription was done using the iScript cDNA Synthesis Kit 

(Bio-Rad). For each sample, 500 ng of RNA was used for cDNA synthesis.  From 

each reaction, 2 µl of cDNA was used as a template for PCR using the following 

primers: 

roX2(Alekseyenko et al. 2006) 

AGCTCGGATGGCCATCGA 

CGTTACTCTTGCTTGATTTTGC 

GAPDH (Igaki et al. 2002) 

CCACTGCCGAGGAGGTCAACTA 

GCTCAGGGTGATTGCGTATGCA 
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2.4.6 EdU labeling and Immunofluorescence: HU arrest 

Cells, untreated and treated with dsRNA, were plated at 2x106 cells/ml 

16h before the experiment. An intra-S phase checkpoint arrest was induced by 

adding 1mM hydroxyurea (HU) (Sigma) for 24 h.  The cells were then washed 

twice and replated in fresh medium.  The cells were pulsed with 10 µM EdU 

(Invitrogen) for 10 min and then washed twice and replated.  Cells were then 

allowed to incubate at 25°C for 6h. To arrest the cells in metaphase, 3µg/ml of 

demecolcine (Sigma) was added to the cells for 8h before harvesting. 

To create metaphase spreads, cells were harvested and resuspended in 

0.8% sodium citrate at a concentration of 5x105 cells/ml for 8 min. The cells were 

then placed in a single chamber cytofunnel (Shandon) and deposited onto slides 

using the CytoSpin4 (Thermo Scientific). The slide chambers were centrifuged at 

2000 rpm with high acceleration for 10 minutes at room temperature. The cells 

were then treated with 4% paraformaldehyde in PBS for 5 min and washed with 

PBS. 

To detect H4K16Ac, we used a rabbit anti-H4K16Ac antibody (Millipore 

07-329) at a concentration of 1:100 and a secondary goat anti-rabbit 568 

fluorescent antibody (Invitrogen) at a concentration of 1:500. To detect EdU, we 
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used the Click-iT EdU Alexa Fluor 488 Imaging Kit (Invitrogen) according to the 

manufacturer’s instructions. DNA was detected with Vectashield containing 

DAPI (Vector Laboratories). Images were obtained using the Zeiss Axio Imager 

widefield fluorescence microscope.  

 

2.4.7 EdU labeling and Immunofluorescence: Time course of 
untreated cells 

Cells, untreated and treated with dsRNA, were plated at 2x106 cells/ml in 

10 cm dishes 16 h before the experiment. Two plates were used for each sample. 

Asynchronous cells were pulsed for 10 minutes with 10 µM EdU (Invitrogen). 

The cells were then washed twice and replated in fresh medium in 6-well dishes 

(3 ml/well, 2x106 cells/ ml). After 6h, 3µg/ml of demecolcine (Sigma) was added 

to one well, and cells were arrested for 2h, harvesting a total of 8 hours after EdU 

pulse. A second well was treated with demecolcine at 8h and harvested at 10h, a 

third treated with demecolcine at 10h and harvested at 12, and a fourth was 

treated at 12h and harvested at 14h.  Metaphase spreads were created and 

labeled as described above. 
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3. Mapping Okazaki Fragments in D. melanogaster 

Unlike S. cerevisiae, metazoans have limited sequence specificity for ORC 

binding (Vashee et al. 2003; Remus et al. 2004). In the search for ARS activity in 

metazoans, plasmid maintenance assays in Drosophila tissue culture cells showed 

that all DNA sequences inserted into plasmids could be maintained, suggesting 

that little sequence specificity was necessary for replication to be initiated (Smith 

and Calos 1995). Studies using Xenopus extracts showed site specific replication 

on mammalian chromosomes only if the nuclei were kept in tact. If he nuclear 

membrane was damaged, site specificity was lost, suggesting that some nuclear 

factor or structure is necessary to direct origin selection on mammalian 

chromosomes (Gilbert et al. 1995).  Because of this lack of sequence specificity, 

these methods cannot be used to map origins in metazoan systems. 

 Current methods for mapping origins give biased results. ChIP-seq of 

ORC only gives sites of pre-RC formation and gives no information about origin 

activity in S phase. Mapping sequences that are labeled with BrdU in the 

presence of HU only gives information about origins that fire early in S phase 

before the intra-S phase checkpoint and requires synchronization of the cell 

cycle, which limits the assay to cell culture. Repli-seq methods are limited to 

wide timing domains, are subject to cell sorting gates, and are governed by 
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replication fork movement that is necessary to label the DNA with BrdU. To 

overcome these limitations, I attempted to develop a method of origin mapping 

that does not require cell synchronization.  This method sidesteps the need for 

cell synchronization and is not be limited to only mapping origins that fire before 

the intra-S phase checkpoint.  A comprehensive method to identify all origins of 

replication, independent of cell synchronization, could allow for the mapping of 

origins in Drosophila tissues at distance developmental stages.  In addition, this 

mapping technique could be directly applicable to mammalian systems.   

  After an origin fires, the replication fork moves in both directions away 

from the origin and copies both strands as it moves.  However, DNA polymerase 

can only synthesize DNA in the 5’-3’ direction. This results in the uninterrupted 

synthesis of one strand, the leading strand, and a stagger-step synthesis of the 

other strand, the lagging strand. The lagging strand is discontinuously primed 

with an RNA primer by DNA polymerase-α. This RNA primer gives docking site 

for DNA polymerase-ε to begin DNA synthesis in the 5’-3’ direction, or toward 

the origin. This method of synthesis on the lagging strand results in short DNA 
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fragments called Okazaki fragments (Figure 18) (Okazaki et al. 1968).  

 The small size of Okazaki fragments, about 200 bp, makes them easily 

separable by centrifugation and ideal candidate for high-throughput Solexa 

sequencing. Additionally, the RNA primer on Okazaki fragments can be used to 

separate nascent DNA from broken DNA. Once sequenced, these fragments can 

be mapped to the genome. Because DNA synthesis can only occur in the 5'-3' 

direction, sequencing Okazaki fragments can give valuable insight into the 

replication program.  First, the directionality of DNA synthesis results in a 

change in strandedness of Okazaki fragments at the replication origins.  The 

relative ratio of stranded reads on either side of the origin can also give insight 

into the efficiency of each origin; more efficient origins will yield a higher 

concentration of Okazaki fragments. Additionally, the ratio of strand specific 

Figure 18: Okazaki Fragments.  

Unidirectional synthesis with bidirectional fork movement results in small nascent 
strands called Okazaki Fragments. 
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Okazaki fragments can be used to determine the direction of replication fork 

movement at any position in the genome.  This will discern whether there is a 

global correlation between the direction of transcripts and replication forks, 

which has been shown in prokaryotes. 

3.2 Design and Results  

Selecting for Okazaki fragments is a multistep process. First, DNA is 

separated by size to isolate small DNA. Then, small DNA fragments were 

subjected to enrichment for RNA protected DNA, a defining characteristic of 

Okazaki fragments.  Once isolated, the Okazaki fragments, which are single 

stranded, must have sequencing adapters attached to both ends for high 

throughput sequencing. This process is outlined in Figure.  

3.2.1 Isolation of Okazaki fragments 

The isolation of Okazaki fragments takes advantage of several 

characteristics that are unique to these nascent strands. First, Okazaki fragments 

are small which makes them easily separable by size. Additionally, Okazaki 

fragments are primed with an RNA primer, which can allow for selection by 

protection from λ nuclease digestion (Figure 19).  

To size separate the Okazaki fragments, lysates from asynchronous Kc 

cells were denatured and put over a 5%-20% sucrose gradient and spun in an 
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ultra-centrifuge.  The density gradient made by the sucrose allows for different 

sizes of DNA to migrate to different places in the gradient. Once separated, the 

gradients can be fractionated and the fractions with the correct size can be 

collected. The samples were run in parallel with a 200 bp PCR product that was 

synthesized with [α-32P] dATP. The relative amount of radioactive material in 

each fraction could be measured in a scintillation counter, and the fractions 

corresponding to the 200 bp fragment were pooled.  

Figure 19: Overview of Okazaki Fragment Mapping.  
 
The multistep process of sequencing Okazaki fragments is illustrated here. Cells are 
harvested and lysed, DNA is size selected over a gradient, DNA is enriched for RNA 
protected DNA, adapters are attached, and the DNA is ready for sequencing. 
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To ensure that nascent Okazaki fragments could be isolated in this 

manner, asynchronous Kc cells were pulse labeled with tritiated thymidine, 

which is incorporated into newly synthesized DNA. The cells were lysed, and 

the resulting lysates were put over a sucrose gradient and centrifuged in parallel 

with the 32P labeled 200 bp PCR product. I found that an increase in 3H 

radioactivity in the fractions surrounding the corresponding 200 bp fraction 

(Figure 20). This result suggested that nascent DNA could be detected around 

the size of Okazaki fragments on the sucrose gradient.  

To ensure that the DNA that was isolated from the small sized fractions 

were Okazaki fragments, I exploited the RNA primer found at the 5’ end of these 

short nascent strands. λ exonuclease is an enzyme that will digest 5’ 

phosphorylated DNA from the 5’ end, but cannot digest RNA. Therefore, the 

RNA primer that is characteristic of Okazaki fragments should protect the 

strands from λ exonuclease digestion while any broken DNA fragments are 

digested.  
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3.2.2 Anchor Priming: Attaching Adapters to Single Stranded DNA 

A serious hurdle for sequencing Okazaki fragments is attaching the 

sequencing adapters to single stranded DNA. High throughput sequencing is 

achieved through a process known as sequencing by synthesis. The samples are 

put on a flow cell with a lawn of primers, and several rounds of PCR 

amplification create clusters of each sequence. Then, a sequencing primer primes 

Figure 20: Small Nascent Strands on the Sucrose Gradient.  
 
DNA pulsed with tritiated thymidine was separated on a sucrose gradient (blue) in 
parallel with a 200 bp DNA fragment labeled with 32P (red). Nascent strands were 
enriched around 200 bp, corresponding with the size of Okazaki fragments. 
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the clusters, and the clusters are sequenced by the addition of fluorescent 

nucleotides.  

To prepare sample libraries for sequencing, ligating specialized adapters 

to the ends of the sample DNA is necessary (Figure 21). While this is a simple 

task for double stranded DNA, ligating single stranded DNA poses a challenge. 

Additionally, it was imperative to preserve the strandedness of the Okazaki 

fragments during sequencing. The addition of these adapters was achieved by a 

process called anchor priming. Briefly, a poly-A tail was added to the 3’ ends of 

the Okazaki fragments to provide an anchor for a primer with a poly-T stretch. 

The anchor adapter can be annealed to the poly-A stretch, and then elongated 

with a polymerase. This provides a double stranded fragment, and the adapter 

for the 5’ end could be ligated easily (for details, see Materials and Methods).  

The primer and adapter design was crucial to the success of this method, 

beginning with the length of the poly-A tail. A short poly-A tail, and poly-T 

compliment, could cause indiscriminant priming throughout the genome and 

lead to amplification of non-Okazaki DNA.  A long tail could lead to a 

prohibitive melting temperature, and the length could overwhelm the short 
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length of the Okazaki fragment and interfere with sequencing. A 30 bp poly-A 

tail has a melting temperature of 42°C and should limit the amount of genomic 

DNA that is primed by this tail.  

Once the tail length was determined, the adapters had to be designed in a 

way that preserved the strandedness of the sample while providing the proper 

sequence for sequencing. Solexa adapters are complimentary on one end to 

provide a ligation site. The other ends of the adapters are non-complimentary 

Figure 21: Anchor Priming. 

 Ligating adapters to double stranded DNA is a simple ligation reaction (left). Adding 
sequencing adapters to single stranded DNA requires anchoring specially designed 
primers to a poly-A tail added to the 3’ end of the DNA (right). It is crucial to design the 
primers to preserve the strandedness of the fragment. 
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sequences to provide for unique primer sites when amplifying and sequencing 

libraries. Once amplified on the flow cell, the sequencing primer is only able to 

prime on the original 5’ end of the sequence. Therefore, the finished product of 

the anchor priming must provide a strand with the correct amplification and 

sequencing primer sequences at the proper ends of the strands. The anchored 

primer, which would provide the 3’ adapter, has a compliment to the 3’ adapter 

attached to the poly-T tail.  It is imperative that the sequencing adapter is not on 

this end because this would lead to the sequencing of the poly-A tail instead of 

the Okazaki fragment. The adapter for the double stranded end has a 

complimentary sequence to the sequencing adapter and a sequence that is 

complimentary at one end to provide a ligation site and non-complimentary to 

any involved sequences to prohibit unwanted sequencing of the original strand. 

Once attached, the adapters provide proper priming sites for the sequencing 

primers, and the sequencing libraries are properly amplified. For detailed 

sequences, see Materials and Methods.  

3.2.3 Okazaki Fragments Are Enriched Around ORC in a Strand 
Biased Manner 

The resulting libraries were sequenced using Illumina high throughput 

sequencing. The sequences were well distributed across the genome. To examine 
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how the sequenced DNA behaved around origins, we examined the read density 

around ORC binding sites as compared with sheared genomic DNA. All ORC 

binding peaks were aligned at position 0, and Okazaki fragments, shown in 

black, showed opposite strand bias on either side of the origin. Sheared genomic 

DNA showed no pattern around ORC binding sites (Figure 22).  These results 

suggest that the population of DNA that was isolated by this method were 

Okazaki fragments, as they mapped around origins in the manner of the lagging 

strand movement. 

 

Figure 22: Okazaki fragments are enriched around ORC with a strand bias 

All ORC peaks are aligned at position 0. Okazaki fragments (black) are 
enriched on either strand on either side of ORC as compared to sheared 
genomic DNA (red). Peaks on either side suggested a strand bias, which 
would be characteristic of the lagging strand. 
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3.3 Discussion  

Current methods for mapping DNA replication patterns do not offer full 

coverage of origin usage. Replication timing offers information about broad 

regions of the genome while early origin mapping only provides information 

about origins that fire before the intra-S phase checkpoint. To gain more 

understanding about the replication program, we attempted to isolate and map 

Okazaki fragments.  Though the results seemed to suggest that the method was 

successful, I found it difficult to duplicate. Subsequent library generations 

revealed that the anchor primers were picking up long poly-A stretches in the 

genome instead of adenylated Okazaki fragments. Additionally, controlling the 

length of the poly-A tail proved to be difficult. This problem may have been 

remedied by adjusting the poly-A tail or by anchoring with a random nucleotide 

tail instead of a poly-A tail. 

A recent study in S. cerevisiae successfully isolated and mapped Okazaki 

fragments in a strain with a doxycycline-repressible promoter driving DNA 

ligase I expression (Smith and Whitehouse 2012). DNA ligase I is necessary for 

joining Okazaki fragments, and lack of DNA ligase I results in an accumulating 

75 



 

population of nicked DNA. Therefore, depletion of DNA ligase by RNAi may 

increase the amount of available Okazaki fragments and allow for a more robust 

library.  

Interestingly, the Okazaki fragments in S. cerevisiae seem to be coupled 

with chromatin assembly. Smith et al. found that isolated Okazaki fragments had 

a periodicity similar to DNA digested with micrococcal nuclease, which digests 

DNA around nucleosomes. They found that the ends of the Okazaki fragments 

were most likely to be at the midpoint of nucleosomes, and Okazaki fragments in 

nucleosome depleted regions tended to be longer than in other regions. 

Additionally, interference with chromatin assembly altered the size of the 

Okazaki fragments and disrupting the processivity of pol δ brings the Okazaki 

termini to the closer edge of the nucleosome. These data suggest that chromatin 

assembly and Okazaki processing are tightly linked and that the two processes 

work together to effectively move the replication fork. 

3.4 Materials and Methods 

3.4.1 Cell Culture and Lysis 

Kc cells were plated at 2x106  cells/ml in 150 mm plates (30 ml) In 

Schneider’s insect medium supplemented with 1% Penicillin-Streptomycin-

Glutamine and 10% fetal bovine serum. Cells were incubated overnight at 25°C.  
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Cells were harvested into six 50 ml conical tubes and pelleted by 

centrifugation at 1000 rpm for 5 min at room temperature in a Beckman Coulter 

Allegra X-15R centrifuge. The cell pellets were washed twice with cold PBS and 

once in cold RBS (10 mM Tris, pH 7.4, 10 mM NaCl, 3 mM MgCl2). The cells were 

resuspended in RBS at a concentration of 2x107 cells/ml (6ml RBS/tube) and were 

dounce homogenized to isolate nuclei. Then, 3 ml of RBS + 0.4% NP-40 was 

added to each tube and the samples were incubated on ice for 10 minutes.  The 

nuclei were pelleted by centrifugation at 2000 rpm for 10 min at 4°C. The nuclei 

were resuspended in RBS at a concentration of 5x107 nuclei/ml (1.2 ml RBS), and 

1 volume of 2X lysis buffer (20 mM Tris, pH8.0, 20 mM EDTA, 2% SDS, 500 

µg/ml Proteinase K) was added. The samples were incubated at 37°C for 2h.  

These lysates were then placed on sucrose gradients. 

3.4.2 Sucrose gradients 

Sucrose gradients were created using a 10 ml/side gradient maker (CBS 

Scientific). The gradient ranged from 5%-20% sucrose (10 mM tris, 1 mM EDTA, 

100 mM NaCl) and was poured over a 400 µl CsCl cushion (1.75 g/ml). Gradients 

were poured into polyallomer tubes (Beckman Coulter, 14 x 95 mm).  

Lysates were heat denatured at 85°C for 5 min and quickly cooled on ice. 

The lysates were then carefully layered on top of the gradients. A 200 bp PCR 
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fragment labeled with [α-32P]-dATP was mixed with one sample before the 

sample was added to the gradient. All tubes were sealed with mineral oil. The 

tubes were then placed in an SW 40-Ti rotor and spun at 39000 rpm for 18h at 

22°C in a Beckman Coulter Optima L-70K Ultrafuge. 

After centrifugation, the gradients were fractionated. First, the sample 

containing the 32P labeled PCR fragment was fractionated into 300 µl fractions 

from the top using a cut pipet tip. The fractions were collected in numbered 

microcentrifuge tubes, which were placed directly in scintillation tubes. The 

tubes were counted in a scintillation counter to determine which fractions 

contained the 200 bp fragment. In the 5 parallel sample tubes, the 5 fractions (2 

above, 2 below) surrounding the 200 bp peak were pooled for a total volume of 

7.5 ml.  The pooled DNA was then precipitated with 2.5 V of cold ethanol and 

washed once with cold 70% ethanol. The sample was then resuspended in 50 µl 

nuclease free H2O. 

3.4.3 Phosphorylation and λ-exonuclease digestion 

To enrich for Okazaki fragments, the sample was then treated with λ-

exonuclease, which digests 5’ phosphorylated DNA but cannot digest RNA-

primed Okazaki fragments. After determining the concentration of the DNA 

with a Nanodrop spectrophotomer, 10 µg of the sample was placed in a 
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microcentrifuge tube, and the volume was brought to 38.5µl. The sample was 

denatured at 80°C for 2 min and immediately cooled on ice. For phosphorylation, 

10 µl 5X polynucleotide kinase (PNK) buffer (Invitrogen), 0.5µl 100 mM ATP, 

and 1 µl PNK was added to each tube. The reaction was incubated at 37°C for 1h. 

The reaction was stopped by adding 2 µl of 0.5 M EDTA, 2 µl 2% Sarkosyl, and 4 

µl proteinase K and incubating at 50°C for 45 min. The reaction was extracted 

with phenol chloroform once; precipitated with 1µl glycogen, 0.1 V 3M NaOAc, 

and 2.5 V ethanol; washed once with 70% ethanol; and resuspended in 44 µl 

nuclease free water.  

For exonuclease digestion, 5µl of 10X λ-exonuclease buffer and 1µ λ-

exonuclease was added to the sample for a total volume of 50 µl. The reaction 

was incubated at 37°C overnight. The sample was then extracted with phenol 

chloroform and precipitated with ethanol as described above. The λ-exonuclease 

step was done 3 times. On the third reaction, the reaction was adjusted to 0.2 N 

NaOH and heat denatured at 95°C to denature the RNA primer before the 

phenol chloroform extraction.  

3.4.4 Polyadenylation, Anchor Priming, and 5´Adapter Ligation 

Once the nascent Okazaki strands were isolated, the next step was to add 

Solexa adapters to the single stranded DNA via anchor priming. The isolated 
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DNA was first polyadenylated. The length of the poly-A tail was important; the 

tail had to be long enough to anchor the adapters but not too long as to 

overwhelm the short fragments. The length of the tail is determined by the ratio 

of dATP to available DNA ends. The anchor adapter was designed with 30 T’s 

(Anchored primer sequence: 5'-CAA GCA GAA GAC GGC ATA CGA GCT CTT 

CCG ATC TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT VN-3'); therefore, the 

poly-A tail needed to be about 30 bp long. Therefore, an approximate 3:1 ratio of 

dATP (µM):DNA 3’ends (pmol) was necessary for a proper tail length. The 

number of ends was determined by the following equation: 

MWssDNA= (# nucleotides*303.7)+79 (g/mol) 

 Ends 3’=[DNA concentration(µg/µl)/ MWssDNA]x volume 

Once calculated, the appropriate amount of 5 mM dATP was added to the DNA, 

and the volume was brought to 39.5 µl. Then, 5µl of 10X terminal transferase 

buffer, 5 µl 2.5 mM CoCl2, and 0.5 ul terminal transferase was added to the 

reaction. The reaction was incubated for 1h at 37°C, and then the reaction was 

stopped by incubating at 70°C for 20 min. The sample was then extracted with 

phenol chloroform and precipitated with ethanol as described above and 

resuspended in 39.5 µl H2O. 

80 



 

 After the sample was polyadenylated, the 3’ anchor adapter could be 

anchor primed and elongated. To do this, 1.0 µl of 100 mM anchor adapter, 4.5 µl 

10X ThermoPol buffer, and 2.0 µl 10 mM dNTP was added to the DNA for a total 

volume of 45 µl. In a thermocycler, the sample was denatured at 95°C and then 

ramped to 45°C and held for 4 min. Then, 0.3 µl Taq polymerase, 0.5 µl 10X 

buffer, and 4.3 µl H2O was added to the reaction. The temperature was then 

ramped to 72°C (1% ramp) and held for 60 minutes to allow for elongation. This 

reaction created a double stranded sample, and the resulting product was 

purified using a Qiagen PCR purification column and resuspended in 25 µl H2O.  

 The Taq polymerase creates a phosphorylated 3’-A overhang, which is 

opportune for the ligation of the 5’ adapter (Engineered Seq. adapter: 5'-

/5Phos/GAT CGG AAG AGC GTC GTG TAG GGA AAG AGT GT-3',Adapter 

compliment:5'- ACA GAC AAG CAG TGG ACA TCG GCT CTT CCG ATC T-3'). 

To ligate the adapter, 3µl of 10X T4 ligase buffer, 1.0 µl of 1.6 µM of the annealed 

5’ adapter, and 1µl T4 ligase was added to the DNA. The reaction was incubated 

for 15 min at room temperature. The resulting DNA was then purified over a 

Qiagen Minelute column and resuspended in 10 µl H2O. The sample was then 

loaded and run on a 2% agarose gel in TAE. The gel was cut between 100 and 200 
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bp, and the DNA was extracted using the Qiagen gel extraction kit and 

resuspended in 29.5 µl H2O. 

 Once the adapters were ligated, the Solexa libraries could be amplified. To 

do this,  0.5 µl of Solexa primer 1.1, 0.5 µl of Solexa primer 2.1, 1.5 µl 10 mM 

dNTP, and 8.0 µl of 5X High Fidelity Phusion buffer was added to the DNA 

(*Solexa primers: 

1.1: 5'- AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA 

CAC GAC GCT CTT CCG ATC T -3', 1.2: 5'-CAA GCA GAA GAC GGC ATA 

CGA GCT CTT CCG ATC T-3 '). The reaction was denatured at 95°C for two 

minutes, and then a mix of 2.0µl 5X Phusion buffer, 0.5 µl Phusion polymerase, 

and 7.5 µl H2O were added to the reaction. The following PCR cycle was 

repeated 20 times: 95°C for 10 sec, 65°C for 1 min, and 72°C for 1 min. The PCR 

ended with 72°C for 2 min. The reaction was purified over a Qiagen Minelute 

column and the library was eluted in 10 µl EB. The library was further purified 

on a 1.5% agarose gel, and the band with a clearly visible band between 100 and 

200 bp. The library was cut from the gel and extracted using the Qiagen gel 

extraction kit with a Minelute column. The library was eluted in 15 µl EB, and 3 

µl were run on a 6% acrylamide gel in TBE to ensure that the library had not 
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denatured in the last step. The libraries were then sequenced at the Duke 

Sequencing Facility. 

 

3.4.5 Separating Tritiated Nascent DNA on a Sucrose Gradient 

 Asynchronous Kc cells were plated at 2x106 cell/ml in a 10 cm dish (10 ml). 

The cells were pulse labeled with tritiated thymidine (200 µCi) for 10 minutes. 

Nascent, tritiated DNA was isolated as described previously (Blumenthal and 

Clark 1977). Pulse labeling was terminated by washing once with serum free 

medium and then lysing the cells. Pelleted cells were lysed in 200 µl lysis buffer 

containing 1.0% Sarkosyl, 100 mM EDTA, 25 mM EGTA, 10 mM Tris-HCl (pH 

7.9) and 100 µg/ml proteinase K. Lysates were incubated at 37°C for 2h.  

 After lysis, the lysates were put on a 5%-20% alkaline sucrose gradient (0.2 

N NaOH, 10 mM EDTA, 0.8 N NaCl over a CsCl2 cushion in polyallomer tubes 

and spun as described above. After centrifugation, 300 µl fractions were taken 

from the top of the gradient.  To precipitate the DNA, fractions were mixed with 

5 µg salmon sperm DNA and an equal volume of 70 mM pyrophosphate (final 

concentration 35 mM pyrophosphate). Then, an equal volume of 4% perchloric 

acid was added to the sample. The resulting precipitates were collected on 

Whatman GF/C filters and the filters were washed with 25 ml each of 2% 
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perchloric acid and 1 N HCl containing 0.1 N sodium pyrophosphate. Then, the 

filters were washed with 10 ml of 95% ethanol. Filters were dried and placed in 

scintillation tubes with 5 ml of scintillation fluid, and the samples were measured 

for tritium. Relative amounts of nascent DNA were determined by the counts per 

minute in each fraction.  Lysates containing a 200 bp 32P labeled PCR product 

was run in parallel with the tritiated samples.  
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4. Conclusions 

4.1 Conclusions 

DNA replication is a very important process in the cell cycle. Every time a 

cell divides, the entire genome must be copied in a timely manner. To do this, 

DNA replication is started at several origins throughout the genome, and these 

origins fire in a temporal manner. This leads to wide domains that replicate at 

different times during S phase and these domains make up the replication timing 

profile of the genome. While these domains are found throughout eukaryotes 

and these regions have strong correlations with transcriptional activity and the 

chromatin landscape, not much is known about how these domains are chosen 

and regulated. No single mark has been shown to directly affect the timing 

program. 

When I began my research, we were interested in mapping elements or 

DNA replication across the entire D. melanogaster genome to provide insight into 

how metazoans regulate DNA replication. We compared these data across three 

D. melanogaster cell lines to investigate how the same genome was differentially 

affected by three different cellular lineages. While comparing replication timing 

profiles, we found a particularly interesting case in the differential replication 

program of the X chromosome, which provided a unique opportunity to 
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investigate the regulation of replication timing. Additionally, my interests were 

at the level of individual origins; methods for mapping active origins presented 

several roadblocks that prevented us from having a comprehensive view of how 

origins were selected.  

In chapter two, we examined the replication timing program across three 

D. melanogaster cell lines and compared these datasets with genome wide maps 

of activating and repressive marks obtained from the modENCODE project. We 

found that early domains were marked by activating marks and late domains 

were marked by repressive marks. Interestingly, regions that were differential 

between two cell lines showed only a slight difference in the level of activating 

marks that were present, indicating that there is a minimum threshold of 

genomic activation or accessibility that influences the early activation. 

Additionally, we showed that the male X chromosome replicates 

significantly earlier in S phase, which is highly correlated with H4K16 

acetylation. While this observation is not new (Schwaiger et al. 2009), no causal 

relationship between the histone mark and the advancement of DNA replication 

had been shown. Upon further investigation, I showed that the DCC and 

resultant H4K16 acetylation directly influences DNA replication timing. I 

showed that the DCC is necessary for early replication of the X chromosome, 
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which is the first example of a single histone mark influencing the replication 

timing program. Unfortunately, I was not able to discern if the complex is 

sufficient for advancing replication timing, as I saw rare instances in which the 

replication timing program was affected by the stabilization of the DCC in 

female cells. These results suggest that while H4K16 acetylation influences the 

timing program, at least one other regulator is involved in influencing replication 

timing, and this regulatory system may be closely tied to the modulation of 

genes on the X chromosome. 

In chapter 3, I attempted to design a method for mapping replication 

origins by mapping and isolating Okazaki fragments. To do this, I took 

advantage of characteristics that are unique to Okazaki fragments. Their small 

size and RNA primer allowed for a two step approach to ensure that only 

Okazaki fragments were isolated. In addition, I designed primers to allow for 

sequencing that would preserve the strand information of the Okazaki 

fragments. While the results implied that we had successfully isolated the short, 

nascent DNA, the fleeting nature of Okazaki fragments and the difficulty of the 

protocol made it difficult to repeat the process successfully. 
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4.2 Discussion and future directions 

4.2.1 H4K16 acetylation influences origin activation, not origin 
selection 
  
 The regulation of origin usage, and thus the timing program, can be 

decided at several points in the cell cycle.  Assembly of the pre-RC in G1 can 

influence timing by the number of available origins that are poised for 

replication. The open chromatin environment that is promoted by H4K16 

acetylation on the X chromosome could allow for a higher density of pre-

RC locations. Alternatively, replication timing may be advance by an 

increased number of origins firing at an earlier time in S phase. The open 

chromatin could allow for easier assembly if the pre-IC and an increase in 

origins fired. Lastly, the speed of fork movement through the genome 

could affect the timing of replication. H4K16 acetylation may allow the 

forks to move more quickly through the chromosome. 

 Our data show that ORC density is similar between the X 

chromosome and the autosomes while early origin density is much higher 

on the X chromosome in males. This suggests that preferential X 

replication is controlled at the level of origin activation, not origin 
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selection. Mapping early origins in cells treated with RNAi targeted to 

DCC components could provide useful information about how the 

complex affects origin activation.  If H4K16 acetylation is the sole effector 

of timing on the X chromosome, then knockdown of both MSL2 and MOF 

would decrease early origin density on the X chromosome. Because it has 

been shown that the DCC and NSL compete for MOF binding (Prestel et 

al. 2010), depletion of MSL2 could lead to a redistribution of MOF across 

the entire genome, and we may see a slight global increase in origin 

density. Alternatively, while knockdown of SXL in female cells may not 

show an increase in origin activation on the X chromosome due to other 

regulating factors, the sequestration of MOF to the X chromosome may 

cause a change in origin activation on the autosomes due to lower levels of 

acetylation. 

4.2.2 The activity of MOF may be balanced by chromatin remodelers 
 

The D. melanogaster male X chromosome is also subject to regulation by 

factors other than the DCC that may work in conjunction with the DCC to 

modulate chromosomal activity. The chromatin remodeling protein ISWI 
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(imitation switch) is the ATPase subunit of nucleosome remodeling complexes 

such as NURF (nucleosome remodeling factor), CHRAC (chromosome 

accessibility complex), and ACF (ATP-utilizing chromatin assembly and 

remodeling factor) (Langst and Becker 2001).  NURF disrupts the periodicity of 

nucleosome arrays while CHRAC and ACF create regularly spaced arrays (Wu et 

al. 1998; Fyodorov and Kadonaga 2001; Langst and Becker 2001). A study in ISWI 

mutants showed that reduced levels of ISWI led to decompaction of the X 

chromosome in polytene salivary glands. Furthermore, this effect on the X 

chromosome is antagonized by DCC dependent H4K16 acetylation; males 

lacking MLE do not show a bloated X chromosome while females that express 

MSL2 exhibit decompaction on the X chromosome (Corona et al. 2002). This X 

chromosomal decompaction is mirrored in NURF301 mutations, and NURF has 

been shown to repress roX2 transcription in females (Bai et al. 2007). 

 A genome wide study of ISWI activity showed that while ISWI has global 

activity throughout the entire genome, differences in nucleosome spacing 

between wild type and ISWI mutant chromatin are more striking on the X 

chromosome in both males and females. This study also showed that ISWI binds 

at the 5’ end of dosage compensated genes, which allows for a nucleosome free 
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region at the transcription start site (Sala et al. 2011). Interestingly, the DCC 

preferentially targets the 3’ end of these genes (Larschan et al. 2007). 

These results suggest that ISWI and the DCC work antagonistically to 

balance the transcription levels of dosage compensate genes (Figure 23). While 

H4K16 acetylation contributes to chromosome decondensation, ISWI promotes 

compaction to prevent overexpression of dosage compensated genes (Corona et 

al. 2002). This balance between ISWI and the DCC may also influence the DNA 

replication timing program in the same way. Coupling SXL knockdown with 

ISWI depletion in female Kc cells may show preferential X replication, and ISWI 

depletion in male cell lines may show an exaggerated early replication 

phenotype. However, ISWI does have global genomic activity, and any effects of 

ISWI depletion may be seen genome-wide. 

 

Figure 23: ISWI and H4K16 acetylation balance activity on the X 
chromosome 

ISWI promotes a closed chromatin environment while H4K16 acetylation via 
MOF promotes an open chromatin environment.  These two histone may 
work antagonistically to balance transcriptional and replication activity on 
the X chromosome. 
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Another protein that influences the activity of the X chromosome is JIL-1 

kinase, which phosphorylates H3S10 (Wang et al. 2001). JIL-1 is enriched in 

euchromatic regions, and antagonizes heterochromatic spreading (Zhang et al. 

2006). The H3S10 phosphorylation by JIL-1 prevents the binding of HP1 

(heterochromatin protein 1) by the occlusion of the silencing mark H3K9me2.  

Though it is found in substantial amounts on all chromosomes, JIL-1 is enriched 

on the X chromosome in both males and females (Wang et al. 2001). This 

enrichment is tied to the DCC, as JIL-1 co-immunoprecipitated with DCC 

components in male cells, and JIL-1 enrichment across the X chromosome is 

observed when the DCC is expressed in females (Jin et al. 2000). Additionally,JIL-

1 has been found to be enriched at functional CESs and binds to active gene 

bodies at the 3’ end, a pattern that mimics the DCC (Alekseyenko et al. 2012).  

The X chromosome appears to have increased sensitivity to a reduction in JIL-1, 

which is seen in the lack of banding on polytene chromosomes as the 

heterochromatin spreads across the chromosome (Deng et al. 2005). A recent 

global study showed that JIL-1 associated with actives genes at a basal level, but 

JIL-1 association was approximately two-fold higher at genes marked with 

H4K16 acetylation, suggesting that JIL-1 recognizes the DCC. JIL-1 has been 
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shown to be an activator in many Drosophila genes and can relieve promoter 

proximate pausing or RNA polymerase II (Ivaldi et al. 2007). Therefore, 

recruitment of JIL-1 by the DCC may increase transcription by directly 

influencing RNA polymerase II. However, conflicting studies have shown that 

RNA polymerase II activity is independent of H3S10 phosphorylation (Cai et al. 

2008). Therefore, any influence that JIL-1 has on transcription is at the level of 

chromatin structure by inhibiting silencing marks. Because heterochromatin is 

replicated late in S phase, the suppression of heterochromatic spreading by JIL-1 

could allow for the earlier replication of the X chromosome.  

 

In the work described here, we investigated the replication timing program in 

three D. melanogaster cell lines. I examined the difference in replication timing between 

the male and female cell lines and determined that the DCC and resulting H4K16 

hyperacetylation are necessary for preferential early replication of the X chromosome 

Whether the DCC is sufficient for early replication is unclear. This work shows the 

single histone modification that directly influences the DNA replication timing profile 

on a chromosome-wide scale.
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