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Abstract: 
Determining cis-acting elements necessary for regulation of replication timing 

 
Many diseases such as DiGeorge syndrome, leukemia and likely all cancers display 
abnormal replication timing, the temporal order in which segments of chromosomes are 
replicated. However, the elements that regulate normal replication timing are poorly 
understood. DNA replicates during S phase of the cell cycle and does so in a spatio-
temporal pattern. DNA replicating early in S phase localizes within the nuclear interior 
and is highly correlated with transcriptionally active euchromatin. On the other hand, 
DNA replicating late in S phase localizes at the nuclear and nucleolar periphery and is 
highly correlated with transcriptionally inactive heterochromatin. Taken together, this 
pattern of replication shows that DNA replication is likely involved in higher chromosome 
structure and function. To continue progressing within the field, replication timing 
regulatory elements must be identified. Uncovering these elements will allow a greater 
understanding of higher chromosome structure and function organization as well as 
elucidating the relationship between abnormal replication timing and disease. In order to 
show necessity of suspected candidate regulatory elements, each must be removed 
and a dramatic effect on replication timing must be observed. This thesis focuses on 
two means of showing element necessity: the development of a targeting vector to 
generate small deletions of DNA that harbor suspected regulatory elements and the 
confirmation that puromycin reconstitution to generate and identify large deletions is 
feasible. 
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Chapter 1 

 General Introduction 

DNA is the genetic code that every organism possesses and requires for propagation of 

daughter cells. In eukaryotes, DNA is packaged with a multitude of proteins and then 

further condensed into chromatin within the nucleus of a cell. The chromatin not only 

carries the heritable genetic information, but it also carries heritable epigenetic 

information, both of which must be replicated properly in order to pass on all necessary 

information to daughter cells. Cells must undergo cell division in order to replicate 

themselves and this requires proper replication of their DNA. The process that cells 

must undergo to replicate their DNA within such a small and dense environment is 

poorly understood. Mistakes made during DNA replication affect the genome and often 

results in cellular abnormalities or diseases implicating the severe importance that DNA 

replication plays in cellular and organismal survival. Maintenance of proper replication is 

critical to accurate duplication of the epigenetic and genetic information that must be 

inherited by the next generation of cells. It is logical to infer that regulation of DNA 

replication is a monumental and critical process to biological inheritance, development, 

and reproduction.  

Cell division requires carefully coordinated molecular events that occur during the 

entirety of the cell cycle. Following G1 phase, DNA is replicated during the S phase and 

is then succeeded by G2 and mitosis, respectively, in the cell cycle. In prokaryotes 
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replication begins at one origin of replication and continues the entire length of the 

circular chromosome. In eukaryotes, however, the genome is substantially larger and 

more complicated because it consists of many linear chromosomes that must all be 

replicated in a timely fashion. To do so, multiple origins of replication exist on a single 

chromosome and each origin initiates replication of several hundred kilobases to 

megabase size DNA segments called domains (Hiratani et al, 2009; Pope and Gilbert, 

2013). Individual domains represent regions of synchronously replicating DNA. 

Replication initiates at a specified time during S phase, early, mid or late, for each 

domain. Intervening DNA between early and late replication domains is known as 

temporal transition regions (TTRs) which represent origin-less stretches of DNA where 

replication machinery proceeds passively from early replicating domains to late 

replicating domains (Lu, 2010). Studies have shown that this temporal pattern is 

established early during G1 phase and has become known as the timing decision point 

(TDP) (Dimitrova and Gilbert, 1999; Li et al., 2003; Ma et al., 1998). Replication timing 

also replicates in a subnuclear spatial pattern (Dimitrova and Gilbert, 1999; Ma et al., 

1998). DNA replicating early in S phase localizes within the nuclear interior and is highly 

correlated with transcriptionally active euchromatin. On the other hand, DNA replicating 

late in S phase localizes at the nuclear and nucleolar periphery and is highly correlated 

with transcriptionally inactive heterochromatin (Dimitrova and Gilbert, 1999; Ma et al., 

1998). Taken together, these two patterns show that DNA replicates in a spatio-

temporal pattern and that replication timing likely plays a role in higher chromatin 

structure and function. The mechanism and biological significance of organizing 
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chromatin into spatially and temporally distinct regions is unknown, however, genome-

wide DNA arrays provide an excellent means of elucidating the mechanism and 

significance of doing so.  

 

 

 

 

 

 

Figure 1.1: Visual representation of temporal repli cation proceeding through replication 
domains.  Replication domains represent areas of synchronously firing replication origins that 
replicate chromosomal DNA at a specified time during S-phase. Blue highlighted DNA 
corresponds to a domain that beings replication early in S-phase while black highlighted DNA 
corresponds to a domain that begins replication late in S-phase. 

 

Genome wide DNA arrays are used to produce replication timing profiles, which show a 

visual representation of when during S phase segments of chromosomes replicate. To 

produce these profiles replicating cells are first pulse labeled with the nucleotide analog 

5-bromo-2-deoxyuridine (BrdU) where it will be incorporated into newly synthesized 

DNA in place of thymidine. Cells are then collected and their DNA labeled with dye. 

Cells are sorted via fluorescence activated cell sorting (FACS) into early and late S-
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phase replicating populations. BrdU-labeled DNA is then immunoprecipitated using an 

anti-BrdU antibody. BrdU labeled DNA is then amplified by PCR and differentially 

labeled with Cy3 and Cy5 dyes and hybridized to a Nimblegen CGH array. The log 

ratio2 of the early to late replicated DNA is calculated and plotted to produce a 

replication timing profile. The profiles generated using this protocol show a visual 

representation of the replication timing of genomic locations. During mammalian 

development replication timing experiences extensive changes, often representative of 

changing transcriptional activity indicative of the cell’s new commitment and new 

functions, across the genome. Analysis of replication timing changes during cellular 

differentiation and development is capable via replication timing profiles. For example, 

the genes dppa4 and dppa2, both of which maintain pluripotency a hallmark 

characteristic of stem cells, undergo early replication in embryonic stem cells (ESCs) 

then following cellular differentiation to neural precursor cells (NPCs) the genes undergo 

late replication. The temporal change seen in genes dppa4 and dppa2 are consistent 

with subnuclear positioning changes (Hiratani et al, 2008). In addition to genome wide 

analysis of replication timing changes observed during development, replication timing 

profiles are highly cell type-specific, easily reproducible, and highly robust. Replication 

timing profiles are therefore useful as a cell-fingerprinting tool to distinguish between 

closely related cell types and thus a valuable tool in molecular biology (Ryba et al., 

2010). 
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Figure 1.2: Genome-wide analysis of replication tim ing in mouse embryonic stem cells 
(mESCs).  (A) Protocol for genome-wide analysis of replication timing using oligonucleotide 
microarrays with a probe every 5.8 kilobases. (B and C)  Replication timing profile development. 
Shown is the profile of a segment of chromosome 1 in mESCs. Raw values for probe log ratios 
[i.e., log2(early/late)] along the chromosome revealed a clear demarcation between regions of 
coordinate replication (B), which is highlighted upon overlapping a local polynomial smoothing 
(loess) curve (C). (D) Analysis at a density of one probe per 5.8 kb or 100 bp show essentially 
identical smoothed replication timing profiles (Hiratani et al., 2008).  

Interestingly, the temporal order of replication is perturbed in many diseases including 

DiGeorge syndrome, leukemia and likely all cancers (Watanabe et al, 2010; Ryba et al., 

2012). Diseases associated with chromosomal deletions display regional abnormalities 

in replication timing (Chai et al., 2003; D’Antoni et al., 2004; Yeshaya et al., 2009). The 

actual mechanism underlying the correlation between abnormal replication timing and 

disease is a mystery, however, this relationship suggests that replication timing could 
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act as a disease biomarker, a prognostic tool, or the basis for personalized medicine for 

some diseases.  

There are many questions that remain to be asked about replication timing since it 

remains a poorly understood process. Of particular interest is what actually regulates 

replication timing. Essentially, how is the timing of DNA replication of each domain 

regulated? How does the cell ensure that each domain replicates its DNA at a time that 

corresponds to its corresponding subnuclear position within the nucleus? The focus of 

this honors thesis is developing strategies to identify possible elements that maintain 

and regulate proper replication timing.  
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Chapter 2 

Development of a Targeting Vector to Generate Small Deletions 

 

Introduction 

Temporal transition regions (TTRs) are regions suspected to harbor elements that 

regulate replication timing, however, data from the Gilbert lab and the mouse 

Encyclopedia of DNA Elements Consortium (ENCODE) has shown that other genomic 

regions might also harbor regulatory elements (Pope et al., submitted). The genome is 

partitioned into local chromatin interaction regions between 400kb and 1Mb in length 

coined topological associating domain (TADs) (Dixon et al., 2012). Many of these TAD 

boundaries are enriched with insulating elements, which are known to prevent spread of 

heterochromatin (Dixon et al., 2012). One element in particular found to be insulating 

TAD boundaries is CTCF, a transcriptional regulator and classic insulator element 

(Dixon et al., 2012). CTCF is known to associate with the nuclear matrix to form distinct 

structural domains thus contributing to higher order chromatin structure and function 

(Dunn et al., 2003). TAD boundaries and replication domains have been shown to align 

with one another, additionally, abrupt TAD transitions residing within gradual timing 

changes between replication domains could signify regions housing candidate elements 

that direct replication timing maintenance (Dixon et al., 2012; Pope et al., 2012). 

ENCODE data has shown that CTCF binding sites are frequently found within TTRs and 

early replication domain boundaries suggesting that CTCF binding insulates and 

maintains early replication timing possibly by mediating subnuclear position of early 
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replicating domains. This suggests CTCF may be involved in insulating early replication 

domains thus acting as a regulator. The focus of this chapter is the hypothesis that 

CTCF plays a role as a cis-acting regulatory element to maintain replicating timing in 

early domains and the construction of a targeting vector to remove the binding site to 

show necessity of the element.  

In order to show that CTCF binding sites are necessary to regulate proper early 

replication in early replicating domains, removal of the binding site and subsequent 

analysis of the affected replication timing within the domain is imperative. CTCF binding 

punctuates the upstream early replicating domain of dppa2 and dppa4 domain in mouse 

embryonic stem cells (mESCs) on chromosome 16 at position ~48.25 Mb. When 

mESCs differentiate to mouse cortex, this CTCF binding site is lost suggesting that it 

plays a role in developmental regulation thus making it a good candidate for replication 

timing regulation (see figure 2.2). This domain switches from early to late replication 

during differentiation of ESCs to any germ layer and undergoes a spatial change during 

differentiation from the nuclear interior to the nuclear periphery (Hiratani et al., 2010). As 

such, the genes within this domain including dppa4, dppa2, and morc1 are difficult to 

reprogram to early replicating and transcriptionally active chromatin following cellular 

differentiation. Analysis of this domain in particular will aid the understanding between 

replication timing and the epigenetic states pertinent to pluripotency and cellular 

reprogramming.  
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Figure 2.1: Spatial reorganization and replication t iming 
change of dppa2 following cellular differentiation.  (A) Box plot quantification of the change 
in subnuclear positioning of the gene Dppa2 from embryonic stem cell (ESC) to neural 
precursor cell (NPC). In ESC, Dppa2 resides within the nuclear interior while in NPC Dppa2 is 
located at the nuclear periphery. (B) Replication timing profile shows a change in replication 
timing of Dppa2 following cellular differentiation from ESC to NPC, which changes from early to 
late respectively.  (C) FISH photograph of chromosomal organization of Dppa2 in ESC and to 
NPC after differentiation (Hiratani et al., 2008). 
 

It is important to note that the genes dppa4 and dppa2 are approximately 60kb 

downstream of the CTCF site punctuating the TAD boundary and early replication 

domain boundary (See Figure 2.2). The distance between the two is large enough that 

CTCF removal would not affect the genes and thus not induce differentiation and 

subsequently a change in replication timing of the domain. Following removal of the 

binding site three outcomes could occur: 1) No change in replication timing; 2) The late 

replicating domain upstream of the early domain will spread into the early domain 

causing the adjacent portion of the early domain to replicate late; or 3) The early 

replicating domain will replicate late. Based on preliminary data suggesting that CTCF 

A 

B 

C 
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binding buffers early replicating domains I hypothesize that following CTCF binding site 

deletion the late replication timing of the adjacent upstream domain will spread into the 

early replication domain causing a substantial difference in replication timing, 

particularly partial late replication of the domain.  

 

 

 

Figure 2.2: A schematic of the strategy to remove t he CTCF site.  A targeting vector, named 
Pu, will first be constructed with two multicloning sites and positive and negative selectable 
markers. Genomic DNA flanking the CTCF binding site will be inserted into the multicloning 
sites. The targeted vector will then undergo homologous recombination with D3 mESCs 
resulting in the removal of the CTCF binding site. A CRISPR designed to cleave DNA at the 
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CTCF binding site will be used to increase the efficiency of homologous recombination. CTCF 
binding site is circled in red and is punctuated by the sharp blue vertical line within the red circle. 
 

The overall strategy for this project consists of directed insertion by homologous 

recombination of a targeting vector to the CTCF binding site on chromosome 16 in the 

early dppa domain of mESCs to remove DNA harboring CTCF.  To engineer the 

targeted deletion, careful construction of a targeting vector with selectable markers must 

first be accomplished. Following completion of the targeting vector chromosomal 

stretches of DNA homologous to regions immediately upstream and downstream of the 

CTCF binding site will be inserted into the vector. Insertion of the targeting vector into 

the CTCF binding site will be mediated by homologous recombination and efficiency of 

homologous recombination will be increased by use of a targeted CRISPR to cleave 

genomic DNA at the CTCF binding site. Homology arms will differ in length; one arm will 

be ~1kb and the other will be ~5kb. Long homology arms are used to increase 

homologous recombination efficiency, but the single short arm to be used for this 

experiment exists to facilitate identification of colonies positive for homologous 

recombination via PCR. CRISPR, a form of adaptive immunity in bacteria that protects 

against viral intrusion, was chosen for this strategy because it has been artificially 

modified to create specific double-stranded DNA breaks which have been shown to 

increase homologous recombination efficiency (Carroll, 2012; Cong et al., 2013). 

 

 

Materials and Methods 
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A successful targeting vector must contain several elements: 1) selectable marker(s) so 

so only positive cells survive selection; 2) multicloning sites (MCS) composed of several 

restriction enzyme sites so that pre-determined DNA segments can be inserted for 

homologous recombination; 3) negative selectable marker(s) so that cells that undergo 

random integration will die or cells that have undergone successful homologous 

recombination can be killed; and 4) an origin of replication so that the plasmid can be 

replicated and amplified in bacteria.  

The targeting vector I designed, named Pu vector, contains four essential components; 

Pu cassette (containing neomycin as positive selectable marker as well as half of 

another positive selectable marker, the purpose of which will be discussed in chapter 3), 

DTA cassette (containing diphtheria toxin as negative marker to ensure death of cells 

that underwent random integration of the vector instead of homologous recombination), 

TK cassette (thymidine kinase a negative selectable marker), and 2 MCSs that each 

contain six restriction enzymes sites to insert homology arms as well as contain FRT 

sites to mediate removal of all intervening inserted cassette DNA after cell line 

establishment. In order to put all the required components together, all components 

must be flanked by appropriately matching restriction enzyme sites so that all separate 

components can be ligated correctly to form the final Pu vector.  
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Figure 2.3: Strategy for Pu targeting vector constr uction.  (1) Amplification of the Pu 
cassette from a plasmid by PCR using primers with restriction enzyme tails. (2) Amplification of 
the DTA cassette from a plasmid by PCR using primers with restriction enzyme tails. (3) 
Ligation of Pu and DTA cassettes. (4) Amplification of the TK cassette from a plasmid by PCR 
using primers with restriction enzyme tails. (5) Ligation of plasmid from step 4 and TK cassettes. 
(6) Oligonucleotide design of multicloning sites containing an FRT site. (7) Ligation of 
multicloning sites and plasmid from step 5 to form complete targeting vector. 
 

Three plasmids were used as template from which to amplify each individual cassette. 

Primers with and without restriction enzyme tails were designed and ordered. PCR 

optimization of each cassette was first performed. Once optimal conditions were 

reached each cassette was amplified on a large scale PCR and subsequently gel 

extracted so that all nonspecific bands were excluded from purification. Three reactions 

of 1ug each of Pu and DTA cassettes were then digested for one hour with Bsu36I and 

MfeI restriction enzymes from New England Biolabs, one restriction enzyme was 
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present at each cassette cusp, and purified using E.Z.N.A. PCR purification kit. Pu and 

DTA digested cassettes were then ligated at a 1:1 ratio using T4 DNA ligase allowing 

the reaction to proceed for 1hr. Once confirmed, 1ul of ligated plasmid was transformed 

into 50uL of DH5á cells by heat shock, allowed to recover in 1mL of LB for 1.5 hours in a  cells by heat shock, allowed to recover in 1mL of LB for 1.5 hours in a 

37C shaker. Next 100uL of the transformation was plated on 50ug/mL kanamycin plates 

and incubated for ~24 hours at 37C. Colonies were screened by PCR, cultured, isolated 

using a Qiagen Miniprep kit, and confirmed by restriction digestion. Electroporation was 

the initial transformation method used, however, colonies did not form because the 

quality of DNA post restriction digestion was too poor so I switched to heat shock 

transformation since it is more successful with poor quality DNA. 

The next cloning step consisted of inserting the TK cassette into the plasmid obtained in 

the paragraph above (Figure 2.3 step 3). The plasmid and the TK cassette, 3 reactions 

of 1ug each, were cut with MfeI and NheI restriction enzymes bought from New England 

Biolabs, however, the plasmid was treated with rSAP to dephosphorylate the newly cut 

terminal ends. The reactions were then purified using the E.Z.N.A. PCR cycle pure kit, 

then ligated using T4 DNA ligase in 1:3 and 1:5 vector to insert ratios. The reaction 

proceeded at room temperature for one hour. Several aliquots of 1uL of ligates plasmid 

were then transformed by heat shock into 50uL of DH5á cells and allowed to recover in  cells and allowed to recover in 

1mL of LB in a 37C shaker for 1.5 hours. Next 100uL of the transformation was plated 

onto 50ug/mL kanamycin plates and incubated for ~24 hours in a 37C incubator. 

Colonies were screened by PCR, cultured, isolated using a Qiagen Miniprep kit, 

confirmed by restriction digestion, and sequenced to confirm cloning.  
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Next, ordered complementary oligonucleotides were annealed to one another to form 

two separate MCS oligonucleotides each with different end terminal sticky ends that that 

would complement enzyme sticky ends left by restriction enzymes in the plasmid 

constructed in the previous paragraph (Figure 2.3 step 5).  

Three reactions of 1ug of the plasmid from Figure 2.3 step 5 was then cut 

simultaneously with Bsu36I, NotI, NdeI, and NheI restriction enzymes, treated with 

rSAP, and purified using the E.Z.N.A. PCR cycle pure kit. Both MCSs and the plasmid 

were ligated using T4 DNA ligase in 1:3 and 1:5 ratios and allowed to proceed at room 

temperature for 1 hour. Ligations were then mixed with 50uL of DH5á cells in 5%, 20%,  cells in 5%, 20%, 

and 50% reactions and transformed by heat shock. Transformations then recovered for 

1.5 hours in 1mL of LB in a 37C shaker and 100uL of each were plated onto 50ug/mL 

kanamycin plates and incubated for ~24 hours in a 37C incubator. Colonies were 

screened by PCR, cultured, isolated using a Qiagen Miniprep kit, confirmed by 

restriction digestion, and sequenced to confirm cloning. 

Primers with and without MCS restriction enzyme tails were designed to amplify mESC 

genomic DNA flanking each side of the CTCF site, called homology arms, were ordered 

and optimized for PCR. Optimization resulted amplification of a short upstream 

homology arm and a long downstream homology arm. The short homology arm was 

amplified directly from genomic DNA (gDNA) using primers with tails and Pfx DNA 

polymerase. It was then purified using E.Z.N.A. cycle pure kit because nonspecific 

amplifications did not occur. In all, two short homology arms were amplified using two 

different primer tail combinations. Each arm had a restriction enzyme site at the terminal 
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end of the sequence. Amplification of long homology arms are currently in progress. I 

have found that Q5 Hot Start DNA polymerase amplifies long DNA sequences from 

genomic sources better than Pfx therefore it is being used to amplify and isolate the 

long homology arms. 

Three reactions of 1ug of each short homology arm were digested with appropriate 

enzymes while the targeting vector (figure 2.3 step 7) was digested with the same 

enzymes and then incubated with rSAP. Each reaction, homology arm and targeting 

vector, was then purified using E.Z.N.A. cycle pure kit. The two complementary vector 

and insert were ligated using T4 DNA ligase and the reaction proceeded at room 

temperature for 1 hour. Ligations were then mixed with 20uL of SW105 bacteria in 5% 

and 50% solutions and electroporated. The transformations were recovered in 1mL of 

LB for 1.5 hours in a 32C shaker then 100uL of the transformation was plated onto 

50ug/mL kanamycin plates and incubated at 32C for ~24 hours. Colonies were 

screened by PCR, cultured, isolated using a Qiagen Miniprep kit, confirmed by 

restriction digestion, and sequenced to confirm cloning. Heat shock was the initial 

transformation method used, however, after several attempts colonies did not form so I 

switched to electroporation because it has a much higher transformation efficiency.  

 

Results 

After many cloning steps, I constructed an incredibly versatile and convenient targeting 

vector, aptly name Pu targeting vector, which will prove essential for not only my 
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Discussion and Future Directions 
 
Optimization of both PCR and transformation conditions is vital to successful cloning. 

Continued work is reliant on further optimization in order to construct the final targeting 

vector containing homology arms flanking the CTCF binding site.  

Future work for this project begins with cloning in homology arms into the targeting 

vector and subsequent confirmation by colony PCR screening, restriction digestion, and 

sequencing. The homology arms that have been designed are approximately 2kb apart, 

which would result in the removal of 2kb of genomic DNA including the CTCF site. 

Following confirmation, the next step would be inserting the plasmid containing 

homology arms into mESCs by homologous recombination which will be aided by a 

CRISPR, designed by Kyle Klein a graduate student in the Gilbert lab, constructed to 

specifically to cut DNA at the CTCF binding site. Colonies positive for the deletion will 

be resistant to neomycin and will subsequently be picked following appropriate antibiotic 

concentration application. Replication timing of specific amplicons, upstream and 

downstream of the vector insertions site, will then be analyzed by PCR after BrdU 

precipitation of nascent DNA. The replication timing of cells with CTCF removed will be 

compared to the replication timing of normal mESCs, a negative control. Differences 

between the replication timing of each cell type set will be analyzed, quantified, and 

determined whether or not they are statistically significant. If the results conclude that 

CTCF is necessary for proper replication timing the next logical step would be to test 

sufficiency. Sufficiency would require inserting a CTCF binding site into cell lines that 

display abnormal replication timing and observing a rescue of normal replication timing.  
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The versatility of the Pu targeting vector I designed allows it to be manipulated for any 

other region of interest to undergo deletions. Further work into replication timing 

regulation can involve analysis of epigenetic data from other early domain boundaries to 

predict other candidate regulatory elements. Deletions using the method described in 

this chapter can then be generated and the effects of replication timing analyzed.  
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Chapter 3 

Strategy Confirmation of Puromycin Reconstitution to Generate 

and Identify Large Deletions 

 

Introduction 

Replication timing regulation is poorly understood hence many different questions can 

be asked and many approaches can be taken in order to identify elements that regulate 

replication timing. Targeted deletions of small epigenetic candidates are one possible 

strategy for identifying regulatory elements. Another strategy involves large deletions of 

molecularly defined boundaries separating replication domains or TTRs. Some domains 

switch timing during differentiation while others remain constitutively early or late 

replicating. It is reasonable to infer that regulation elements exist within TTRs because 

they act as conserved regions separating replication domains thus engineering specific 

deletions that disrupt TTRs might yield abnormal replication timing revealing replication 

timing regulatory elements. A previous experiment of an 845 kb deletion in chromosome 

19 of a TTR in mice resulted in abnormal replication timing (Takebayashi, unpublished 

data). This provides confidence that an approach involving large deletions within a TTR 

will identify elements that regulate replication timing, specifically boundary elements that 

prevent late replication from abolishing early replication.  
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Firgure 3.1: Strategy for large nested deletions.  A loxP site downstream of the 5’ coding 
sequences of a selectable marker is first targeted to a specific site by homologous 
recombination to form the “anchor site”. Thereafter, a second loxP site upstream of the 3’ 
codons of the same selectable marker is transfected. After secondary site establishment, a Cre 
expression vector will then be transfected. The second loxP plasmid will integrate randomly at 
secondary sites or will targeted to specific sites by homologous recombination, and Cre 
recombinase will mediate recombination between the anchor site and the secondary site. Only 
deletions in the desired direction will reconstitute the selectable marker. This strategy relies on 
the fact that recombination efficiency drops precipitously when sites are separated by more than 
a few megabases and is negligible between chromosomes (Mills and Bradley, 2001), so a 
majority of drug resistant colonies contain cis deletions within a few megabases from the anchor 
site. The “secondary” vector contains an attP site to facilitate the rescue of the deletion 
phenotypes by re-insertion of known sequences into the deletion site.  Flp recombinase sites 
(FRT) flank the inserted cassette so that removal of all but a single FRT site by transient FLP 
expression is possible. Replication timing will be then be analyzed. Replication domain that 
switches timing during differentiation is shaded in red. 
 

The methodology illustrated in Figure 3.1 has previously been used to create nested 

deletions in mESCs (Breger et al., 2005; LePage et al., 2000). This approach has also 

been used to make a series of nested deletions using puromycin reconstitution in 

human fibroblasts to identify an element controlling mono-allelic expression and 

asynchronous replication throughout human chromosome 6 (Thayer, 2012). Preliminary 
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data proves the feasibility of this experiment to engineer large deletions and identify 

elements of replication timing regulation and higher-order chromosome structure and 

behavior.  

Nested deletions will be generated from a known site beginning in a TTR and continuing 

downstream into the dppa domain in chromosome 16 of mESCs. This domain switches 

from early to late replication during differentiation of ESCs to any germ layer. In addition 

it undergoes a spatial change during differentiation from the nuclear interior to the 

nuclear periphery (Hiratani et al., 2010). As such, the genes within this domain including 

dppa4, dppa2, and morc1 are difficult to reprogram to early replicating and 

transcriptionally active chromatin following cellular differentiation. Analysis of this 

domain in particular will aid the understanding between replication timing and the 

epigenetic states pertinent to pluripotency and cellular reprogramming. This chapter 

focuses on confirming that reconstitution of a selectable marker, puromycin, for large 

nested deletions is a plausible means to identify elements necessary for replication 

regulation at the native locus.  

 

Materials and Methods 

In order to test the strategy of nested deletions by puromycin reconstitution, two 

plasmids, one name Pu plasmid that contained the anchor site cassette (which was 

composed of the 5’ coding sequence half of the puromycin resistance gene followed by 

a loxP site and neomycin selectable marker) and the second name Ro plasmid that 

contained secondary cassette (which was composed of a loxP site followed by the 3’ 
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coding sequence half of the puromycin resistance gene and hygromycin selectable 

marker) were obtained and confirmed by restriction digestion and sequencing.  

Figure 3.2: Strategy testing of nested deletion by puromycin reconstitution.  First the Pu 
plasmid is linearized and then transfected into mESCs. (A) Cells that survive neomycin 
selection following Pu transfection, which is conferred by the Pu plasmid. The Ro plasmid is 
linearized then transfected into the cells from A. (B) Cells that survive hygromycin and neomycin 
selection following Ro transfection, hygromycin resistance is conferred by the Ro plasmid. (C) 
Those cells are then transfected with the Cre plasmid, a plasmid containing Cre rebombinase 
fused to GFP. (D) Those cells then undergo recombination mediated by Cre recombinase, 
recombining loxP sites in the same orientation within close proximity to one another, and are 
then cultured and applied puromycin. Cells that survive puromycin selection should have 
reconstituted the puromycin resistance gene. Maps of the Pu and Ro plasmids can be seen in 
Figures 3.3 and 3.4 respectively. Red outline arrows represent linearization. Pu and Ro were 
linearized so that each would be integrated into mESC genomic DNa. Black outline arrows 
represent transfection. Solid black arrows represent cell culture and antibiotic selection. 
 

Prior to each antibiotic application, optimal antibiotic concentration was determined by 

performing a toxicity curve with D3 mESCs. Various concentrations of the antibiotic 

were tested to find the concentration that resulted in massive cell death in three days 

and complete cell annihilation by 14 days. To begin, D3 mESCs were thawed, plated in 

10cm dishes, and fed 10mL of prepared D3 stem cell medium. Every other day the 

same volume of medium was replaced. Cells were split when ~75% confluency was 

reached. Prior Cells were collected, transfected by electroporation with the linearized 
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plasmid containing the anchor site cassette also known as the Pu plasmid, and plated 

onto 10cm dishes. Prior to dish attachment the transfected cells were treated with 

neomycin; the plasmid conferred neomycin resistance, which was used as a positive 

selectable marker. Resistant colonies were picked and expanded from 64-well dishes to 

12-well dishes and finally to 10cm dishes. Aliquots of cells were frozen in DMSO and 

stored in a -80C freezer. After successive passaging and substantial quantity, cells were 

then transfected by electroporation with the linearized secondary plasmid or known as 

the Ro plasmid containing the secondary cassette and plated onto 10cm dishes. Prior to 

dish attachment the transfected cells were treated with neomycin and hygromycin; the 

secondary plasmid conferred hygromycin resistance, which was used as a second 

positive selectable marker. Resistant colonies were picked and expanded from 64-well 

dishes to 12-well dishes and finally to 10cm dishes. Aliquots of cells were frozen in 

DMSO and stored in a -80C freezer. After successive passaging and substantial 

quantity, cells were then transfected by lipofection with a plasmid containing Cre 

recombinase fused with GFP and plated on 10cm dishes. Cells were treated 24 hours 

post plating with puromycin. Cre recombinase recombined loxP sites in the same 

orientation and within ~1Mb of each other conferring puromycin resistance. Following 

selection, cells were analyzed for green fluorescence for recombination by active Cre 

recombinase. Lipofection was used instead of electroporation because I could not 

visually confirm active Cre recombinase via green fluorescence using electroporation. 

Many passages were performed in order to obtain a substantial amount of cells 

resistant to puromycin selection. Genomic DNA of the resistant colonies was then 
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pooled and isolated using DNAzol. Pooled DNA was screened by PCR using primers 

residing within each half of the reconstituted marker; successful amplification was reliant 

on reconstitution.  
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Results 

After transfection, the average range that was required to culture enough cells to freeze 

several aliquots as well as to perform the next transfection step was anywhere between 

three weeks to six weeks. After the final transfection of the cre recombinase plasmid 

was completed, all puromycin selected surviving colonies were pooled and confirmed 

positive for accurate reconstitution according to PCR screening of pooled gDNA. 

Overall, my results show that random integration of the secondary plasmid can occur 

within ~1Mb to the already integrated anchor site to produce reconstitution of the 

selectable marker and resistance upon Cre recombinase addition in mESCs, albeit at 

very low frequencies. The actual sizes of the deletions could not be confirmed, but it is 

reasonable to infer that deletions occurred in sizes ranging between a couple hundred 

base pairs and about 1Mb because loxP recombination efficiency drops precipitously 

when more than 1Mb separates loxP sites. It is important to take into consideration the 

substantial quantity of cells that must be transfected with the secondary or Ro plasmid 

in order to obtain large frequencies of integration of the secondary cassette within a 

close enough range and in the correct orientation with respect to the anchor site. 

Electroporation is a fairly efficient means of introducing exogenous DNA into cells that is 

straightforward, very simple and overall a suggested transfection method.  
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Figure 3.5: PCR confirmation of puromycin reconstit ution.  HyperladderI is present in lanes 
1 and 8, the bands are labeled in kilobases. Lanes 2-7 represent various PCR primer 
combinations used to verify puromycin reconstitution of pooled genomic DNA of puromycin 
resistant colonies. The expected band sizes of the various PCR primer combinations are shown 
at the bottom of the figure. 
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Discussion and Future Directions 

Further research using this large nested deletions strategy requires development of the 

anchor targeting vector so that the anchor site can be inserted via homologous 

recombination. Chapter two described completed construction of this vector. 

Introduction of the secondary site is the next step for this project and this can be 

accomplished two ways: random integration of the secondary site (or Ro plasmid) or 

directed site specific integration by homologous recombination of a designed secondary 

targeting vector. Random integration of the secondary site immediately following anchor 

site insertion into mESCs would require a vast quantity of cells be obtained to increase 

the frequency of secondary site integration downstream within ~1Mb of the anchor site, 

however this can be performed immediately following cell line establishment after the 

anchor site has been inserted. On the other hand, use of a secondary targeting vector 

requires design and construction which is an intensely time consuming process that 

depends upon frequent cloning and confirmation steps, however, it would allow 

integration of the secondary site to a precise known location completely bypassing the 

concern for random integration frequency. Both strategies have their advantages and 

disadvantages, however, simultaneous work using each strategy would prove most 

beneficial to answering the question posed. Construction of the secondary targeting 

vector could be completed while culturing cells transfected with the secondary site (or 

the Ro plasmid). The construction of the secondary targeting vector would prove 

extremely beneficial not only to this project, but to a multitude of other projects 

developing precise long range deletions.  
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If large changes in replication timing result from a deletion, the anchor site can easily be 

moved to further identify the proximal side of the deleted DNA. If discrete cis-regulatory 

elements exist, their deletion should cause perturbation of normal replication timing. 

Epigenetic data from the deleted region would be analyzed to predict candidate 

regulatory elements, similar to the approach in chapter two. The anchor loxP site would 

then be targeted to the opposite side of the TTR and in the opposite orientation and 

deletions generated in the opposite direction in order to further localize the element.  

Cloned DNA would finally be inserted back into the deletion using the existing attP site 

inserted by the secondary vector and an attB site carried by cloned deleted DNA via site 

specific integrase to test for DNA sequences that restore the wild type replication 

phenotype.  

If specific boundaries exist, two elements should be present, one on each side of the 

dppa domain. On the other hand, if TTRs simply represent regions of passively 

replicated DNA emanating from early domains then deletions form within TTRs will 

continue to shift the TTR until the early-promoting element is found, wherein the dppa 

domain will then replicate late. The supposed early-promoting element would then be 

inserted into a late replicating region to determine sufficiency; whether the candidate 

element can shift a late region to an early replicating region. 
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