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ABSTRACT OF THE DISSERTATION 

 

The critical roles of pre-replicative complex (pre-RC) component, Cdc6, in DNA replication 

and checkpoint response in human cells 

 

by  

 

Eric Kirk Lau 

 

Doctor of Philosophy in Molecular Pathology 

 

University of California, San Diego, 2008 

 

Professor Wei Jiang, Chair 

Professor Steve Dowdy, Co-Chair 

 

 S-phase DNA replication critically maintains stability of the eukaryotic genome, and is 

regulated at its initiation phase by pre-replicative (pre-RC) complex formation in G1 and activation 

at G1/S. 

 Pre-RC component, Cdc6, was previously presumed to be dispensable after S-phase 

entry. Recent studies show a continued presence of Cdc6 during S-phase and later in the 

mammalian cell cycle, implicating further cell cycle function. In the first section of III.  RESULTS, I 

investigated the Cdc6 function in S-G2/M. Small interference RNA-mediated depletion of Cdc6 in 

asynchronous HeLa cells induces G1/S arrest and elevated cell death. Cdc6 depletion in G1-

synchronized HeLa cells blocks S-phase entry, confirming its critical pre-RC assembly function in 

G1. However, Cdc6 depletion in synchronous S-phase HeLa cells slows DNA replication and 

leads to mitotic lethality. S-phase Cdc6 depletion reduces new origin firing, whereas progressing 



xx 

forks remain active. This abnormal replication does not activate conventional S-phase replication 

checkpoint response, and ultimately, cells enter mitosis with abnormally condensed 

chromosomes and spindle structures, and undergo mitotic cell death. Thus, not only is Cdc6 

essential for G1 origin licensing, it is also required in S-phase for proper origin firing and 

replication dynamics that are essential for viable cell cycle progression. 

 Intriguingly, pre-RC deficiency induces cell death in cancer cells, but not in 

untransformed mammalian cells. In the third part of III. Results, I investigated the role of pre-RCs 

in checkpoint response, and the basis for this phenotypic paradigm during pre-RC deficiency. 

During pre-RC deficiency, untransformed and cancer cells arrest in G1, due to abrogated pre-RC 

assembly/replication initiation. However, pre-RC deficiency in S-phase activates a crucial ATR-

dependent checkpoint response in untransformed cells that specifically suppresses progressing 

fork activity and induces cell cycle arrest, but not in cancer cells, which permit abnormal 

replication that alters chromatin structure and results in cell death. The lack of cancer cell 

response to pre-RC deficiency is attributed to elevated tolerance for abnormal replication 

structures. Lack of response to pre-RC-deficiency in cancer cells represents an altered 

relationship between pre-RC and checkpoint proteins and DNA replication, and holds significant 

anti-cancer therapeutical potential. 

  



 

1 

I.  INTRODUCTION 

 

1.  Introduction to the eukaryotic cell cycle 

 

1.1  The eukaryotic cell cycle 

 

 All proliferating eukaryotic cells undergo the cell cycle, wherein they duplicate their 

genomic DNA and pass it on to subsequent daughter cells. The cell cycle is a crucial process for 

the perpetuation of the essential cell populations that renew somatic tissues of the human body, 

including those found in the skin, gastrointestinal tract, bone marrow, and hair. Schematically, the 

eukaryotic cell cycle is subdivided into four schematic phases:  G1, S, G2, and M.  S phase is the 

period of time when cells duplicate their parental DNA, which is portioned equally to subsequent 

daughter cells upon division, or mitosis (M phase) (Figure 1) (1). These two critical phases are 

separated by “Gap” phases, G1 or G2, where cells grow and produce necessary proteins to 

promote the events in S & M phases (Figure 1) (2, 3). The cell cycle phases are tightly controlled 

by the cyclical occurrence and function of proteins called “cyclins”, whose expression peaks 

coincide with specific phases of the cell cycle (4). Major cyclins include cyclin D, E, A and B. 

Together with proteins called “cyclin-dependent kinases” (Cdks), specific cyclin-Cdk complexes 

phosphorylate and either activate or inactivate specific proteins within each cell cycle phase.  In 

the beginning of the cell cycle, cyclin D/Cdks 4, 5, or 6 stimulate G1 progression, while cyclin 

E/Cdk2 promotes late G1/S-phase specific cellular activities, such as the initiation of DNA 

replication. Regulation of S-phase progression is promoted by cyclin A/Cdk2 activity, which 

decreases towards late S, when the increase of cyclin B/Cdk1 promotes mitosis. The cyclical 

overlap of the activities of these unique cyclin-Cdk complexes is intricately regulated by their 

expression and proteolytic degradation, which ensures uniform and seamless cell cycle phase 

progression (5-11).  

.        
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Figure I.1.  The eukaryotic cell cycle 
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1.2  Regulation of DNA replication 

 

 As an integral part of the cell cycle, S-phase DNA replication is a stringently regulated 

process and is essential for the proper and viable duplication of parental genomic information (1, 

3, 12, 13). Subsequent transference of an accurately replicated genome to daughter cells is 

crucial for viability and proper function. Thus, eukaryotes have evolved a multi-faceted replication 

process that incorporates many levels of regulation and safe-guards for replication initiation, 

repair, and checkpoints, all of which guarantee replication precision and replication limited to only 

once per cell cycle. Restriction of a single round of DNA replication is essential for prevention of 

the erroneous genomic aneuploidy. Defects in DNA replication, or its regulatory mechanisms, can 

result in adverse abnormalities and genomic instability, such as gains or losses of genetic 

material. These deleterious changes can result in downstream pathological manifestations in 

human diseases, such as developmental or birth defects and cancer (14-19).   

The initiation step of DNA replication is one important level of regulation that maintains 

genomic integrity by restricting replication to once per cell cycle. This initiation step consists of the 

formation and activation of chromatin-bound pre-replicative complexes (pre-RCs) on sites—

“origins”—of DNA replication for initiation and subsequent synthesis. The orchestration of the 

components of these pre-RC complexes is strictly regulated, and deregulation of any of these 

proteins have been implicated in tumorigenesis, and is an area of active anti-cancer research. 
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2.  Introduction to regulation of DNA replication initiation 

 

2.1  Origins of replication 

 

 Origins of replication have been a highly debated topic in DNA replication (20, 21). First 

studied in lower eukaryotes, origins of replication were thought to be sequence-conserved 

stretches of genomic DNA on which pre-RC complexes form and start DNA synthesis from (22, 

23). Early studies in yeast demonstrated that in fact, pre-RC proteins bound to AT-rich conserved 

sequences, now known as autonomously replicating sequences (ARSs) (24-27). However, as 

eukaryotes evolved, the conservation of ARS sequences became less apparent, and the ARS-

independent nature of replication licensing proteins became more apparent (28-30). Much has yet 

to be elucidated about mammalian origin sequences, whether there are conserved sequence 

elements, and how those elements define when those origins fire. What is known, however, is 

that initiation of DNA replication begins from these origins, and it is a process that is precipitated 

by the timely arrival of the ORC complex proteins that bind to origins of replication just after 

mitosis (25, 31-35).   
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2.2  Pre-replicative complex formation: from protein players to pre-RC activation 

 

2.2.A  Origin recognition complex (ORC) 

 

The origin recognition complexes (ORCs) are hexameric AAA+ ATPases (subunits: Orcs 

1-6), and are the first proteins to arrive to and bind replicating origins (12, 36-39). Exactly how 

ORC:DNA binding specificity is determined remains elusive, although Cdc6p has been 

demonstrated to modulate DNA binding affinity of Orc 1, 2 and 6 in vitro, and notably, a recently 

identified DNA binding domain in archael Orc1 appears to exhibit specificity for a repetitive 

sequence found at origins of replication (40, 41). ORCs bind to the DNA in an ATP-bound state, 

which is required for the subsequent recognition by and association with other pre-RC 

components (42). ORCs serve as the assembly platforms, onto which other pre-RC proteins bind 

and function. Phosphorylation of ORC by Cdks positively and negative regulate its function by 

either activation of its ATPase activity or destabilization of its physical interaction with the 

chromatin (43-45). The concerted ATPase activities of ORCs and Cdc6 load the MCM complex 

(46-48). As replication occurs and cells pass through S-phase, Orc1 subunit is phosphorylated to 

trigger disassociation from the chromatin (49), and is subsequently degraded via SCF(Skp2)-

mediated degradation (50), to prevent rebinding of Orc1 to the chromatin. This mechanism 

thereby “resets” the chromatin to ensure that no segment of DNA is replicated twice. In contrast, 

Orc2-5 have been shown to persist stably in both the cytoplasm and nucleus during the cell cycle, 

only forming stable origin-bound complexes upon recruitment and interaction with Orc1. These 

observations indicate that regulation of ORC formation is coordinated by the regulated expression 

and chromatin localization of Orc1 and its subsequent interaction with Orc2-5 subunits to form 

stable chromatin-bound complexes during origin licensing (51). This on-off cycle of 

ORC:chromatin binding is known as the “ORC cycle” (37, 52). Intriguingly, expression of various 

ORC subunits have been observed in multiple types of non-cycling cells (53). Aside from 
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functioning in pre-RC formation, ORCs are implicated an array of non-replication cellular 

activities, such as the Orc6 transcriptional regulation via modulation of cis-acting elements (54), 

the Orc2 and Orc6 regulation of mitosis via interaction with centrosomes and kinetochores, 

respectively (55, 56), and even in neuronal development, where Orc6 is enriched in dendritic 

membrane compartments (57). Particularly relevant for our study, Orc2 have been demonstrated 

to interact with heterochromatin protein 1α (HP1α), and is thus implicated in heterochromatin 

structural changes (56, 58). Future investigation will undoubtedly clarify the mechanisms 

underlying these novel and diverse functions.  

 

2.2.B  Cell division cycle 6 

 

 Cell division cycle 6 (Cdc6) is an AAA+ ATPase that binds to ATP-ORCs to assist in 

chromatin-loading of the MCM complex (59). Cdc6 has also been shown to promote ORC:origin 

binding specificity (60). Studies have indicated that Cdc6 binds to ORCs as a dimer (61), likely to 

Orc1 (62). Upon binding, Cdc6 stabilizes ORC:origin binding (63, 64). Cdc6 binding to ORC and 

the origin is required for its ATPase activity, and the cooperative ATPase activities of Cdc6 and 

ORC, along with interactions with Cdt1 load the MCM complex (46, 65, 66). Cdc6 is regulated 

both in translocation and ATPase activity by the phosphorylation of 3 major Cdk 

phosphoregulatory sites on its N’-terminus: Serine 54, 74, and 106. Phosphomutant Cdc6 studies 

employing AAA (non-phosphorylatable) or EEE (phosphomimic) mutants have demonstrated that 

phosphorylation of these serines is necessary to induce its export from the nucleus for APC/CDH-

1-mediated degradation during S-phase (67-70). However, effects of individual or dual-combo 

phosphorylation are still under investigation. Prior investigation demonstrated that mutation of one 

to three of the sites did not affect the chromatin or ORC binding affinities, or ATPase activity of 

Cdc6. However, mutation of the cyclin-binding motif of Cdc6 dramatically reduced its ATPase 

activity, and microinjection of this mutant impaired DNA replication, indicating that binding of 

cyclins to Cdc6 is required during replication initiation (71). Due to observations that 



7 

 

overexpressed Cdc6 resulted in sustained MCM loading and deregulated DNA replication (72), it 

was previously thought that one regulatory level of DNA replication that prevent rereplication is 

the phosphorylation-induced nuclear export of Cdc6, without which, MCM cannot load to the pre-

RC/origin (73, 74). However, complicating these notions, was the finding that serine-54-

phosphorylated Cdc6 has been shown, albeit in reduced protein levels, to retain affinity for 

chromatin well after S-phase entry (75). Furthermore, recent studies demonstrate that cyclin 

A/Cdk2 phosphorylation of Cdc6 actually stabilizes and protects Cdc6 from proteolytic 

degradation, in preparation for pre-RC formation (76). Thus not only is the role of individual 

phosphorylation sites of Cdc6 still rather unclear, the S-phase role of Cdc6 was unclear. Cdc6 

has been suggested, in fact, to be involved or even required in some organisms, to activated 

checkpoint response to genotoxic stress (61, 77, 78). In the first part of this thesis, I investigated 

the role of Cdc6 after G1 in mammalian cells. I demonstrate that Cdc6 is crucial for proper 

coupling of DNA replication to S-phase progression via its role in maintaining proper origin firing 

dynamics. I demonstrated that deficiency of Cdc6 during S-phase results in decoupled DNA 

replication that inappropriately protrudes beyond normal S-phase temporal boundaries, resulting 

in mitotic cell death. Aside from pre-RC formation and S-phase progression, Cdc6 has also been 

shown to serve a variety of other functions, from regulation of the mitotic spindle (79), to 

transcriptional regulation of important cell cycle regulatory proteins, such as p19INK4 (80).  
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2.2.C  Cdc10-dependent transcript 1 & Geminin 

 

 Cdc10-dependent transcript 1 (Cdt1) and its regulator, Geminin, both critically regulate 

the pre-RC assembly process. Cdt1 localization and binding to Cdc6 is essential for loading of the 

MCM complex (81). Overexpression of Cdt1 is sufficient to induce rereplication, and subsequent 

DNA damage, by persistent loading of MCM complexes to the chromatin (82, 83). Thus, the 

interaction and pre-RC binding of Cdt1 is tightly restricted to ensure that replication occurs only 

once per cell cycle. Two major methods of Cdt1 regulation ensure that Cdt1 that dissociates from 

pre-RCs after origin firing do not rebind and induce rereplication: SCF(Skp2)-mediated proteolysis 

(84) and binding with Geminin. During S-phase, cyclin A/Cdk phosphorylation of Cdt1 on 

threonine 29 promotes SCF(Skp2)-mediated proteolysis of Cdt1 (85). Geminin, on the other 

hand, effects both positive and negative regulation of Cdt1 function (86). During pre-RC 

assembly, Cdt1 is bound by Geminin in an active complex, with a stoichiometric Cdt1:Geminin 

ratio of ~1:3, which is required for Cdt1 interaction with Cdc6. Cdt1 interacts with the N’-terminus 

of Cdc6, and together with ORC, they load the MCM complex (87). As origins fire and initiate 

DNA replication, Cdt1 disassociates from the pre-RC and is in large part, proteolytically 

degraded. However, in the latter part of the cell cycle, Geminin binds Cdt1 at a higher ratio 

(Cdt1:Geminin ~1:4) that stabilizes, but inhibits Cdt1 from rebinding pre-RCs, thus allowing Cdt1 

to accumulate in preparation for another round of pre-RC assembly in the next cell cycle (88, 89). 

During mitosis, Geminin is degraded, releasing Cdt1 to participate once again in pre-RC 

assembly (90). Recent studies have identified another ubiquitin ligase, CUL4, which has been 

shown to mediate Cdt1 degradation during DNA damage/genotoxic stress (91). These results 

indicate that different stimuli exhibit differential proteolytic targeting of Cdt1. While functions aside 

from pre-RC assembly have yet to be demonstrated for Cdt1, Geminin has been demonstrated 

exhibit intriguing chromatin remodeling function. Recent studies show that Geminin interacts with 

components of the SWI/SNF chromatin-remodeling machinery, and specifically influence 

transcription in neuronal differentiation (92, 93).  
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2.2.D  Mini Chromosomal Maintenance (MCM) complex 

 

 The Mini Chromosomal Maintenance (MCM) complex is a heterohexameric protein 

complex consisting of six MCM subunits (MCM2-7) that putatively function as the replicative 

helicase in eukaryotic cells (94, 95). MCM1, while not a part of the hexameric helicase complex, 

is a transcription factor that regulates expression of other MCM subunits and DNA replication 

factors, including MCM 5 and 7, and Cdc6 (96). MCM2-7 subunits are all AAA+ ATPase-family 

members, each comprising a characteristic nucleotide-binding domain (97, 98). Electron 

microscopy and recombinant protein studies demonstrate that MCM 2-7 form a ring-shaped 

complex around DNA, and that MCM 4/6/7, which exhibit DNA-dependent ATPase and helicase 

activity, functions as a catalytic core (99-102). In contrast, MCM2 has been demonstrated to 

inhibit the ATPase activity of MCM4/6/7 in vitro, suggesting that the MCM2-7 complex may reside 

in an inactive conformation until an activating event during replication initiation (103). None of the 

ATPase subunits hydrolyze ATP efficiently (104), and thus it is suggested that pre-RC complex 

loading is required for ATP hydrolysis, which is essential for DNA unwinding after MCM loads to 

the pre-RC (105). Unlike other pre-RC proteins, MCM complexes are not regulated by cyclical 

translocation in/out of the nucleus. Rather, MCM complexes reside in the nucleus throughout the 

cell cycle, where they are regulated by recruitment to origin-bound pre-RCs (106). After Cdc6 and 

Cdt1 are loaded onto the chromatin-bound ORC, the three proteins function together to recruit 

and load the MCM complex (46). It is important to note that MCM2-7 loading by ORC/Cdc6/Cdt1 

does not maintain its association with the chromatin, particularly after G1. Rather, MCM2-7 

anchoring to chromatin has been demonstrated to depend on interaction with MCM10, although 

whether MCM10 arrives to the pre-RC before or after MCM2-7 is still debatable (107-109). In vitro 

studies show that ORC ATPase activity promotes multiple rounds of MCM loading at individual 

origins (110), and this phenomenon is proposed to provide multiple MCM complexes that travel 

away from the origin to function as fixed helicase motors that pump and unwind DNA toward the 

replicating forks (111, 112). The MCM complexes are not activated until subsequent interaction 
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with Cdc45, and this interaction is promoted by interaction with MCM10 and catalyzed by 

Cdc7/Dbf4 phosphorylation of MCM (113-115). At G1/S, pre-RCs are activated to fire, and like 

other pre-RC components, the MCM complex is subject to regulation by Cdks and Ddk. 

Cdc7/Dbf4 exerts initial phosphorylation to allow for Cdc45 interaction (116). In particular, 

phosphorylation of the MCM2 subunit by Cdc7/Dbf4 has been demonstrated in vitro to be 

essential for ATPase activity of MCM2-7, and this phosphorylation coincides with the initiation of 

DNA replication at G1/S (117-119). Subsequent phosphorylation by Cdks promotes the arrival of 

GINS, replication protein A (RPA) and DNA polymerases to trigger initiation of DNA replication 

(120). 

 

3.  Pre-replicative complex assembly and activation 

 

 Pre-RC assembly and activation are the two sequential events that serve as primary 

regulation of the initiation step of DNA replication. Pre-RC assembly begins immediately after 

mitosis in late anaphase, when origins of replication are bound by ring-shaped heterohexameric 

ORC complexes, thus marking the beginning of the origin licensing process (Figure 2). A 

complete origin-bound ORC (Orc1-6) complex is formed when Orc1 is expressed and imported 

into the nucleus to bind to Orc2-5. Subsequently, Cdc6 binds to ORC, and stabilizes ORC:origin 

binding. MCM complex loading requires the additional binding of Cdt1 to Cdc6/ORC, which is 

restricted by Geminin. Prior to pre-RC assembly, Cdt1 is bound by a ~1:3 stoichiometric ratio of 

Geminin, whereas after origin firing, Cdt1 disassociates from the pre-RC and is either 

phosphorylated and targeted for degradation or bound by additional Geminin molecules, 

increasing the Cdt1:Geminin ratio to an inactive complex of ~1:4. Together, ORC/Cdc6/Cdt1(and 

Geminin) load the MCM complex to the origin. ATP hydrolysis by Cdc6 is required to load the 

MCM complex. This ATP hydrolysis induces a conformational change in ORC (40) and allows 

release of Cdt1 from the complex, and final closure of the ring-shaped MCM complex around the 
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origin. Subsequently, ORC hydrolyzes its ATP, which is proposed to promote subsequent rounds 

of MCM loading, possibly by “resetting” the origin (46, 110). 

 Activation of pre-RC occurs upon the arrival and function of two S-phase promoting 

kinases, Cdks (cyclin-dependent kinases) and Ddk (Dbf4-dependent kinase, Cdc7) during the 

G1/S transition. Cdks and Ddk phosphorylate and activate pre-RCs, which promotes the loading 

of MCM10, Cdc45, GINS, thereby triggering origin firing (114, 119-122). It is thought that 

activation of the helicase activity of MCM by Cdks and Ddk is one of the crucial steps for initiation, 

though the exact mechanism by which MCM helicase unwinds DNA has yet to be determined. 

Phosphorylation of ORC, Cdc6, Cdt1 and MCM proteins also results in the inactivation and/or 

disassociation of these proteins from the origin, nuclear export and proteosomal degradation, 

ultimately converting the pre-RC into a “post-RC” (post-replicative complex) state to prevent 

origins from “re-licensing” (72, 123). As S-phase progresses, Geminin expression levels increase, 

sequestering and inhibiting Cdt1 from re-licensing chromatin. Thus, the precise regulation of pre-

RC formation, as well as activation and inactivation restrict DNA replication to once and only once 

per cell cycle.  
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Figure I.2.  Pre-RC assembly and activation 
In early G1, Orc1 binds to Orc2-5, forming a heterohexameric complex around origin DNA. 
Sequential recruitment of Cdc6 and active-form Cdt1 allows for MCM complex loading to the pre-
RC. Stepwise Cdc6 and ORC ATPase activity finalizes MCM ring closure around DNA. 
Phosphorylation by Cdks and Ddk promotes association of MCM10, Cdc45, GINS, primase and 
DNA polymerases, PCNA, and disassociation of Cdt1 and Cdc6, and ultimately, origin firing. 
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4.  Defects in pre-RC proteins in tumors and oncogenesis 

 

4.A  Lau et al. (2007)  

The role of pre-replicative complex (pre-RC) components in oncogenesis 

FASEB J. 2007 Dec;21(14):3786-94. Epub 2007 Aug 9. 

 

 Fidelity and expediency of DNA replication is paramount to genomic stability. Errors 

during DNA replication and any of its associated regulatory or checkpoint mechanisms can 

propagate genetic alterations that consequently result in pathological manifestations such as 

cancer or developmental defects (18, 124, 125, 219). As pre-RC proteins regulate initiation of 

DNA replication, it is not surprising that several pre-RC proteins are deregulated in cancer. We 

were prompted to examine a recent growing pool of evidence that suggests pre-RC proteins 

might play a direct role in promoting oncogenesis. As a result, we published a comprehensive 

review article examining data that supports and demonstrates a direct role for pre-RC proteins in 

promoting oncogenesis.  
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II.  MATERIALS AND METHODS 

 

1. esiRNA: Theory, synthesis & application 

 

 Small interference RNA (siRNA) is an extremely useful tool for studying the function of 

proteins by inducing Dicer/RISC (RNA-induced silencing complex)-mediated degradation of their 

mRNA transcripts. Investigators can synthesize short RNA duplexes ~19-22bp, incorporating 

unique target mRNA sequences, which can be introduced into cells to enforce silencing of the 

desired target transcript. Without the mRNA transcripts, cells cannot synthesize the target protein, 

and the net effect is loss of target protein function. This highly specific gene silencing technique 

has clinical potential in disease therapy, which is an ongoing area of research (126-129).  

 A modified preparation of siRNA known as endonuclease-prepared siRNA (esiRNA) has 

been previously described (130, 131). Briefly, the investigator can design longer RNA duplexes 

incorporating up to 400-500bp of unique target sequence. These duplexes are synthesized in 

vitro using RNA polymerases, and cleaved by RNAse III to ~19-22bp fragments, yielding a highly 

heterogenous pool of short dsRNA duplexes that incorporate specific regions of target transcript 

sequence. This technique can be advantageous over conventional siRNA duplexes, which only 

incorporate a single ~19-22bp sequence. Further, off-target effects can be minimized using 

pooled RNA, because the molar ratio of off:on-target duplexes in a heterogeneous pool is 

relatively lower than individual short duplexes. For my studies, I generated esiRNA against 

Luciferase (esiLuc), Cdc6 (esiCdc6) or Orc2 (esiOrc2). esiLuc targets 538-983bp of the luciferase 

coding region, esiCdc6 target 842-1252bp of the Cdc6 coding region, and esiOrc2 targets 100-

501bp of the Orc2 coding region.. 

 To synthesize esiRNA, I first PCR-amplified the target region using T7 RNA polymerase 

promoter-containing primers that I designed for the regions above. The PCR products were 

resolved on a 1% agarose gel, and extracted with the Invitrogen Gel Extraction Kit. Gel purified 

PCR 
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products were in vitro transcribed into dsRNA using the MegaScript T7 High Yield In Vitro 

Transcription Kit (Ambion). The transcribed dsRNA was digested for 2 hours with RNAse III 

(homemade). Digested dsRNA (now, esiRNA) was precipitated from the reaction mixture by 

ammonium acetate and ethanol, and resolved on a 12% (TBE) polyacrylamide gel at 8V/cm. After 

~3 hours, I stained the gel with ethidium bromide, and excised the 19-22bp sized major band. 

This band was rinsed in 1X TBE, minced, and incubated in a small volume of 1M ammonium 

acetate (in water), overnight at 370C with constant shaking. After ~16 hours, the ammonium 

acetate was mixed with two volumes of 100% ethanol and incubated on ice for ~2 hours. The 

mixture was centrifuged at ~13,000g on a tabletop centrifuge at 40C for 45 minutes. Pelleted 

esiRNA was washed with 70% ethanol and resuspended in sterile water.  

 In mammalian cells, a variety of techniques can be used to deliver siRNA, including 

electroporation, calcium phosphate transfection technique, and liposome-mediated transfection. 

For delivery of siRNA into cells, I employed liposome-mediated transfection technique 

(Lipofectamine 2000 or Oligofectamine (Invitrogen)).  

 

2. Immunocytochemistry and fluorescence microscopy 

 

 In order to examine protein changes at a cellular level, I grew cells on glass coverslips, 

which I then subsequently fixed in formaldehyde-based fixation buffer (4% formaldehyde and 2% 

sucrose in 1XPBS). Fixed coverslips were further washed in 1X PBS and stored in storage buffer 

(0.1M glycine in 1X PBS) at 40C. Prior to immunostaining, cells were permeabilized with 

permeabilization buffer (0.4% Triton X-100 and 2% normal goat serum in 1X) for 15 minutes at 

room temperature. Coverslips were subject to 2 standing washes with washing buffer (0.2% 

Triton X-100 and 0.2% BSA in 1XPBS), and immunostained with antibodies for the proteins of 

interest in immunostaining buffer (0.1% Triton X-100 in 1X PBS) for 1-3 hours. Coverslips were 

next washed 5 times and incubated with conjugated secondary antibodies diluted in washing 
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buffer for 1-3 hours. After 2 further washes, coverslips were stained with 0.02 µg/µl DAPI in 

washing buffer for 20 minutes, washed twice and mounted onto glass slides.  

 For visualization of chromatin-bound proteins, it was necessary to extract unbound 

nuclear, along with cytosolic and cytoskeletal proteins, prior to fixation. To this end, I employed 

hypotonic, increasing detergent CSK extraction method for extraction. Briefly, cover-slip grown 

cells were washed with CSK hypotonic buffer (10mM PIPES, pH 7.0, 100mM NaCl, 300mM 

sucrose, 3mM MgCl2, 1mM EGTA, plus protease and phosphatase inhibitors) without Triton X-

100, and incubated in CSK buffer supplemented with 0.5% Triton X-100 for 5 minutes on ice, or 

until cytoplasmic membranes were no longer apparent by phase microscopy. Cells were washed 

once more with hypotonic CSK buffer (without Triton X-100), fixed, and subsequently 

permeabilized with high-block permeabilization buffer (0.4% Triton X-100 and 8% BSA in 1X 

PBS) and immunostained as above.  

 Visualization and quantitation of immunostained cells was conducted on a Leica DMIRE2 

fluorescent microscope and image capture/processing was conducted by Simple PCI software 

and Adobe Photoshop. Specific information on the primary and secondary antibodies used in 

experiments is indicated in the Materials and Methods section of each publication included in this 

thesis.  

 

3. Normal and cancer cell culture 

 

 All cells used in this study were of mammalian origin, and were cultured at 370C, with 5% 

CO2 in either DMEM:F-12, 50:50 media supplemented with 10% FBS and 1.2g/L sodium 

bicarbonate (for RPE1 cells), or in DMEM supplemented with 10% FBS (for all other cells). Cells 

were passaged 1:5 roughly every 72 hours to maintain low confluency with Trypsin-EDTA. 
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4. Cell synchronization: theory and application 

 

 Cell cycle synchronization of cells allows for practical dissection events during specific 

phases of the cell cycle. To synchronize cells, two conventional cell cycle techniques were used: 

chemical synchronization or serum deprivation. For chemical synchronization, thymidine is a 

commonly used pyrimidine nucleoside precursor that reduces dCTP production, thus halting DNA 

synthesis (132, 133). Synchronization using thymidine usually requires a “double” thymidine 

block. Asynchronously growing cells were incubated in the presence of 2.5mM thymidine for ~18 

hours, washed and released into normal media for 8 hours, and then incubated again in the 

presence of 2.5mM thymidine for an additional 16-18 hours. The resulting population of cells was 

synchronized at the G1/S border. Serum deprivation is commonly used to synchronize cells to a 

quiescent or G0 state. Asynchronously growing cells were washed and incubated in serum-free 

media for 72-96 hours, and stimulated to re-enter the cell cycle by the addition of 10% FBS. 

Synchronization to S-phase was achieved by releasing the cells to a later timepoint (time of S-

phase entry depends on cell type and requires timecourse analysis by FACS to determine exact 

phase progression). Alternatively, cells released from serum starvation can be incubated in 

normal media supplemented with 2.5mM thymidine for ~20 hours, which allows cells to progress 

from G0 and arrest at the G1/S boundary. Subsequently, cells can be released to progress into 

the cell cycle. Similarly, G2 synchronization can be achieved by synchronizing with thymidine or 

serum deprivation, and released until G2 entry. However, cells can be uniformly blocked into 

G2/M by nocodazole treatment. Nocodazole depolymerizes tubulin structures, which is 

paramount for mitotic progression. Nocodazole can be applied directly and incubated for ~20 

hours. Cells that can be detached from the culture plates by shaking (a.k.a., “mitotic shake-off”) 

are cells that are blocked in G2/M. A transient G2/M block can be achieved by application of 

40ng/ml nocodazole, while a permanent G2/M block can be induced by >150ng/ml nocodazole. 

These cells can be harvested by centrifugation, washed, and released into the cell cycle by 

incubation in nocodazole-free normal media. Enrichment for G2-blocked populations can be 
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achieved by a single 16-hour thymidine treatment, followed by an 8 hour release and addition of 

nocodazole (a.k.a., “thymidine-nocodazole block”).  

 

5. BrdU incorporation and quantitation 

 

 DNA replication can be easily visualized by 5-bromo-2’-deoxyuridine (BrdU) labeling and 

fluorescent microscopy. As a nucleoside precursor, BrdU can be incorporated into actively 

replicated DNA, and can subsequently be detected by immunostaining. In brief, to measure DNA 

replication activity, 20µM BrdU was added to the culture medium of growing cells for 10 minutes 

(the longer the pulse, the more cells will be labeled, and the higher the intensity of BrdU per cell). 

After the desired labeling time, cells are washed with 1X PBS and fixed as described above. By 

pulse-labeling a proliferating population of cells, one can identify which cells are actively 

replicating. Furthermore, short-pulse-labels (10 minutes) of BrdU can result in discernable 

replicating patterns that reflect early, middle and late S-phase progression (134-136).  

 For visualization of BrdU incorporation, fixed and permeabilized BrdU pulse-labeled 

coverslip-grown cells were pre-treated with 1:100 dilution of DNAse I (Roche) in immunostaining 

buffer, supplemented with 1X DNAse incubation buffer (Roche) at 370C for 40 minutes. This step 

critically relaxes the overall DNA structure, to allow BrdU antibodies access to bind BrdU. 

Alternatively, low-concentration HCl can be used to gently denature the DNA and accomplish the 

same accessibility. After a single wash with washing buffer, the cells were immunostained as 

above. 

 

6. FACS Analysis 

 

 FACS analysis was an invaluable tool used to quantitate cell cycle phase and 

progression in this study. For cell cycle purposes, FACS analysis couples 2-dimensional light 

refraction measurements of cell size/shape (forward- and side-scatter) with fluorescence 
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emission of propidium iodide, a fluorescent dye that incorporates into total DNA, resulting in a 

final DNA-content based cell cycle profile that clearly delineates sub-G1 (dead cells/debris), G1, 

S, G2 phase cells, as well as multinucleate/polyploidy cells.  

 To measure the cell cycle profile of the cells in these experiments, cells were harvested 

by trypsinization, and fixed by resuspending in FACS tubes in 300µl 1X PBS, and adding 700µl of 

100% ethanol, dropwise. The resulting 70% ethanol/1XPBS/cell mixture was allowed to fix in -

200C for at least 45 minutes. Cells can be stored for up to 2 weeks in this buffer. Prior to FACS 

analysis, the cells were washed with ice-cold 1XPBS and treated with 0.1mg/ml RNAse A and 

50µg/ml propidium iodide in order to degrade the RNA content and to stain the DNA, respectively. 

FACS analysis was conducted on a Becton Dickinson FACSort, 3-color FACS machine. Data was 

collected on CellQuest Ver 3.3 (Becton Dickinson) and processed on FlowJO Ver. 6.4.7 (Tree 

Star).  

 

7. Live-cell microscopy 

 

 Live-cell microscopy allowed us to observe real-time cell cycle progression in our treated 

cells. For our purposes, phase-microscopy was sufficient to evaluate cell cycle progression, using 

mitotic index (number of rounding and dividing cells) as an indicator.  

 Treated cells were washed with 1X PBS and media was changed from normal media to 

CO2-independent media. Cells were then removed from the usual 370C incubator supplemented 

with constant 5% CO2 infusion to a 370C incubator without CO2 supplementation. After a 

minimum of 1 hour of incubation without additional CO2, cells were placed onto a pre-heated 

(370C) heat stage atop a Leica DMIRE2 fluorescent microscope. Time-lapse live-cell microscopy 

was then captured by Simple PCI.  



30 

 

8. Subcellular Fractionation 

 

 Subcellular fractionation to examine chromatin-bound was accomplished in two fashions, 

depending on the proteins of interest. Generally, subcellular fractionation was performed as 

previously described (87). Treated cells were harvested by trypsinization, washed with 1XPBS, 

and swelled in hypotonic CSK buffer (10mM PIPES, pH 7.0, 100mM NaCl, 300mM Sucrose, 3mM 

MgCl2, 1mM EGTA, plus protease and phosphatase inhibitors) without Triton X-100 for on ice 2 

minutes. By low speed (600g) cold (40C) centrifugation for 3 minutes, swelled cells were pelleted 

and supernatants were discarded. Further incubation on ice in CSK buffer supplemented with 

0.5% Triton X-100 for 20 minutes allowed extraction of cytoplasmic proteins. Chromatin-bound 

proteins were isolated by high speed (16,000g) cold centrifugation for 5 minutes. The chromatin-

bound protein pellet was subject to an additional CSK/5% Triton X-100 wash, after which the 

chromatin pellet was resuspended in CSK/0.5% Triton X-100. Resuspended chromatin pellets 

were vigorously vortexed and cold sonicated for 5 minutes, followed by 15 minutes of incubation 

with the addition of 1:100 volume of DNAse I, and subsequently supplemented with an additional 

150mM NaCl. 5X SDS Sample buffer was added to every sample, and samples were resolved by 

SDS-PAGE. Per recommendation via personal communication from Dr. James Borowiec, Ph.D. 

(Department of Biochemistry, NYU Medical Center), phosphorylated chromatin-bound RPA32 

was better visualized with a slightly different method of fractionation. Cells were harvested by 

trypsinization, washed with 1X PBS, and incubated in CSK buffer supplemented with 0.1% Triton 

X-100 for 5 minutes on ice. Cells were subjected to low speed (1,300g) cold centrifugation for 5 

minutes. The supernatant was then separated from the nuclei pellet, washed once with CSK 

buffer, and lysed in “solution B” (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, plus protease and 

phosphatase inhibitors). Chromatin-bound protein were again isolated by high speed (16,000g) 

cold centrifugation for 20 minutes, and protein pellets were resuspended in CSK/0.5% Triton X-

100 by vortex and cold sonication for 5 minutes. Resuspended protein was further treated for 15 

minutes with 1:100 volume of DNAse I, and subsequently supplemented with an additional 



31 

 

150mM NaCl. 5X SDS Sample buffer was again added to every sample, and samples were 

resolved by SDS-PAGE. 

 

9. DNA fiber synthesis and analysis 

 In this study, DNA fibers were an integral technique that allowed us to evaluate and 

quantitate changes in replication dynamics during various treatments. This technique exploits 

different clones of BrdU antibodies that exhibit different affinities for BrdU analogs, CldU or IdU. 

Our DNA fiber synthesis method is a modified adaptation of previously reported (137, 138). 

Treated asynchronous cells were pulsed for 10 minutes with 10µM CldU, followed with a single 

wash and 5 minute incubation in normal media. The cells were then pulsed with the 10µM IdU for 

an additional 10 minutes, followed by a wash and 5 minutes incubation in normal media. The 

sequentially labeled cells were harvested by trypsinization and washed once with 1XPBS. Cells 

were diluted to 2.5µl aliquots of 625 cells in 1XPBS. These cell aliquots were stored in -800C 

storage until ready for fiber synthesis. I analyzed S-phase synchronized cell fibers, it was 

necessary to dilute labeled cells 1:8 with unlabeled cells in order to reduce the overwhelming 

number of labeled fibers per field to make quantitation possible.   

 To generate DNA fibers, the frozen labeled cell aliquots were thawed and seeded onto 

one end of glass microscope slides that were previously cleaned with 70% ethanol. 7.5µl of DNA 

fiber spreading buffer (0.5% SDS in 200mM Tris-HCl, pH 7.4 and 50mM EDTA) was added 

directly to each cell aliquot, and the slides were incubated in a humid chamber for 9.5 minutes. 

After 9.5 minutes, 3µl of spreading buffer was added to each aliquot, and the microscope slides 

were tilted on the end with the aliquot to 15 degrees from the horizon, and the mixture of lysed 

cells and buffer was allowed to run by gravity until dry (~30 minutes). Once dry, a diamond pencil 

was used to etch a box where the cells (chromatin and bound proteins) had run down the slide. 

This served to 1) help quickly identify where on the slide the labeled fibers could be found, and 2) 

to reduce the volume of antibodies and staining buffer required per slide. The slides were fixed in 

a standing bath of methanol-acetic acid (3:1) for 20 minutes and stored at 40C overnight. Prior to 
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staining, the fixed slides were denatured in a standing bath of 2.5M HCl for 1 hour, followed by 3 

five minute standing washes in 1X PBS, and incubation in blocking buffer (1% BSA and 0.1% 

Tween-20 in 1X PBS) for 10 minutes. Primary antibody staining employed two commercially 

available BrdU antibodies: a purified rat BrdU antibody (Immunologicals Direct) that has affinity 

for CldU but not IdU (most commercially available rat BrdU antibodies have some level of affinity 

for CldU), and the B44 mouse clone BrdU antibody (BD Biosciences) that recognizes IdU but not 

CldU. The primary antibodies were diluted according to manufacturer’s protocols in DNA fiber 

staining buffer (0.1% Tween-20 in 1X PBS). Each slide was subject to 3 hours primary antibody 

staining, followed with 3 standing 2 minute 1X PBS washes, and immunostained with secondary 

antibodies diluted in the same staining buffer. Ideal secondary antibodies are the Alexa- line of 

Molecular Probes fluorescent secondary antibodies—in my experience, no other type of 

secondary give the same clarity and strength of signal for DNA fibers as this product line. After an 

additional 3 hours of staining with secondary antibodies, the slides were again washed 3 times in 

1X PBS, followed with 1 wash in distilled water. The slides were air dried and visualized by a 63X 

oil lens on a Leica DMIRE2 fluorescent microscope. Images were captures by Simple PCI. Types 

of replicating structures, a.k.a., replicons (new firing origins/progressing forks/terminating forks), 

were distinguished and analyzed by manual counting different staining pattern. Fork progression 

length was quantitated by manual measuring of replicon lengths using the NIH ImageJ program 

(Line Tool and Measurement function). Raw measurements were imported to Microscoft Excel 

and manually sorted into µm length bins to determine replicon length distribution. For further 

details, refer to III. Results: Section 1.2  Lau et al. (2006) The functional role of Cdc6 in S-G2/M 

in mammalian cells. EMBO Rep 2006 Apri;7(4):425-30. Epub 2006 Jan 27. 
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III.  RESULTS 

 

1. Investigating the functional role of Cdc6 in S-G2/M 

 

1.1   Introduction 

 

 Previous studies investigating the regulation of Cdc6 showed that phosphorylation of 

Cdc6 critically regulates its localization, and thus its function and degradation status. In early G1, 

expression of Cdc6 peaks, concomitant with assembly of pre-RCs on origins of replication (139, 

140). During the G1/S transition, Cdk- and Ddk-dependent phosphorylation of multiple target sites 

in the pre-RC result in origin firing, helicase activation, and the disassociation of several pre-RC 

components. This phosphorylation/activation modification of the pre-RCs not only serves to 

functionally initiate DNA replication, but is proposed to convert ther pre-RC to a post-RC (post-

replicative complex) to inhibit origin re-firing, and thus, to ensure that every stretch of DNA is 

replicated only once per cell cycle.  

 Overexpression studies have shown that phosphorylation of the 3 N’-terminal Cdk 

phosphorylation sites (serines 54, 74, 106) results in nuclear export of Cdc6 and degradation in 

the cytosol (67, 68, 141). Thus, after S-phase entry, Cdc6 was previously presumed to be 

dispensable and degraded. However, several studies have since revealed a continued presence 

of Cdc6 beyond G1, into S-phase and the later phases of the mammalian cell cycle, suggesting 

that Cdc6 might have important function aside from pre-RC assembly (29, 38, 75, 79, 135)  

 Here, I investigated the functional role of Cdc6 in S-G2/M, using a subtractive approach. 

Depletion of Cdc6 by Cdc6-targeted siRNA resulted in G1/S accumulation of asynchronous HeLa 

cells, accompanied by significantly elevated cell death. Depletion of Cdc6 in G1-synchronized

 cells blocks the G1 to S transition, confirming the role of Cdc6 in pre-RC assembly that is 

essential for DNA replication initiation. However, depletion of Cdc6 in S-phase-synchronized 
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HeLa cells reduced new origin firing, whereas established replication forks remained active. This 

aberrant replication extended inappropriately into G2, even during chromatin condensation. 

Despite these DNA replication anomalies, Cdc6 deficiency in S-phase did not activate 

conventional S-phase replication checkpoint response. Ultimately, Cdc6-deficient S-phase cells 

progressed into mitosis with abnormally condensed and actively replicating chromatin, inducing 

malformed spindle structures, and ultimately underwent mitotic cell death. These results show 

that while Cdc6 is essential for G1 origin licensing, it is also required for proper origin firing and 

replication dynamics in S-phase that is essential for DNA segregation during mitosis.  
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1.2 Lau et al. (2006)  

      The functional role of Cdc6 in S-G2/M in mammalian cells. 

      EMBO Rep. 2006 Apr;7(4):425-30. Epub 2006 Jan 27.  
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1.3  Summary 

 

 Our study showed that deficiency of Cdc6 from asynchronously growing HeLa cell 

populations results in a two-part asynchronous cell cycle response: G1 arrest and perturbed S-

phase progression that leads to mitotic cell death. Sychronous cell cycle dissection of Cdc6 

function demonstrated that the G1 arrest is consistent with Cdc6 function in G1 to assemble the 

pre-RCs that are integral in regulating replication initiation. In contrast, Cdc6-deficiency perturbs 

S-phase progression by abrogation of S-phase new origin firing, resulting in temporally 

inappropriate replication forks that intrude into G2/M, causing mitotic cell death. These results 

demonstrate that mammalian Cdc6 serves a critical function after G1 pre-RC assembly in 

maintaining proper origin firing, and thus, replication dynamics. 

 This section, in full, is a reprint of the material as it appears in E. Lau, C. Zhu, R.T. 

Abraham, W. Jiang, EMBO Rep. 2006 Apr;7(4):425-30. Epub 2006 Jan 27.  The dissertation 

author was the primary investigator and author of this paper.  
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2.  Divergent cellular response to pre-RC deficiency in untransformed vs. cancer cells 

 

2.1  Introduction 

 

 Our study in Chapter III. Section 1 demonstrates a novel critical function for Cdc6 during 

the cell cycle. However, it is intriguing that Cdc6-deficiency results in cell death; while G1/S arrest 

is anticipated and consistent with inhibited Cdc6 function in replication, cell death is not. However, 

our results are consistent with other reports of pre-RC deficiency-induced cancer cell death. 

Deficiency of Cdc7, as well as Orc2, have also been reported to induce cell cycle defects and 

notable cell death in cancer cells, but strikingly, not in untransformed “normal” mammalian cells. 

This growing body of evidence has given rise to paradigm: cancer cells die during pre-RC 

deficiency, while normal cells do not. This prompted the publication of our invited review in the 

following section.  
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2.2  Lau et al. (2006) 

       Is there a Pre-RC Checkpoint That Cancer Cells Lack? 

       Cell Cycle. 2006 Aug; 5(15): 1602-6. Epub 2006 Aug 1 
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3. Investigating differential untransformed vs. cancer cell response to pre-RC deficiency 

 

3.1  Introduction 

 

 The mounting paradox that normal cells do not die during pre-RC deficiency, while 

cancer cells represents a significant anti-cancer therapeutic potential. This phenotypic dichotomy 

also suggests that the complex and poorly understood relationship between pre-RC and 

checkpoint proteins is altered in transformed mammalian (142).  

 Several previous reports proposed that pre-RC proteins have crucial roles and functions 

in checkpoint signaling/response, both by direct interaction with and phosphorylation by 

checkpoint proteins (143-146). As mentioned in Section 2.2, in some organisms, including 

mammalian and flies, deficiency of various pre-RC proteins coincides with increased cell death 

and impaired DNA replication, further implicating a role for pre-RC proteins in checkpoint 

signaling (48, 147-159). Such cellular consequences are likely attributed to pre-RC depletion-

induced replication inhibition as well as the S-phase checkpoint activation and abrogation, as 

several studies have demonstrated, for instance, that loss of Orp1p/Orc1, Orc2p/Orc2 or 

Cdc18p/Cdc6 impairs DNA replication and Rad53p/Cds1p/Chk2 checkpoint signaling in yeast, 

and increases sensitivity to genotoxic stress (160, 161). Deficiency of Cdc7/Dbf4 impairs Rad53 

activation in yeast, and while Cdc6 is required for efficient Chk1 activation in Xenopus laevis egg 

extracts, hypomorphism of Orc2 or depletion of Cdc7 abrogates p53 or Chk1 activation, 

respectively, in mammalian cells  (61, 150, 162, 163). Overexpression of various pre-RC proteins 

in yeast, mammalian cells, or Xenopus laevis egg extracts has also been shown to activate a 

variety of checkpoint signaling proteins (77, 78, 82, 164, 165). Together, these results indicate the 

relationship between pre-RC and S-phase checkpoint proteins is critical for proper DNA 

replication, cell cycle progression and cell viability.  

 S-phase checkpoints mechanism are in place to sense replication stress or DNA 

damage, and to coordinate cellular response via cell cycle and replication arrest, DNA damage 
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response, and subsequent cell cycle resumption or cell-fate decisions, such as apoptosis. These 

S-phase checkpoint mechanisms are predominantly orchestrated by Ataxia telangiectasia 

mutated (ATM) or Ataxia telangiectasia and Rad3-related (ATR) PIKK-family kinase checkpoint 

pathways. The ATM-dependent checkpoint generally responds to DNA double-strand breaks 

(DSBs), while the ATR-dependent checkpoint is largely responsible for response to a variable 

genotoxic insult and replication stress, such as replication fork stalling, or DNA lesions, such as 

single-strand breaks (SSBs). It is important to acknowledge the large amount of crosstalk 

between the two signaling pathways (18, 166-174). While the precise upstream signals that spark 

the upstream activation of these checkpoints are still actively being investigated, much has been 

determined about the structure of the ATR/ATM signaling cascades. DNA damage response 

begins when replication stress or DNA damage are somehow sensed and bound to by upstream 

sensor proteins, such as RPA or NBS1 (175-178), somehow sense and bind to sites of damage 

to recruit ATR or ATM and promote their activation via interaction with activating proteins, such as 

MRN complex, Rad17-RFC, 9-1-1 complex and TopBP1 (150, 175, 179-184). ATR/ATM then 

phosphorylate Chk1/Chk2 effector kinases that amplify the checkpoint signals by binding and 

phosphorylating multiple downstream effectors to inhibit replication, stabilize replicating forks, and 

arrest cell cycle progression (166, 185-188). 
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Figure III.3.1. ATR/ATM DNA damage response signaling 

dsDNA breaks are recognized by NBS1, of the MRN (Mre11/Rad50/Nbs1) complex. The MRN 
complex recruits and activates ATM, which in turn directly activates its effector kinase, Chk2. 
Through feedback signaling to MRN, ATM can trigger DNA repair, which can generate structures 
that are sensed by and activate the ATR signaling pathway. ATM can also interact with TopBP1, 
which is an activator of ATR. ssDNA breaks and other abnormal replication structures are 
enriched by bound RPA. The Rad9-1-1 (Rad9, Hus1, Rad1) complex senses enrichment of 
chromatin-bound RPA, and further recruits and activates ATR/ATRIP, which directly activates its 
effector, Chk1. ATR can also directly activate ATM and Chk2. Activation of Chk1/2 results in the 
activation or inactivation of several important downstream targets, such as the inhibition  
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 To further investigate the linkage between pre-RC and checkpoint proteins, and 

importantly, to determine the basis behind the disparity in response to pre-RC deficiency in 

untransformed and cancer cells, in this portion of my thesis, I investigated the mechanism by 

which human untransformed and cancer cells respond differently to pre-RC perturbation in terms 

of effects on replication dynamics, checkpoint activation and cell cycle progression. Our results 

demonstrate that untransformed cells exhibit higher sensitivity for aberrant replication structures 

generated during pre-RC insufficiency and mount an ATR-dependent S-phase checkpoint 

response and cell cycle block, unlike cancer cells which apparently do not. This disparity is of 

lethal consequence to cancer cells, and is of potentially important value for future therapeutic 

approaches. 
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3.2 Lau et al (2008) 

 Differential ATR-checkpoint response to pre-replicative complex (pre-RC) deficiency 

 in normal and cancer cells 

 Manuscript in preparation 

 

3.2.A  Summary 

 

 We investigate pre-RC function in DNA replication checkpoint control in human cells. We 

find that upon pre-RC protein (Cdc6 or Orc2) deficiency, untransformed cells non-lethally arrest in 

G1 and S-phases, whereas multiple cancer cell lines undergo G1/S arrest and significant cell 

death. We show that untransformed cells activate an ATR-dependent S-phase checkpoint that 

inhibits all replication, whereas cancer cells do not completely activate the checkpoint, resulting in 

continuation of fork progression. ATR-checkpoint inhibition restores replication at significantly 

compromised rates in untransformed cells, recapitulating the cancer cell death phenotype. Low-

dose aphidicolin treatment, which does not induce DNA damage response in control cells, 

markedly induces chromatin structural changes (HP1α localization alterations) and DNA damage 

response in pre-RC-deficient cells. Together, these results indicate that untransformed cells 

exhibit higher sensitivity for aberrant replication structures generated during pre-RC insufficiency 

and can mount an S-phase checkpoint response and cell cycle block. 

 

3.2.B  Introduction 

 

 In all eukaryotic cells, DNA replication initiates from multiple replication origins throughout 

the genome and each segment of DNA replicates once and once only per cell cycle. Primary 

regulation of DNA replication is exerted at the initiation of DNA synthesis, when replication origins 

are licensed by stepwise formation of pre-replication complex (pre-RC) proteins in early G1 (12, 

189, 190). This process begins with origin recognition complexes (ORCs) binding to the origins, 
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resulting in recruitment of the loading factors, Cdc6, and Cdt1, which function together to load the 

putative DNA replicative helicase mini-chromosomal maintenance (MCM) complex (12, 46, 66, 

88, 190, 191). Subsequently, phosphorylation of pre-RC and other DNA replication factors by the 

S-phase promoting kinases, Cdks and Ddk (Dbf4-dependent kinase, Cdc7), in G1/S and S 

promotes loading of Cdc45, MCM10, GINS, RPA and DNA polymerases to the pre-RC/origin, 

triggering the initiation of DNA replication (106, 114, 119, 120, 122, 192, 193).  

 Precise DNA replication is also under surveillance of the S-phase checkpoint 

mechanisms to ensure the normal order and completion of DNA synthesis. The S-phase 

checkpoints are mainly governed by Ataxia telangiectasia mutated (ATM) or Ataxia telangiectasia 

and Rad3-related (ATR) PIKK-family kinase checkpoint pathways. The ATM-dependent 

checkpoint responds to DNA double-strand breaks (DSBs), while the ATR-dependent checkpoint 

responds to a broad spectrum of DNA lesions, such as single-strand breaks, fork stalling or 

chromatin structural alterations, although there is considerable crosstalk between the two 

checkpoint mechanisms (18, 166-174). Upon replication stress or DNA damage, sensor proteins, 

such as RPA or NBS1 (175-178), bind to sites of damage to recruit ATR or ATM and promote 

their activation via interaction with activating proteins, such as Rad17, 9-1-1 complex and 

TopBP1 (150, 175, 179-184). ATR/ATM then phosphorylate Chk1/Chk2 effector kinases that 

amplify the checkpoint signals by targeting multiple downstream effectors to inhibit replication, 

stabilize replicating forks, and arrest cell cycle progression (166, 185-188). 

 As DNA replication and the S-phase checkpoint are intimately linked, pre-RC proteins 

have long been proposed to play a crucial role in checkpoint signaling/response. Direct 

interaction between pre-RC components and checkpoint proteins including the binding of 

Cdc18/Cdc6 or MCM proteins with Rad3/ATR, Rad17 or Cds2/Chk2 and phosphorylation of MCM 

subunits by ATR/ATM has been reported (143-146). Depletion of ORC subunits, Cdc6, Cdt1, 

MCM proteins or Cdc7 kinase from a variety of organisms and cell types results in DNA 

replication inhibition, cell cycle arrest and/or cell death (48, 56, 147, 149-159, 194). Such cellular 

consequences are likely attributed to pre-RC depletion-induced replication inhibition as well as 
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the S-phase checkpoint perturbation, as several studies have demonstrated, for instance, that 

loss of Orp1p/Orc1, Orc2p/Orc2 or Cdc18p/Cdc6 impairs DNA replication and 

Rad53p/Cds1p/Chk2 checkpoint signaling in yeast, and increases sensitivity to genotoxic stress 

(160, 161). Deficiency of Cdc7/Dbf4 impairs Rad53 activation in yeast, while in Xenopus laevis 

egg extracts, Cdc6 is required for efficient Chk1 activation. In mammalian cells, hypomorphism of 

Orc2 or depletion of Cdc7 abrogates p53 or Chk1 activation (61, 150, 162, 163). Overexpression 

studies of pre-RC proteins also demonstrate the linkage between pre-RC proteins and checkpoint 

signaling, as overexpression of Cdc6/Cdc18 activates Chk1 or Rad3/ATR in yeast or mammalian 

cells (77, 78, 145). Overexpression of Cdt1 in Xenopus laevis egg extracts or in mammalian cells 

also activates Chk1, and ATM-Chk2 in the latter (77, 78, 82, 164, 165). Together, these results 

indicate that interplay between pre-RC and S-phase checkpoint proteins is essential for proper 

DNA replication, cell cycle progression and cell viability.  

 We previously demonstrated that Cdc6 is required during S-phase to maintain proper 

origin firing and temporal replication dynamics in HeLa cells (194). We showed that S-phase 

Cdc6 depletion resulted in decoupled/abnormal replication without checkpoint activation that 

ultimately caused cell death in mitosis. Consistent with our findings, cell death induction was 

observed in different mammalian cancer cell lines by depletion of pre-RC Orc2, Cdc6 and Cdt1 

proteins, or Cdc7 kinase, supporting the notion of the pre-RC:checkpoint interaction (56, 151, 

152, 195, 196). Paradoxically, recent studies revealed that untransformed “normal” mammalian 

cells do not die during similar pre-RC deficiency, suggesting that the complex relationship 

between pre-RC and checkpoint proteins is altered in transformed mammalian (142, 151, 152, 

194). To understand the paradox and determine the mechanism underlying the ties between pre-

RC and checkpoint proteins, in this study we investigate the mechanism by which human 

untransformed and cancer cells respond differently to pre-RC perturbation in terms of effects on 

replication dynamics, checkpoint activation and cell cycle progression. Our results demonstrate 

that normal cells exhibit higher sensitivity for aberrant replication structures generated during pre-

RC insufficiency and can mount the ATR dependent S-phase checkpoint response and cell cycle 
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block, unlike cancer cells which apparently do not. This disparity is of lethal consequence to 

cancer cells, and is of potentially important value for future therapeutic approaches. 

 

3.2.C. Results 

 

Pre-RC deficiency induces non-lethal cell cycle block in human untransformed cells, but 

cell cycle block and cell death in cancerous cells  

 To examine that untransformed and cancer cells exhibit different responses to pre-RC 

deficiency, we treated a panel of human untransformed and cancer cells with Cdc6-targeted 

siRNA  (siCdc6). Fluorescence-activated cell sorting (FACS) analysis indicated that in response 

to Cdc6 depletion, asynchronously growing untransformed cells (hTERT-immortalized retinal 

pigment epithelial-1, RPE1, or normal dermal fibroblasts, 14F) exhibited cell cycle arrest in G1 

and in S as compared with control (siLuc) treated cells (Figures 1A, 1B). In contrast, HeLa 

(cervical), HCT116 (colon), A549 (lung) or MDA-MB-231 (breast) cancer cells exhibited a G1/S 

block and significant cell death after treatment with siCdc6 when compared with control (siLuc) 

treated cells (Figures 1C-1F). Similar results were also obtained from the untransformed and 

cancer cells treated with Orc2 siRNA (Figures S1A-S1B). Thus, consistent with our and others’ 

previous observations (56, 151, 152, 194, 196), the results indicated that pre-RC deficiency 

induced G1 and S cell cycle arrest in untransformed cells and G1/S arrest and cell death in 

cancer cells. The G1 and G1/S arrest observed in untransformed and cancer cells by pre-RC 

Cdc6 or ORC2 protein depletion were likely due to insufficient DNA licensing in G1 that inhibited 

DNA replication, and/or activated a G1 checkpoint as previously reported (163). Hence, the major 

discrepancy between untransformed and cancer cell response to pre-RC deficiency was in the 

exertion of critical cell cycle control during S-phase. The S-phase-arrested population may 

propagate from S-phase-depleted cells or from partially-depleted G1 cells that entered S-phase. 

Recently, we showed that depletion of S-phase deficiency of Cdc6 in HeLa cells inhibited new 

origin firing and prolonged DNA synthesis but failed to activate the ATR-Chk1 S-phase 
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checkpoint, ultimately causing cell death in mitosis (194). As untransformed cells exhibited S-

phase arrest without cell death upon pre-RC deficiency, our results suggested that, unlike cancer 

cells, untransformed cells might activate S-phase checkpoints in response to pre-RC deficiency 

during S-phase. 
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Figure III.3.1.  Depletion of Cdc6 results in non-lethal cell cycle block in untransformed 
cells, but cancer cell arrest and death.  
 
(A-F) Indicated cell types were transfected for 72h with 100 nM siLuc or siCdc6. Treated cells 
were fixed and stained with propidium iodide, and subject to FACS analysis (see Experimental 
Procedures for details). Individual histogram plots based on propidium iodide/DNA content of 
10,000 cells per sample were generated. Below each FACS profile, siRNA-treated cells were 
lysed and subject to immunoblot analysis with anti-Cdc6 or anti-GAPDH (loading control) 
antibodies. Cell cycle phenotypes are described below each FACS profile and immunoblot. 
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Figure III.3.S1. Depletion of Orc2 also results in non-lethal cell cycle block in 
untransformed cells, but cancer cell arrest and death.  
 
(A) Indicated cell types were transfected for 72h with 100 nM luciferase (siLuc)- or Orc2 (siOrc2)- 
targeted siRNA. Treated cells were fixed and stained with propidium iodide, and subject to FACS 
analysis. Individual histogram plots based on propidium iodide/DNA content were generated 
based on 10,000 cells. (B) siRNA-treated cells were lysed and subject to immunoblot analysis 
with anti-Orc2 or anti-GAPDH (loading control).  
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S-phase response to pre-RC deficiency in untransformed cells requires the ATR 

dependent S-phase checkpoint 

 To determine if pre-RC deficiency in S-phase activated the ATR-dependent S-phase 

checkpoint in untransformed cells and such checkpoint activation resulted in the S-phase arrest, 

we subjected siLuc- or siCdc6-treated RPE1 cells to caffeine, an inhibitor of PI3 kinases, to 

abrogate ATR-Chk1 signaling (197, 198). FACS analysis indicated that while caffeine co-

treatment did not detectably affect cell cycle progression in siLuc-treated cells, it notably 

abolished the S-phase-arrested population in siCdc6-treated cells, recapitulating the cell death 

detected in Cdc6-depleted cancer cells (Figure 2A, left). Immunoblotting analysis showed that 

depletion of Cdc6 in RPE1 cells induced phosphorylation of ATR downstream signal mediator, 

Chk1 (199), which was abolished by caffeine co-treatment (Figure 2A, right). Further treatment of 

siLuc- or siCdc6-treated cells with ATR-targeted siRNA (siATR) yielded similar cell cycle FACS 

and immunoblotting results as caffeine treatment, confirming the specific role of ATR in this 

checkpoint response (Figure 2A, left and right). These results indicated that, unlike in cancer cells 

that we reported previously (194), perturbation of pre-RC function in untransformed cells 

activated the ATR-dependent S-phase checkpoint response and blocked S-phase progression. 

 To assess the temporal nature of the ATR-checkpoint response to pre-RC deficiency, we 

examined synchronous cells. We chose to synchronize RPE1 cells by serum deprivation in order 

to avoid unintended replication checkpoint activation induced by traditional cell cycle 

synchronization compounds, such as thymidine or aphidicolin. Cells were stimulated to re-enter 

the cell cycle by addition of serum (Figure S2), immediately treated with control siLuc or various 

concentrations of siCdc6, and then analyzed at subsequent time points by FACS and 

immunoblotting analyses. Twenty hours after serum stimulation and siRNA treatment, 200 nM 

siLuc-treated RPE1 cells had advanced into S-G2, while siCdc6-treated cells exhibited extremely 

delayed/blocked cell cycle progression (Figure 2B1-2B2).  
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Figure III.3.S2.  Serum deprivation-synchronization of RPE1 cells. 
 
(A) RPE1 cells were incubated in serum-free DMEM:F-12 (1:1) supplemented with 1.2g/L sodium 
bicarbonate for 72-96 hours. Cells were released into media supplemented with 10% FBS for 14, 
16, 8, or 22 hours before harvest by trypsinization. Cells were fixed and stained with propidium 
iodide, and subject to FACS analysis. Individual histogram plots based on propidium iodide/DNA 
content were generated based on 10,000 cells. (B) Serum deprivation-synchronized, coverslip-
grown RPE1 cells were stimulated by addition of serum as in (A). At indicated timepoints, 
coverslips were fixed, DNAse I treated and stained for BrdU incorporation and DAPI, as 
described in Experimental Procedures. (C) Immunoblot analysis or Cdc6 of serum deprivation-
synchronized cells at indicated timepoints 
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Figure III.3.2. Pre-RC deficiency induces distinct ATR-independent G1-arrest and activation 
of ATR-dependent S-phase checkpoint signaling required for S-phase arrest in RPE1 cells. 
 
(A) (Left) Asynchronous RPE1 cells were treated with siLuc or siCdc6 for 72 h; or with siLuc or 
siCdc6 for 48 h and then 2.5 mM caffeine (CAFF) for 12 h; or with siLuc or siCdc6 for 12 h and 
then 48 h with siATR, as indicated. Treated cells were harvested and subject to FACS or 
immunoblot analysis using indicated antibodies (Right). (B) G0 serum-synchronized (1) RPE1 
cells were stimulated with 10% FBS and immediately subject to 20 h transfection with (2) 200 nM 
siLuc, (3) 20 nM siCdc6, (4) 100 nM siCdc6, or (5) 200 nM siCdc6, and subsequently harvested 
and subject to FACS analysis. G0-synchronized RPE1 cells were subject to 40 h transfection with 
(6) 200 nM siLuc, (7) 20 nM siCdc6, (8) 100 nM siCdc6, or (9) 200 nM siCdc6, and subsequently 
harvested and subject to FACS analysis. G0-synchronized that were subject either to (10) 20 h 
serum deprivation or to (11) 20 h transfection with 200 nM siLuc, (12) 20 nM siCdc6, (13) 100 nM 
siCdc6, or (14) 200 nM siCdc6, were all incubated for an additional 20 h in the presence of 2.5 
mM caffeine and subsequently harvested and subject to FACS analysis. (C) (Left) Whole-cell 
lysate immunoblot analysis of the G0-synchronized RPE1 cells subject to indicated conditions, 
using indicated antibodies. (Right) Chromatin-bound lysate immunoblot analysis of the G0-
synchronized RPE1 cells subject to indicated conditions, using indicated antibodies. 
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Low-dose siCdc6-treatment (20 nM) yielded G1/S and S blocks, while high-dose siCdc6-

treatment (100 nM) also resulted in G1/S and S arrests, but with less S-phase cells (Figure 2B3-

4). In contrast, higher-dose siCdc6-treatment (200 nM) caused only a G1 block without S phase 

cells (Figure 2B5). Examination of siRNA-treated cells after an additional 20 h (a total of 40 h 

from addition of serum and siRNA transfection) in the absence or presence of caffeine revealed 

that all 200 nM siLuc-treated cells, regardless of caffeine co-treatment, completed a round of the 

cell cycle, entering G1 of the subsequent cell cycle (Figure 2B6 and 2B11). In contrast, in the 

absence of caffeine, only the S-phase populations, but not the G1 arrested populations of the 20 

and 100 nM siCdc6-treated cells exhibited partial, but extremely impeded cell cycle progression 

(Figure 2B7-2B8). 200 nM siCdc6-treated cells remained arrested in G1 (Figure 2B9). In the 

presence of caffeine, cell cycle progression was restored to the S-phase populations in 20 and 

100 nM siCdc6-treated cells, and to a minor extent to the G1/S population in 200 nM siCdc6-

treated cells, but at extremely compromised rates compared to controls (Figure 2B11-2B14). The 

G1-arrested populations in all siCdc6 treated-cells, however, remained arrested in G1 after an 

additional 20 h of caffeine treatment (Figure 2B12-2B14). Hence, these results indicated that 

caffeine treatment, which did not perturb cell cycle progression in control cells, abolished the 

G1/S to S arrests but not the G1-blocks in siCdc6 treated cells.  

 Consistent with the FACS results, immunoblotting analysis of whole-cell lysates and 

chromatin-bound proteins showed that Cdc6-depletion resulted in a siRNA dose-dependent 

reduction of phosphorylation and chromatin-association of MCM2 compared to controls (Figure 

2C). Cdc6-depletion also induced phosphorylation of Chk1 and RPA p32 subunit (RPA32), 

consistent with active ATR signaling (Figure 2C). The levels of phosphorylated Chk1 and RPA32 

were most elevated in 20 nM and least in 200 nM siCdc6-treated cells, indicating that the degree 

of checkpoint activation correlated with the level of S-phase entry. Caffeine treatment abolished 

phosphorylation of Chk1 and RPA32 and reduced chromatin-bound levels of MCM2 and residual 

Cdc6, but not Orc2 (Figure 2C). However, cyclin D1 and E levels did not exhibit appreciable 

alterations in siCdc6 treated cells when compared with controls (Figure 2C). Together, these 
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results indicated that the G1 and S-phase arrested populations induced by pre-RC deficiency 

arose from two different mechanisms. One was a caffeine-insensitive G1 arrest due to sufficient 

Cdc6 depletion that completely abrogated DNA replication licensing in G1. The other was a 

caffeine-sensitive S-phase arrest due to insufficient Cdc6 depletion that yielded inversely 

proportionate degrees of abnormal S-phase entry and/or S-phase progression, causing ATR-

dependent S-phase checkpoint response and S-phase arrest. 

 

Pre-RC deficiency-induced S-phase arrest is the result of ATR-dependent inhibition of 

DNA replication 

 To determine how DNA replication was affected during S-phase by pre-RC deficiency in 

untransformed RPE1 cells, we pulse-labeled siLuc and siCdc6 treated cells with 5-bromo-2’-

deoxyuridine (BrdU) and monitored BrdU incorporation and chromatin association of MCM2 by 

immunofluorescence analysis. Previous studies showed that the combined localization patterns of 

chromatin-bound MCM2 and BrdU staining could accurately determine different cell cycle stages 

of asynchronous cells, particularly in different stages of S-phase. G1 cells could be characterized 

by even chromatin-bound MCM2 staining and lack of BrdU staining; early/mid S-phase cells could 

be characterized by speckled chromatin-bound MCM2 and BrdU staining; late-S-phase cells 

could be characterized by diminished, dappled chromatin-bound MCM2 and BrdU staining; and 

G2/M cells could be characterized by lack of chromatin-bound MCM2 and BrdU staining (Figure 

S3A) (135, 136, 200). Chromatin-bound MCM2 and BrdU staining revealed that siLuc-treated 

control cells exhibited a cell cycle distribution of 42% in G1, 34% in early/mid-S-phase, 5% in late 

S, and 19% in G2/M (Figure 3A and S3A). The cell cycle distribution profiles observed by 

immunofluorescence staining were very similar to that detected by the FACS analysis (Figure 1A 

and 2A). In contrast, depletion of Cdc6 in RPE1 cells resulted in great reduction of chromatin-

bound MCM2 staining and lack of detectable BrdU staining. Of the cells analyzed, half (50%) 

displayed extremely reduced but even chromatin-bound MCM2 staining, indicating that these 

cells were in G1. The other half displayed reduced levels of chromatin-bound MCM2 staining 
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pattern in early/mid-S-phase (24%) and in late S-phase 26% (Figure 3 and Figure S3B). Thus, 

consistent with the immunoblotting and FACS results (Figure 2 and 3), these results indicated 

that depletion of Cdc6 in untransformed RPE1 cells perturbed pre-RC formation, blocked G1 and 

S cell cycle progression and inhibited DNA replication.  
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Figure III.3.3. S-phase arrest induced by pre-RC deficiency in untransformed cells results 
from ATR-dependent DNA replication inhibition. 
 
Asynchronous, coverslip-grown RPE1 cells were transfected for 72 hours with indicated esiRNA. 
Cells were pulse-labeled with 20 µM 5-bromo-2’-deoxyuridine (BrdU) for 15 minutes, fixed and 
CSK extracted as described in Experimental Procedures, and immunostained with indicated 
antibodies and 4,6-diamidino-2-phenylindole (DAPI). Representative nuclei from each siRNA-
treatment condition are shown in the figure.  
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  To examine if inhibition of ATR in Cdc6-depleted cells restored DNA replication, thereby 

promoting cell cycle progression, we subsequently transfected siLuc or siCdc6 treated RPE1 cells 

with siATR, pulse-labeled cells with BrdU and examined BrdU incorporation and chromatin 

association of MCM2 by immunofluorescence analysis. Chromatin-bound MCM2 and BrdU 

staining showed that cells co-treated with siLuc and siATR exhibited similar cell cycle distribution 

profiles, but with an increased BrdU staining intensity in S-phase cells when compared with cells 

treated with siLuc alone, consistent with recent reports that inhibition of ATR-Chk1 signaling 

activated dormant replication origin firing and increased active replication origin density (Figure 3, 

Figure S3C) (201-203). In contrast, co-treatment of siATR in Cdc6-treated cells resulted in 

restoration of BrdU incorporation, but at significantly reduced levels (Figure 3 and Figure S3D). 

Although chromatin-bound MCM2 staining was still weak in siCdc6 and siATR co-treated cells, 

these cells exhibited cell cycle distribution profiles with an unchanged G1 population, a decreased 

S phase population and an increases of G2/M phase when compared with those in Cdc6-treated 

cells. Thus, these results, together with the BrdU positive staining, indicated resumption of DNA 

replication and S-phase but not G1 phase cell cycle progression in siCdc6 and siATR co-treated 

cells. Similar results were also obtained in cells co-treated with siCdc6 and caffeine (Figure S3E). 

Taken together, these results indicated that pre-RC deficiency that induced S-phase arrest was 

the result of ATR-dependent inhibition of DNA replication. 
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Figure III.3.S3A. Cell cycle distribution of siLuc-treated cells as determined by 
immunostaining of BrdU and MCM2. 
 
Asynchronous coverslip-grown 100 nM siLuc-treated (60 hours) RPE1 cells were pulse-labeled 
with 20 µM BrdU for 15 minutes, washed, CSK extracted and fixed as described in Experimental 
Procedures. Coverslips were immunostained with indicated antibodies and representative nuclei 
from each cell cycle phase are shown. Indicated distribution percentages were calculated based 
on manual cell counts of >150 cells from two independent experiments.  
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Figure III.3.S3B. Cell cycle distribution of siLuc and caffeine co-treated cells as determined 
by immunostaining of BrdU and MCM2. 
 
Asynchronous coverslip-grown RPE1 cells were treated with 100 nM siLuc for 48 hours, and 
further incubated for 12 hours in the presence of 2.5mM caffeine. Cells were then pulse-labeled 
with 20 µM BrdU for 15 minutes, washed, CSK extracted and fixed as described in Experimental 
Procedures. Coverslips were immunostained with indicated antibodies and representative nuclei 
from each cell cycle phase are shown. Indicated distribution percentages were calculated based 
on manual cell counts of >150 cells from two independent experiments.  
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Figure III.3.S3C. Cell cycle distribution of siLuc and siATR co-treated cells as determined 
by immunostaining of BrdU and MCM2. 
 
Asynchronous coverslip-grown RPE1 cells were co-treated with 100nM siLuc for 12 hours, and 
further co-treated for 48 hours with 100 nM siATR. Cells were then pulse-labeled with 20 µM 
BrdU for 15 minutes, washed, CSK extracted and fixed as described in Experimental Procedures. 
Coverslips were immunostained with indicated antibodies and representative nuclei from each 
cell cycle phase are shown. Indicated distribution percentages were calculated based on manual 
cell counts of >150 cells from two independent experiments.  
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Figure III.3.S3D. Cell cycle distribution of siCdc6-treated cells as determined by 
immunostaining of BrdU and MCM2. 
 
Asynchronous coverslip-grown 100 nM siCdc6-treated (60 hours) RPE1 cells were pulse-labeled 
with 20 µM BrdU for 15 minutes, washed, CSK extracted and fixed as described in Experimental 
Procedures. Coverslips were immunostained with indicated antibodies and representative nuclei 
from each cell cycle phase are shown. Indicated distribution percentages were calculated based 
on manual cell counts of >150 cells from two independent experiments.  
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Figure III.3.S3E. Cell cycle distribution of siCdc6 and caffeine co-treated cells as 
determined by immunostaining of BrdU and MCM2. 
 
Asynchronous coverslip-grown RPE1 cells were treated with 100 nM siCdc6 for 60 hours, and 
further incubated for 12 hours in the presence of 2.5mM caffeine. Cells were then pulse-labeled 
with 20 µM BrdU for 15 minutes, washed, CSK extracted and fixed as described in Experimental 
Procedures. Coverslips were immunostained with indicated antibodies and representative nuclei 
from each cell cycle phase are shown. Indicated distribution percentages were calculated based 
on manual cell counts of >150 cells from two independent experiments.  
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Figure III.3.S3F. Cell cycle distribution of siCdc6 and siATR co-treated cells as determined 
by immunostaining of BrdU and MCM2. 
 
Asynchronous coverslip-grown RPE1 cells were co-treated with 100 nM siCdc6 for 12 hours, and 
further co-treated for 48 hours with 100 nM siATR. Cells were then pulse-labeled with 20 µM 
BrdU for 15 minutes, washed, CSK extracted and fixed as described in Experimental Procedures. 
Coverslips were immunostained with indicated antibodies and representative nuclei from each 
cell cycle phase are shown. Indicated distribution percentages were calculated based on manual 
cell counts of >150 cells from two independent experiments.  
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Inhibition of ATR checkpoint response to pre-RC deficiency restores replication fork 

progression with extremely reduced rates  

 To investigate pre-RC deficiency-induced ATR-dependent inhibition of DNA replication in 

detail, we analyzed labeled DNA fibers of siRNA-treated cells. After siRNA treatment, cells were 

sequentially pulse-labeled with differentially halogenated nucleoside precursors, 5’-chloro-2’-

deoxyuridine (CldU) or 5’-iodo-2’-deoxyuridine (IdU), which incorporate into actively replicating 

DNA, allowing visualization of individual replicating structures (replicons) by immunofluorescent 

microscopy, as we and others previously described (136, 138, 194, 204). Changes in global 

replication dynamics induced by siRNA treatment were determined by analysis of the labeled 

DNA fibers for two particular replicon characteristics: 1) types of active replicons (i.e., new firing 

origins, progressing/terminating forks) by measuring replicon-labeling patterns, and 2), rate of 

DNA replicating fork progression by measuring labeled replicon lengths (194). As shown in Figure 

4, analysis of >950 replicons in three independent experiments indicated that asynchronous 

siLuc-treated RPE1 cells exhibited 22% of total replicons as new firing origins and 78% as 

progressing forks. In contrast, siCdc6-treated RPE1 cells did not display any detectable replicons, 

confirming our immunofluorescence data (Figure 4A) that Cdc6 depletion resulted in inhibition of 

all replication activity. SiLuc-treated RPE1 cells further treated with siATR exhibited a slight 

increase of new firing origins (28%) and a slight decrease in progressing forks (72%), again 

consistent with our immunofluorescence data (Figure 4A) and the recent reports of the role of 

ATR checkpoint in dormant origin suppression (201-203). Co-treatment of siCdc6-treated RPE1 

cells with siATR, however, restored labeled replication tracks in predominant (96%) form of 

progressing forks. Intriguingly, the lengths of restored replicons in siCdc6 and siATR co-treated 

cells were significantly shorter than those of siLuc-alone or siLuc and siATR co-treated cells 

(Figure 4B-4C). SiLuc-treated cells exhibited median replicon lengths between 6-9 µm (~15.6-

23.4 Kb; 1 µm fiber = ~ 2.6 kb, (205, 206)), whereas siLuc and siATR co-treated cells exhibited a 

slight decrease in the median lengths to 3-6 µm (~7.8-15.6 Kb), consistent with reports that 
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Figure III.3.4. Pre-RC deficiency in untransformed cells results in ATR-mediated 
checkpoint suppression of new origin firing and progressing forks.   
 
(A) Dual labeled DNA fibers were generated for asynchronous RPE1 cells treated with siLuc 
alone, siCdc6 alone, siLuc + siATR, or siCdc6 + siATR. Representative labeled replicons and the 
percent of total replicons for new firing origins (NFO) or progressing forks (PF) for each condition 
are shown. > 950 replicons from 3 independent experiments were counted for each condition. (B) 
Lengths of all counted replicons were measured by ImageJ (NIH), sorted into increasing 3µm-
bins and plotted as % of total replicon histograms on Excel (Microsoft). (C) Histogram of 
increased bin resolution (0.5µm-bins) showing a more detailed length distribution of siCdc6 and 
siATR co-treated RPE1 cells.  
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inhibition of ATR, which increases global origin firing, decreases intra-origin distance, and 

thereby, fork progression rates (207). In contrast, siCdc6 and siATR treated cells exhibited 

replicon median lengths between 0.5-1 µm (1.3-2.6 Kb). These results indicated that inhibition of 

ATR in Cdc6-depleted cells restored stalled fork progression, although in an extremely 

compromised fashion.  

 There were two possibilities that account for these unique fiber patterns in siCdc6 and 

siATR co-treated RPE1 cells. Firstly, inhibition of ATR in Cdc6-depleted cells might have restored 

stalled fork progression at significantly reduced rates. Alternatively, inhibition of ATR in Cdc6-

depleted cells might have restored stalled fork progression with abnormal instability and/or fork 

collapse. To distinguish these possibilities, we labeled siCdc6 and siATR co-treated cells with 6-

fold longer pulses of CldU/IdU and analyzed resulting replicons. If the short replicons resulted 

from reduced fork progression rates, we anticipated that the resulting track labeling would be 

simply longer versions of the short-labeled replicons, incorporating both CldU and IdU. However, 

if the short replicons were the result of unstable/collapsing replicating structures, we anticipated 

that the resulting track labeling would be erratic, with asymmetrical nucleoside incorporation and 

particularly less incorporation of the second label. We observed long-labeled replicons that were 

longer versions of the short-labeled replicons in siCdc6 and siATR co-treated cells, with roughly 

equivalent incorporation of CldU and IdU, indicating that the shorter replicons detected in these 

cells were the result of restored fork progression at extremely reduced rates (Figure S5). 
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Figure III.3.S5. Short replicons induced by siATR co-treatment of Cdc6-depleted RPE1 or 
HeLa cells is the result of extremely slow fork progression. 
 
RPE1 or HeLa cells that were asynchronously co-treated with siCdc6 and siATR were labeled for 
1 hour with 10µM CldU, washed and labeled with 10µM IdU for an additional hour. DNA fibers 
were generated as described in Experimental Procedures. A representative field from each 
condition is shown as indicated.  
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Cancer cells do not mount ATR-checkpoint activation in response to pre-RC deficiency or 

completely inhibit DNA replication  

 To examine the differences in replication and checkpoint response to pre-RC deficit in 

cancer cells, we analyzed labeled DNA fibers from similarly siRNA-treated HeLa and HCT116 

cells. As shown in Figure 5 and S4, siLuc treated HeLa or HCT116 cells exhibited replicon 

distribution (~20% new firing origins and ~80% progressing forks) and median replicon lengths 

(~7-10 µm, ~18.2-26 Kb) similar to those of siLuc treated RPE1 cells. However, unlike RPE1 

cells, HeLa or HCT116 cells treated with siCdc6 did not completely inhibit DNA replication, 

displaying reduced labeled replicons that were predominantly progressing forks (~90%), 

consistent with our previously published results (194). Moreover, we observed a slight increase in 

overall replicon length (Figure 5B and S4B), indicating that replication fork speed was increased 

in these cells. This result was consistent with increased distance between firing origins due to 

inhibition of late origin firing by pre-RC depletion (194), which had been reported to induce 

increased progression rates of replication forks (207, 208). SiLuc and siATR co-treatment of 

HeLa or HCT116 cells increased new origin firing (~30%) and decreased progressing folks 

(~70%) with shorter replicon lengths, similar to RPE1 cells (Figure 4, 5 and S4). Co-treatment of 

siCdc6 and siATR in HeLa or HCT116 cells resulted in relatively increased labeled replicons, with 

distribution similar to siCdc6 treated cells (predominantly progressing forks ~90%). Furthermore, 

siCdc6 and siATR co-treatment in these cells induced shortening of replicon lengths (median 

replicon length >3 µm, ~7.8 Kb), although they were not as short as those observed in the RPE1 

cells. However, unlike RPE1 cells, siCdc6 and siATR treated HeLa or HCT116 cells exhibited 

additional longer replicons that were similar to those observed in siCdc6 treated cells. The 

persistence of longer replicons in siCdc6 alone or siCdc6 and siATR co-treated HeLa or HCT116 

cells and increases of labeled replicons with shorter lengths siCdc6 and siATR co-treated HeLa 

or HCT116 and indicated that DNA replication was partially but not completely inhibited during 

pre-RC deficiency in these cancer cells. Given the fact that we and others previously showed that 

depletion of pre-RC proteins in human cancer cells did not result in detectable activation of S-
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phase checkpoint response, such as Chk1 phosphorylation (194), our results indicated that, 

although some DNA replication activities were inhibited, cancer cells, unlike untransformed RPE1 

cells, did not fully mount S-phase checkpoint activation in response to pre-RC deficiency to 

completely inhibit DNA replication. However, like RPE1 cells, long CldU/IdU labeling experiments 

indicated that short fibers observed in siCdc6 and siATR treated HeLa or HCT116 cells were also 

the result of reduced fork progression rate (Figure S5). 
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Figure III.3.5. HeLa cancer cells do not mount ATR-checkpoint activation in response to 
pre-RC deficiency or completely inhibit DNA replication.  
 
(A) Dual labeled DNA fibers were generated for asynchronous HeLa cells treated with siLuc 
alone, siCdc6 alone, siLuc + siATR, or siCdc6 + siATR. Representative labeled replicons and 
their percent of total replicons for new firing origins (NFO) or progressing forks (PF) for each 
condition are shown. > 950 replicons from 3 independent experiments were counted for each 
condition. (B) Lengths of all counted replicons were measured by ImageJ (NIH), sorted into 
increasing 3µm-bins and plotted as % of total replicon histograms on Excel (Microsoft). (C) 
Histogram of increased bin resolution (0.5µm-bins) showing a more detailed length distribution of 
siCdc6 and siATR co-treated HeLa cells.  
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Figure III.3.S4. HCT116 cancer cells do not mount ATR-checkpoint activation in response 
to pre-RC deficiency or completely inhibit DNA replication.  
 
 
(A) Dual labeled DNA fibers were generated for asynchronously siLuc alone, siCdc6 alone, siLuc 
+ siATR, or siCdc6 + siATR treated HCT116 cells. Representative labeled replicons and their 
percent of total replicons for new firing origins (NFO) or progressing forks (PF) for each condition 
are shown. At least 450 replicons from 3 independent experiments were counted for each 
condition. (B) Lengths of all counted replicons were measured by ImageJ (NIH), sorted into 
increasing 3µm-bins and plotted as % of total replicon histograms on Excel (Microsoft). (C) 
Histogram of increased bin resolution (1 bin = 0.5µm) showing a more detailed length distribution 
of siCdc6 and siATR treated HCT116 cells.  
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Effects on localization of heterochromatin protein, HP1α, and low dose treatment of DNA 

replication inhibitor, aphidicolin (APH), in pre-RC deficient RPE1 and cancer cells 

 To ascertain why untransformed, but not cancer cells, activated ATR-checkpoint 

response to pre-RC deficiency to completely inhibit DNA replication, we explored possible 

mechanism(s) by which pre-RC depletion could activate the S-phase checkpoint. We first 

examined why inhibition of ATR in siCdc6 treated cells resulted in restoration of DNA replication 

with significantly reduced fork progression rates. Two possibilities could account for reduced fork 

progression rates in Cdc6-depleted cells. One was that ATR might be directly involved in 

regulating fork progression speed and that siATR co-treatment would therefore reduce fork 

speed. However, this was unlikely since siLuc and siATR co-treated RPE1, HeLa or HCT116 

cells did not display a dramatic reduction fork speed compared to siCdc6 and siATR co-treated 

cells. Alternatively, chromatin structural changes induced by the abnormal replicating forks 

resulting from abrogated origin firing by pre-RC depletion might impede fork progression, 

reducing fork speeds. Altered chromatin structure resulting from perturbed pre-RC components, 

such as Orc2, was previously reported (56). To test if Cdc6-depletion resulted in altered 

chromatin structure, we examined localization of heterochromatin protein 1 α-subunit (HP1α), a 

chromatin structural marker, and methylation of histone H3 on lysine 9 (MeK9), which is required 

for HP1α binding to heterochromatin (209), in siLuc or siCdc6 co-treated RPE1, HeLa or HCT116 

cells using immunofluorescence analysis. As shown in Figure 6A, RPE1 cells treated with siLuc 

showed prominent, bright HP1α foci and speckled MeK9 staining patterns. In contrast, RPE1 

cells treated with siCdc6 displayed a marked reduction of HP1α foci staining, whereas MeK9 

staining remained unchanged in these cells. Similar results were also observed in cancer HeLa or 

HCT116 cells (Figure 6A and S6A). Thus, these results indicated that Cdc6 depletion in RPE1, 

HeLa or HCT116 cells resulted in chromatin structural alteration, which abrogated HP1 

localization, but not the modification of histone H3 required for HP1 heterochromatin association.   

 Despite global chromatin structure alteration (abnormal HP1 localization) in both 

untransformed and cancer cells upon pre-RC deficiency, why only RPE1 cells, but not HeLa or 
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HCT116 cells, mounted ATR checkpoint response and completely inhibited DNA replication 

remained unclear. Previous studies showed that, when compared to untransformed cells, cancer 

cells displayed relatively elevated high tolerance for DNA replication stress or damage (210, 211). 

To test whether elevated tolerance for abnormal replication structures/stress caused the lack of 

ATR checkpoint response to Cdc6 deficiency in cancer cells, we artificially raised replication 

stress levels by addition of 1 µM of DNA replication inhibitor, aphidicolin, a low dose that was 

shown to slow fork progression without triggering checkpoint activation (198), in siLuc or siCdc6 

treated RPE1, HeLa or HCT116 cells. Immunofluorescence analysis of checkpoint response and 

replication-dependent DNA damage marker, γ-H2AX (212), showed that neither siLuc nor siCdc6 

treated RPE1 cells exhibited upregulation of γ-H2AX alone, or in the additional presence of 

aphidicolin since DNA replication was inhibited in siCdc6 treated RPE1 cells (Figure 6B). Addition 

of aphidicolin to siLuc-treated HeLa or HCT116 did not induce γ-H2AX (Figure 6B and S6B). 

However, co-treatment of siCdc6 and aphidicolin robustly induced γ-H2AX, indicating that the 

increased replication stress induced by low-dose aphidicolin synergistically triggered S-phase 

checkpoint activation and response in Cdc6 depleted cancer cells (Figure 6C and S6C). Taken 

together, these results demonstrated that by inhibiting origin firing and elongating replication 

forks, pre-RC deficiency induced chromatin structural changes that were sufficient to fully mount 

checkpoint activation in untransformed cells, but that were insufficient to breach the elevated 

DNA damage/stress tolerance thresholds of cancer cells to activate crucial checkpoint response. 
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Figure III.3.6. Pre-RC deficiency alters HP1 localization and triggers ATR-checkpoint 
activation in HeLa cancer cells in the presence of aphidicolin. 
 
Asynchronously coverslip-grown RPE1 cells or HeLa cells were: (A) treated for 48 h with 
indicated siRNA, or (B), for 48 h with indicated siRNA and 4 h further in the presence or absence 
of 1 µm aphidicolin (APH), fixed and immunostained with indicated antibodies and 4,6-diamidino-
2-phenylindole (DAPI, DNA). (C) Cells treated as in A and B were subject to immunoblot analysis 
with indicated antibodies.  
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Figure III.3.S6. Pre-RC deficiency alters HP1 localization and triggers ATR-checkpoint 
activation in HCT116 cancer cells in the presence of aphidicolin. 
 
Asynchronously coverslip-grown HCT116 cells were: (A) treated for 48 h with indicated siRNA, or 
(B), for 48 h with indicated siRNA and 4 h further in the presence or absence of 1 µm aphidicolin 
(APH), fixed and immunostained with indicated antibodies and 4,6-diamidino-2-phenylindole 
(DAPI, DNA). (C) Cells treated as in A and B were subject to immunoblot analysis with indicated 
antibodies.  
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3.2.D. Discussion 

 

DISCUSSION 

 We have investigated pre-RC deficiency and checkpoint response in untransformed and 

cancer mammalian cells. Our results show that depletion of pre-RC component, Cdc6 (or Orc2), 

results in two distinct outcomes: G1 arrest or S-phase delay. The G1 arrest is observed in both 

untransformed and cancer cells. This arrest is ATR-independent and likely the result of 

sufficiently abrogated pre-RC assembly in G1 and/or activated G1-checkpoint as previously 

described (Figure 2) (163, 194). We identify a major discrepancy of S-phase response to pre-RC 

deficiency between untransformed and cancer cells. We show that in untransformed cells, S-

phase pre-RC protein deficiency inhibits new origin firing and perturbs DNA replication, resulting 

in activation of the S-phase ATR-dependent checkpoint. The activated ATR-checkpoint inhibits all 

DNA replication activity including progressing forks, arresting cells at late S phase. Abrogation of 

the ATR-checkpoint restores replication fork progression but at extremely reduced rates. We 

demonstrate that pre-RC deficiency alters chromatin structure downstream of histone methylation 

(HP1α localization). Thus, abnormal DNA replication induced by pre-RC deficiency causes 

alterations of chromatin structure that sufficiently mount ATR-checkpoint activation, blocking S-

phase cell cycle progression. In contrast, pre-RC deficiency in S-phase cancer cells does not 

activate the S-phase ATR-dependent checkpoint or arrest cell cycle progression, ultimately 

resulting in cell death. Although pre-RC deficient cancer cells display inhibition of new origin 

firing, abnormal replication fork progression and chromatin structural alterations, our results 

reveal that these cells do not activate ATR-dependent checkpoint response because they exhibit 

elevated DNA damage/stress tolerance thresholds. However, cancer cell checkpoint response 

can be triggered if basal stress levels are increased by low-dose DNA replication inhibitor, 

aphidicolin. Hence, lack of S-phase checkpoint activation, together with abnormal DNA replication 

and cell cycle progression in pre-RC deficient cancer cells is the cause of cell death as we 

reported previously (194). 
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 Pre-RC proteins have long been proposed to play critical roles in checkpoint response. It 

has been shown that overexpression of pre-RC components, such as Cdt1 and/or Cdc6, induces 

checkpoint activation whereas pre-RC deficiency compromises checkpoint response (61, 77, 

161). Recently, studies demonstrated direct interaction between pre-RC proteins and checkpoint 

proteins, suggesting that pre-RC proteins may function as chromatin anchors for checkpoint 

proteins for S-phase checkpoint activation and/or serve as crucial downstream targets of the S-

phase checkpoint to block DNA replication (143-146). However, our observations of activation of 

the ATR-checkpoint, such as phosphorylation of Chk1 and RPA32, in pre-RC deficient 

untransformed human cells indicate that checkpoint proteins interaction with individual pre-RC 

proteins might not be directly involved in regulating ATR-checkpoint activation and signaling. 

Instead, our results show that checkpoint activation depends on the altered chromatin structures 

that result from pre-RC deficiency. These results indicate that perturbation of chromatin structure 

by abnormal DNA replication during pre-RC deficiency is the critical event for S-phase checkpoint 

activation. Consistent with our findings, chromatin alterations have recently been shown to play a 

critical role for ATR-checkpoint activation, as deregulation of DNA licensing and alteration of 

chromatin structure, such as changes of HP1 localization, activate S-phase checkpoint signaling 

cascade (56, 164, 174, 198, 213). Similar chromatin structural alterations were also observed in 

Orc2 depletion or carcinogen/replication inhibitor studies, where inhibition of new origin firing, 

replication/chromatin structural alterations, checkpoint activation and reduced replication rates 

were reported (56). Taken together, our results indicate that abnormal replication/chromatin 

structures induced by perturbation of pre-RC function in S-phase play a critical role for S-phase 

checkpoint activation, blocking S-phase cell cycle progression.  

 Although pre-RC deficiency in cancer cells results in inhibition of new origin firing, 

perturbation of DNA replication and alteration of chromatin structure, pre-RC deficient cells fail to 

activate the ATR-dependent S-phase checkpoint. We show that lack of S-phase checkpoint 

response is mainly due to elevated DNA replication stress/damage response thresholds in cancer 

cells. Previous studies reported that cancer cells displayed increased DNA damage tolerance, as 
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well as abnormal replication and chromatin structural alterations. (210, 211). During 

tumorigenesis, early cancerous lesions have been shown to exhibit activated DNA replication 

checkpoint proteins that comprise an anti-cancer barrier that induces growth arrest or cell death, 

thereby constraining tumor progression. However, through clonal selection, malignant cells within 

the lesions overcome the checkpoint control either by defects in DNA damage checkpoint 

response components (such as ATR, ATM, Chk1, Chk2 or p53) or by compromised checkpoint 

response sensitivities. Our results are consistent with these findings, indicating that elevated DNA 

damage/stress tolerance thresholds in cancer cells account for the lack of ATR-dependent S-

phase checkpoint activation and cell cycle block in response to the aberrant replication structures 

generated during pre-RC deficiency. 

 Recently, studies also revealed other aspects of the S-phase replication checkpoint, such 

as replication fork pausing. In both yeast and certain “normal” mammalian cell types, after 

abundant origin firing in early S-phase, resulting replication forks “pause” before resumption later 

in S-phase (214, 215). This pause-and-release mechanism is not evident in transformed cells, 

and the additional loss of this regulation may account for the lack of S-phase checkpoint 

response to pre-RC deficiency in cancer cells. The deregulation of DNA replication checkpoints in 

early oncogenesis may be attributed to changes in pre-RC proteins themselves. For instance, 

upregulation of Cdc6 results in the specific methylation and silencing of tumor suppressors in 

premalignant lesions (80, 216). Consistent with altered chromatin structure induced by pre-RC 

deficiency, the deregulation of pre-RC proteins might contribute to transcriptional alteration of 

tumor suppressors or oncogenes. Defects in or loss of p16INK4A, or deregulated cyclin D1 or E 

have been demonstrated to result in abnormally long replication structures and attenuated DNA 

damage response (211, 217), similar to the consequences of pre-RC deficiency that we observed 

in this study. The notion that pre-RC deregulation directly promotes early pro-oncogenic events, 

such as breach of the DNA damage response barrier, is consistent with the fact that pre-RC 

proteins are frequently deregulated in a multitude of tumor types and can recapitulate tumor 

phenotypes when similarly perturbed in vitro (158). 
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Figure III.3.7. Schematic of cell cycle response to pre-RC depletion in untransformed cells. 
 
Schematic of cell cycle response to pre-RC depletion is shown (for details, see text) 
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 In summary, our study demonstrates that untransformed and cancer cells exhibit 

differential checkpoint response to pre-RC perturbation. Under normal conditions, proper balance 

of pre-RC proteins and pre-RC assembly provides appropriate distribution of new firing origins 

and replicating forks of proper size that ensures efficient genome duplication and unperturbed cell 

cycle progression (Figure 7A). In both cancer and untransformed cells, pre-RC deficiency in early 

G1 can result in complete abrogation of origin licensing that inhibits DNA replication and cell cycle 

progression, blocking cells into G1 (Figure 7B). However, partial pre-RC deficiency in G1 or 

depletion of pre-RC proteins in S-phase reduces pre-RC assembly and/or pre-RC function, thus 

suppressing S-phase origin firing. This reduction of S-phase origin firing results in abnormal 

elongation of existing progressing forks, inducing altered chromatin structure. The aberrant 

replication structures are sufficient to activate the ATR-checkpoint response in untransformed 

cells, halting DNA replication (Figure 7C). In contrast, cancer cells, which exhibit elevated 

tolerance for replication stress and abnormal structures, do not activate the ATR-checkpoint 

despite generating abnormal chromatin structures, and only partially inhibit replication, permitting 

ongoing progressing forks. Thus the major discrepancy in cancer vs. untransformed cellular 

response to pre-RC deficit is the sensitivity and enforcement of checkpoint inhibition of 

replication. This lack of sensitivity and checkpoint response in cancer cells represents an 

important disparity of lethal consequence between cancer and untransformed cells. Therefore, 

targeting of pre-RC proteins might hold cancer-specific therapeutic potential in the future.  

 



99 

 

3.2.E.  Experimental Procedures 

 

Cell Culture, synchronization, transfection and drug treatment 

 14F dermal fibroblasts, A549, HCT116, HeLa, and MDA-MB-231 cells were cultured in 

DMEM media containing 10% fetal calf serum (FCS) and RPE1 cells were cultured in DMEM:F-

12 (1:1) containing 10% FCS and 1.2g/L sodium bicarbonate. All cells were culture at 370C in 5% 

CO2. RPE1 cells were synchronized to G0 by incubation in serum-free media for 72-96 h, and 

released into the cell cycle by addition of media containing 10% FCS. SiRNA transfection was 

conducted using either Oligofectamine (for A549, HCT116, HeLa and MDA-MB-231 cells) or 

Lipofectamine 2000 (for 14F and RPE1 cells) according to manufacturer’s protocol (Invitrogen). 

Caffeine treatment consisted of addition of 2.5mM caffeine to cell culture media for indicated 

incubation times. Aphidicolin treatment consisted of addition of 1µM to cell culture media for 

indicated times. 

 

siRNA synthesis and antibodies  

 Heterogeneous, pooled endonuclease-prepared siRNAs targeted for Luciferase (siLuc: 

coding region 538-983bp), Cdc6 (siCdc6: coding region 842-1252bp) or Orc2 (siOrc2: coding 

region 100-501bp) were synthesized as previously described (194). ATR-targeted siRNA, anti-

ATR, anti-MCM, anti-Cdc6, anti-cyclin D1, anti-cyclin E were previously described (67, 193, 194, 

218). Anti-Orc2, anti-GAPDH, anti-pS317-Chk1, anti-BrdU, anti-CldU, anti-Idu and anti-pS33 

RPA32 antibodies were purchased from Oncogene Research (Calbiochem, San Diego, CA, 

USA), Abcam (Cambridge, MA, USA). Cell Signaling Technology Inc. (Danvers, MA, USA), 

Sigma-Aldrich (St Louis, MO, USA), Molecular Probes (Carlsbad, CA, USA), CellTech (UCB, 

Brussels, Belgium) and Bethyl Laboratories (Montgomery, TX, USA), respectively. All secondary 

antibodies were purchased from Southern Biotech (Birmingham, AL, USA) and Jackson Immuno-

Research Laboratories (Westgrove, PA, USA).  
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FACS Analysis 

 Cells were harvested by trypsin-EDTA and fixed in 70% ethanol/30% 1XPBS for at least 

1h at -200C. After fixation, cells were washed once in 1XPBS, resuspended and incubated in PI 

staining buffer (60µg/ml propidium iodide (PI)/0.1mg/ml RNAseA) for 45 minutes at room 

temperature. Flow cytometry was conducted on a Becton Dickinson FACSort, analyzed by CELL 

Quest Ver. 3.3 (Becton Dickinson), and processed by FlowJo Ver. 6.4.7 (Tree Star).  

 

Subcellular Fractionation 

 Subcellular fractionation was generally performed as previously described (Cook et al., 

2002). Briefly, cells were harvested by trypsinization, washed once with cold 1X PBS and then 

swelled for 2 minutes on ice in hypotonic cytoskeletal extraction (CSK: 10mM PIPES, pH 7.0, 

100mM NaCl, 300mM Sucrose, 3mM MgCl2, 1mM EGTA) buffer, without Triton X-100, 

supplemented with 1X leupeptin and aprotinin, 1X microcystin, and 100µM phenymethylsulfonyl 

fluoride (PMSF). After centrifugation (600g at 40C), supernatants were discarded and cells were 

incubated on ice in CSK buffer supplemented with 0.5% Triton-X100 with protease and 

phosphatase inhibitors for 20 min. The chromatin fraction (pellet) was separated from soluble 

fraction (supernatant) by centrifugation (16,000g at 40C). After washing with 0.5% Triton-X100 

CSK buffer, the chromatin pellet was resuspended in 0.5% Triton X-100 CSK buffer by vortexing 

and sonication for 2 min, followed by treatment with 1:100 volume of DNase I (Roche) for 20 

minutes on ice, and subsequently with an additional 150mM NaCl. 5X SDS sample buffer was 

added to each lysates, which were resolved by SDS-PAGE. For visualization of phosphorylated 

chromatin-bound RPA32, a modified fractionation method was employed per recommendation 

from Dr. James Boroweic, Ph.D. (Department of Biochemistry, NYU Medical Center). Cells were 

harvested by trypsinization, washed with 1X PBS, and incubated for 5 minutes on ice in CSK 

buffer supplemented with 0.1% Triton X-100, 1X leupeptin and aprotinin, 1X microcystin, and 

100µM phenymethylsulfonyl fluoride (PMSF). Cells were subjected to low speed (1,300g) cold 

centrifugation for 5 minutes. The supernatant was then separated from the nuclei pellet, which 
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was washed once with CSK buffer, and lysed in “solution B” (3 mM EDTA, 0.2 mM EGTA, 1 mM 

DTT, plus protease and phosphatase inhibitors). Chromatin-bound protein were again isolated by 

high speed (16,000g) cold centrifugation for 20 minutes, and protein pellets were resuspended in 

0.1% Triton X-100 CSK buffer by vortex and cold sonication for 5 minutes. Resuspended protein 

was further treated for 15 minutes with 1:100 volume of DNAse I, and subsequently 

supplemented with an additional 150mM NaCl. 5X SDS sample buffer was again added to every 

sample, and samples were resolved by SDS-PAGE. 

 

Immunoblotting and Immunostaining Analysis 

 For whole-cell lysate immunoblotting analysis, cells were collected by trypsinization, and 

were subsequently lysed in 1% NP-40 buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 40 mM 

glycerol 2-phosphate, 10 mM NaF, 100 µM MgCl2, 1% NP-40, and 10% glycerol) supplemented 

with 1X leupeptin and aprotinin, 1X microcystin, and 100µM phenymethylsulfonyl fluoride 

(PMSF). Lysates were vigorously vortexed, incubated with 1:100 volume of DNAse I on ice for 20 

minutes, mixed with 5X SDS sample buffer, and resolved on 10% SDS polyacrylamide gels. 

Visualization of ATR required employment of 6-15% gradient SDS-PAGE. Gels were wet 

transferred onto PVDF membranes and immunoblotted with antibodies as indicated.  

 For immunofluorescence analysis, all cells were grown overnight on coverslips that were 

coated with poly-lysine (except for RPE1 cells, which did not require poly-lysine). After indicated 

treatment(s), cells on coverslips were centrifuged at 500g and gently washed with 0% Triton X-

100 CSK buffer plus protease and phosphatase inhibitors, and subsequently extracted of 

cytosolic protein by incubation in 0.4% Triton X-100 CSK buffer with protease and phosphatase 

inhibitors for 5 minutes. Coverslips were washed once more with 0% CSK buffer (with protease 

and phosphatase inhibitors), and immediately fixed in 4% formaldehyde and 2% sucrose in 1X 

PBS for 20 minutes. After a 1X PBS wash and a standing 5 minute soak in 0.1M glycine in 1X 

PBS, coverslips were permeabilized in 1X PBS containing 0.2% Triton-X 100 and 8% BSA, and 

immunostained with indicated antibodies as previously described (Zhu and Jiang, 2005). For 
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visualization of BrdU incorporation, pre-treatment with 1:100 volume of DNAse I (Roche) in 

immunostaining buffer at 370C after the permeabilization step was required. 

 

DNA Fiber Synthesis 

 Double labeling and generation of DNA fibers were performed similarly to previously 

described methods (136, 138, 142). Asynchronous siRNA-treated cells were pulse-labeled 

sequentially with 10 µM CldU for 10 minutes, standing washed for 5 minutes with normal media, 

then labeled with 10µM IdU for an additional 10 minutes. After a subsequent wash with 1X PBS, 

cells were collected by trypsinization and resuspended in 1X PBS to a final concentration of 250 

cells/µl. A total of 625 cells were lysed per glass slide with 7.5 ml spreading buffer (0.5% SDS in 

200mM Tris–HCl, pH 7.5, 50mM EDTA). Slides were incubated for 9.5 minutes and then tilted to 

150 relative to the benchtop, and mobilized chromatin was allowed to run down the slide until dry. 

A diamond pencil was used to etch the boundary of spread chromatin. After ~ 30 minutes of 

drying at room temperature, slides were fixed in methanol/acetic acid (1:3) and refrigerated 

overnight. Slides were then stained with anti-CldU and anti-IdU antibodies as described (136, 

138, 142). Imaging was carried out by 63X oil lens on a Leica DMIRE2 fluorescent microscope 

using Simple PCI software. Quantitation of different replicon types was conducted by manual 

counting of labeling patterns. Quantitation of replicon lengths was conducted using the Line 

Measurement tool of ImageJ (NIH). Raw ImageJ values were imported into Excel (Microsoft) and 

converted to µm by using the 63X µm-calibrated equation for our fluorescent microscope: ([Image 

J value]+0.0095)/1.3477)X10). Replicon lengths were manually sorted into µm-defined bins and 

histograms were generated. Three independent experiments were conducted per condition, with 

a final count of at least 950 replicons per condition 
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