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ABSTRACT
This study examines the abundance of the major protein constituents of the pre-replication complex (pre-RC), both genome-wide and in

association with specific replication origins, namely the lamin B2, c-myc, 20mer1, and 20mer2 origins. Several pre-RC protein components,

namely ORC1-6, Cdc6, Cdt1, MCM4, MCM7, as well as additional replication proteins, such as Ku70/86, 14-3-3, Cdc45, and PCNA, were

comparatively and quantitatively analyzed in both transformed and normal cells. The results show that these proteins are overexpressed and

more abundantly bound to chromatin in the transformed compared to normal cells. Interestingly, the 20mer1, 20mer2, and c-myc origins

exhibited a two- to threefold greater origin activity and a two- to threefold greater in vivo association of the pre-RC proteins with these origins

in the transformed cells, whereas the origin associated with the housekeeping lamin B2 gene exhibited both similar levels of activity and in

vivo association of these pre-RC proteins in both cell types. Overall, the results indicate that cellular transformation is associated with an

overexpression and increased chromatin association of the pre-RC proteins. This study is significant, because it represents the most systematic

comprehensive analysis done to date, using multiple replication proteins and different replication origins in both normal and transformed cell

lines. J. Cell. Biochem. 113: 1333–1347, 2012. � 2011 Wiley Periodicals, Inc.
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O rigins of DNA replication are specific sites within initiation

zones in the genome at which replication is initiated due

to the coordinated binding and highly controlled activation of the

pre-replication complex (pre-RC) proteins [Bell and Dutta, 2002].

It is estimated that there are approximately 104 to 106 replicons

per mammalian cell, each containing one functional origin of

DNA replication with the replicon size varying from 10 to 300 kb,

depending on the stage of development, growth conditions, or cell

transformation status [Edenberg and Huberman, 1975; Hand, 1978;

Anglana et al., 2003]. Chromosomal DNA replication is a highly

regulated process both spatially and temporally, ensuring that the

genome is replicated only once per cell cycle [Machida et al., 2005].

In any given S phase, DNA replication initiates at multiple origins

across the genome, whose activation depends on the assembly and

activation of pre-RCs [reviewed in Sclafani and Holzen, 2007].

Interference with the control mechanisms that maintain this process

results in detrimental gains and losses of genomic DNA frequently

seen in cancer [Lau et al., 2007]. In order to understand how DNA

replication is regulated in normal cells and how it may become

deregulated in transformed cells, the distinguishing features

between replication origins and the proteins that interact with

them in normal and transformed cells must be determined.

Cellular transformation alters the regulation of origin activation,

resulting in replicons being approximately half the size of those

observed in normal cells [Martin and Oppenheim, 1977; Oppenheim

and Martin, 1978], suggesting that there are dormant (inactive)

origins which are activated in transformed cells. Consistent with

more origins being activated, transformed cells displayed a 2- to

10-fold increase of single strand nuclease sensitive regions [Collins

et al., 1982]. Furthermore, transformed cells exhibited asynchronous

replication timing of homologous loci relative to their normal

counterparts [Amiel et al., 1998], in correlation with the observation

that throughout S phase progression, there is a differential

chromatin organization and rearrangements among normal and

transformed cells [de Campos Vidal et al., 1998; Mello et al., 2007].

There are some discrepancies regarding the organization of DNA

replication sites, with some studies reporting fundamental differ-

ences between normal and transformed cells [Kennedy et al., 2000;

Frum et al., 2009] and others not [Dimitrova and Berezney, 2002;

Panning and Gilbert, 2005]. In either case, the parameters governing
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replication kinetics are conserved between normal and transformed

cells, as both cell types exhibit a heterogeneity in replication fork

velocity, with a mean fork velocity of 1–2 kb/min [Conti et al., 2007;

Frum et al., 2009]. Interestingly, in early S phase, replication forks of

normal cells pause at 9–35 kb from newly initiated origins before

resuming DNA synthesis, but no such pausing was observed in

transformed cells [Frum et al., 2008]. Transformed cells have been

found to produce replication signals 2.5 times greater than normal

cells, consistent with low-level re-replication in otherwise unper-

turbed cell cycles [Dorn et al., 2009], in agreement with previous

studies, describing an approximate twofold increase of initiation

sites in transformed compared to normal cells [Martin and

Oppenheim, 1977; Oppenheim and Martin, 1978]. The low-level

re-replication observed in transformed cells may account for the

differential origin usage observed between normal and transformed

cells, such as the twofold increase of origin activity in transformed

compared to normal cells, at the NOA3 [Tao et al., 1997], c-myc [Tao

et al., 2000; Tao et al., 2001], 20mer1-6 [Di Paola et al., 2006], and

the clone 3, 13, and 32 chromosomal origins [Di Paola et al., 2010].

Transformed cells also exhibited a polarity or position change of

replication initiation compared to normal cells [Itoh-Lindstrom and

Leffak, 1994], as was detected in a 5 kb region encompassing the

ARSH1 locus; normal skin fibroblast (NSF) cells exhibited two

prominent replication initiation sites, whereas HeLa cells contained

multiple replication initiation sites within the same region [Hu et al.,

2004a]. Similar findings were detected in close proximity to the

putative ribulose-5-phosphate 3-epimerase gene, with NSF and

normal breast epithelial cells (MCF10) exhibiting one prominent

initiation site, unlike HeLa cells, which exhibited a diffuse pattern of

initiation within the same region [Hu et al., 2004b]. It was recently

reported that normal cells exhibited a site-specific pattern of origin

activity, in contrast to a broader zonal pattern observed in cancer

cells along a 78 kb region of human chromosome 2q34 [Valenzuela

et al., 2011]; the same study also revealed that the number of

activated origins in cancer cells is statistically larger than that

obtained in normal cells, suggesting that the flexibility of origin

usage is significantly increased in cancer cells compared to their

normal counterparts [Valenzuela et al., 2011]. However, some

origins exhibit similar initiation activity in both normal and

transformed cells, such as the lamin B2 origin [Kumar et al., 1996],

the b-globin origin, the 343 origin and the S14 origin [Tao et al.,

1997], as well as the origin within the promoter region of the human

FMR1 gene [Gray et al., 2007]. Overall, three patterns of origin

activity emerge, when comparing transformed and normal cells:

(1) equal activity in transformed and normal cells, (2) increased

activity in transformed cells, or (3) activity solely in transformed

cells.

Few studies have analyzed comparatively the origin activity

profiles of normal and transformed cells and even fewer have

examined the in vivo association profiles of pre-RC proteins with

origins in the two cell types. An overexpression of ORC subunits and

increased ORC-chromatin association has been shown in trans-

formed mammalian cells [McNairn and Gilbert, 2005]. Furthermore,

chromosomal loci containing the clone 3, 13, and 32 origins were

observed to have a two- to threefold higher origin activity as well as

in vivo association of ORC2, Cdc6, and Cdt1 in transformed

compared to normal cells [Di Paola et al., 2010]. These findings

indicated that transformed cells have an increased expression and

chromatin bound level of pre-RC proteins, extending the apparent

connection between cellular transformation and deregulation of

pre-RC proteins, in addition to all the downstream pathways they

affect [Lau and Jiang, 2006; Dutta, 2007; Lau et al., 2007; Lau et al.,

2009].

This is the first study that examines in detail, the fundamental

differences regarding the expression, global-chromatin-bound

(genome-wide) and local-chromatin-bound (on specific replication

origins) levels of the major members of the pre-RC between normal

and transformed cells. We have comparatively and quantitatively

analyzed several replication proteins involved in the initiation

and elongation of DNA replication in both transformed and

normal cells and found them to be overexpressed and have an

increased chromatin association in the transformed cells. Four

origin-containing regions were examined by in situ chromosomal

DNA replication assays, three of which exhibited increased activity

in transformed cells and one exhibited equal activity in both

transformed and normal cells. No example of a transformation

specific origin was used, because, although postulated on a global

scale [Martin and Oppenheim, 1977; Oppenheim and Martin, 1978],

no such origin has been locally mapped and, therefore, due to

lack of sequence information, no primer sets could be designed for

quantification purposes in this study. Furthermore, chromatin

immunoprecipitation (ChIP) assays showed that these proteins are

differentially bound to replication origins in the two cell types,

correlating with their level of activity.

MATERIALS AND METHODS

CELL CULTURE AND FACS ANALYSIS

HeLa, NSF (primary normal skin fibroblasts), WI38 (human lung

embryo fibroblasts), and WI38 VA13 2RA (WI38 transformed with

SV40 virus) cells were acquired from American Type Culture

Collection (Manassas, VA) and cultured in a-minimal essential

medium supplemented with penicillin (100 g/ml), streptomycin

(100 g/ml), 1mM L-glutamine, tylosin (8 g/ml), and 10% (v/v) fetal

bovine serum. When the cells reached 30–50% confluence, they

were harvested for the isolation of nascent DNA, while upon

reaching 60–80% confluence, they were harvested for isolation of

chromatin immunoprecipitated DNA, and upon reaching 100%

confluence, they were serum-starved for 48–72 h and harvested for

the isolation of genomic DNA. For flow cytometry analysis, cells

were washed twice in ice-cold phosphate-buffered saline (PBS), and

resuspended in Vindelov’s solution (3.4mM Tris, 75M propidium

iodide, 0.1% NP-40, 0.01M NaCl, 700U/L Rnase A), overnight

at 48C, then analyzed using a Beckman flow cytometer and the

CellQuest program.

ISOLATION OF GENOMIC DNA

Genomic DNA was isolated using the GenElute Mammalian

Genomic DNA Miniprep Kit (Sigma, Oakville, ON, Canada), as per

instructions of the manufacturer.
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ISOLATION OF NASCENT DNA

Nascent DNA was prepared using the l-exonuclease method, as

previously described [Tao et al., 2000, 2001], with the following

modifications: The l-exonuclease digested samples were heated at

1008C for 3min, then immediately subjected to electrophoresis on a

2% agarose gel. DNA was visualized by staining with 0.02% (w/v)

methylene blue (Sigma) and the origin-containing nascent DNA,

ranging between 350 and 1,000 bp in size was excised from the

gel, purified with the Sephaglas BandPrep Kit (GE Healthcare,

Piscataway, NJ), as per instructions of the manufacturer, and

resuspended in TE.

PREPARATION OF WHOLE CELL EXTRACTS (WCEs)

For the preparation of WCEs, the cells were harvested, washed twice

with ice-cold PBS and resuspended in 2� packed cell volume (pcv)

with high salt buffer (20mM HEPES–KOH, pH 7.9, 25% glycerol,

0.42M NaCl, 1.5mMMgCl2, 1% Triton X-100, 20mM EDTA, 50mM

DTT and complete protease inhibitor tablet [Roche Molecular

Biochemicals, Indianapolis, IN]). Following a 1-h incubation at 48C
in constant agitation, the cells were centrifuged at 14,000g, the

supernatant harvested and its protein concentration determined

using the Bradford Protein Assay (Bio-Rad, Hercules, CA).

CHROMATIN LOADING

Cell fractionation and preparation of the chromatin-enriched

fractions was performed as described in Tatsumi et al. [2000]. Cells

were harvested from 10-cm dishes into ice-cold PBS, centrifuged,

resuspended in 1ml of lysis buffer A (10mM HEPES–KOH, pH 7.9,

100mM NaCl, 300mM sucrose, 0.1% Triton X-100 and complete

protease inhibitor tablet [Roche Molecular Biochemicals]), and lysed

on ice for 10min. After centrifugation at 2,000g for 3min at 48C,
pellets were washed once more with ice-cold lysis buffer A and

resuspended in lysis buffer B (10mM HEPES–KOH, pH 7.9, 200mM

NaCl, 300mM sucrose, 0.1% Triton X-100, 5mM MgCl2 and

complete protease inhibitor tablet [Roche Molecular Biochemicals])

containing 1,000U of DNase I (Invitrogen). Following incubation at

258C for 30min, the chromatin-enriched fraction was isolated in the

supernatant after centrifugation at 2,500g for 5min at 48C.

IN VIVO CROSS-LINKING AND CHROMATIN FRAGMENTATION

Cells cultured in complete media were washed with pre-warmed PBS

and treated with 1% formaldehyde for 10min to crosslink proteins

and DNA in vivo [Sibani et al., 2005a]; they were then washed and

scraped into ice-cold PBS and resuspended in lysis buffer (50mM

HEPES–KOH pH 7.5, 140mM NaCl, 1% Triton X-100, 2mM EDTA)

supplemented with a complete protease inhibitor tablet (Roche

Molecular Biochemicals). Following passage through a 21G needle

three times, the nuclei were harvested, resuspended in one packed

nuclear volume of lysis buffer, and sonicated until DNA fragments

of less than 1 kb were obtained. Chromatin size was monitored by

electrophoresis. For cell counting, one untreated plate was scraped

into PBS and resuspended. The cells were then counted with a

hematocytometer, and this number was used to derive the total

number of treated cells. Also the concentrations of the extracts were

determined using the Bradford protein assay (BioRad, Hercules, CA)

in order to normalize samples across cell lines.

IMMUNOPRECIPITATION AND DNA ISOLATION

Immunoprecipitation (IP) was carried out as previously described

[Sibani et al., 2005a], with the following modifications: Briefly,

sheared chromatin lysates (500mg) were pre-cleared by incubation

with 50ml of protein A or protein G agarose (Roche Molecular

Biochemicals) to reduce background caused by non-specific

adsorption to the beads, incubated for 6 h with either 20mg

of anti-ORC1 (Santa Cruz, sc-28741), anti-ORC2 (Santa Cruz,

sc-32734)/(gift from Dr. Anindya Dutta), anti-ORC3 (Santa Cruz,

sc-23888)/(gift from Dr. Anindya Dutta), anti-ORC4 (Santa Cruz, sc-

20634)/(gift from Dr. Anindya Dutta), anti-ORC5 (Santa Cruz, sc-

20635), anti-ORC6 (Santa Cruz, sc-32735)/(gift from Dr. Anindya

Dutta), anti-Cdc6 (Santa Cruz, sc-8341), anti-Cdt1 (Santa Cruz, sc-

28262), anti-MCM4 (Santa Cruz, sc-9841), anti-MCM7 (Santa Cruz,

sc-9966), anti-Cdc45 (Santa Cruz, sc-20685), anti-PCNA (Santa

Cruz, sc-56), anti-Ku70 (Santa Cruz, sc-17789), anti-Ku86 (Santa

Cruz, sc-9034), anti-14-3-3 (Santa Cruz, sc-629), or normal rabbit

serum (NRS) at 48C with constant rotation. Protein A/G agarose

(50ml) was added and incubated overnight at 48C. The pelleted beads
were washed successively twice with 1ml of lysis buffer for 15min

each at 48C, followed by 1ml of WB1 (50mM Tris–HCl pH 7.5,

500mM NaCl, 0.1% NP-40, 0.05% sodium deoxycholate, complete

protease inhibitor tablet), 1ml ofWB2 (50mMTris–HCl pH 7.5, 0.1%

NP-40, 0.05% sodium deoxycholate, complete protease inhibitor

tablet) and 1ml of sterile TE. The beads were resuspended in 200ml

TE/1% SDS, incubated at room temperature (rt) for 15min and

centrifuged at 3,000 rpm for 1min at rt. Half of the supernatant was

then incubated overnight at 658C to reverse the crosslinks, followed

by 100mg of proteinase K at 558C for 2 h. The DNA was purified

using QIAquick PCR purification kit (Qiagen, Valencia, CA) and

eluted in 100ml TE. The remaining half of the supernatant was

boiled for 10min in SDS–PAGE loading buffer and subjected to

electrophoresis on a 5% stacking/8% separating SDS–PAGE gel for

Western blot analysis.

WESTERN BLOT ANALYSIS

Western blot analysis was carried out according to standard

protocols [Sambrook et al., 1989]. Briefly, the indicated amounts of

WCEs, chromatin-enriched fractions, and crosslinked immunopre-

cipitated samples mentioned above were resuspended in SDS

loading buffer (50mM Tris–HCl, pH 6.8, 100mMDTT, 2% SDS, 0.1%

bromophenol blue, 10% glycerol), boiled for 10min and loaded onto

a 5% stacking/8% separating SDS–PAGE gel. Following electro-

phoresis and transfer onto a PVDF membrane, the membrane was

immunoblotted with the indicated primary and corresponding HRP-

conjugated secondary antibodies. The following antibodies were

used: anti-ORC1 (Santa Cruz, sc-23887)/(gift from Dr. Bruce

Stillman), anti-ORC2 (Santa Cruz, sc-32734), anti-ORC3 (Santa

Cruz, sc-23888), anti-ORC4 (Santa Cruz, sc-20634), anti-ORC5

(Santa Cruz, sc-20635), anti-ORC6 (Santa Cruz, sc-32735), anti-

Cdc6 (Santa Cruz, sc-8341), anti-Cdt1 (Santa Cruz, sc-28262)/

(gift from Dr. Hideo Nishitani), anti-MCM4 (Santa Cruz, sc-9841),

anti-MCM7 (Santa Cruz, sc-9966), anti-Cdc45 (Santa Cruz, sc-

20685), anti-PCNA (Santa Cruz, sc-56), anti-Ku70 (Santa Cruz,

sc-17789), anti-Ku86 (Santa Cruz, sc-9034), anti-14-3-3 (Santa

Cruz, sc-629), anti-histone H3 (Millipore, 05-499), anti-tubulin
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(Sigma, T9026), and anti-actin (Sigma, A2066). Proteins were

visualized using the enhanced chemiluminescence kit according to

the manufacturer’s instructions (Amersham Biosciences, Arlington

Heights, IL).

REAL-TIME PCR QUANTIFICATION ANALYSES

PCRs were carried out in a total volume of 20ml with 5ml of

genomic, nascent, or immunoprecipitated DNA, using the Light-

Cycler (Roche Diagnostics), as previously described [Di Paola et al.,

2006, 2010]. The sequences and amplification conditions for all

primer sets are shown in Supplementary Table I. Genomic DNA (1, 2,

3, and 4 ng) from NSF cells was used to generate the standard curves

needed for quantification of the PCR products. A negative control

without template DNA was included with each set of reactions. PCR

products were also resolved on 2% agarose gels, visualized with

ethidium bromide, and photographed with an Eagle Eye apparatus

(Speed Light/BT Sciencetech-LT1000). No extraneous bands were

generated with any of the primer sets.

RESULTS

EXPRESSION AND CHROMATIN-BOUND LEVELS OF PRE-RC AND

REPLICATION PROTEINS IN TRANSFORMED AND NORMAL CELLS

FACS analysis was performed on asynchronously growing HeLa,

NSF, WI38, and WI38(SV40) cells in order to control for the

comparison of both expression and chromatin-bound levels of pre-

RC and replication proteins between normal (NSF and WI38) and

transformed (HeLa and WI38(SV40)) cell lines. The results show that

for both cell types, the cell distribution was the same in each phase of

the cell cycle (Fig. 1A,B).

To assess the expression levels of the various pre-RC proteins,

WCEs were prepared from asynchronously growing transformed and

normal cells, and were subjected to SDS–PAGE and immunoblotted

for ORC1-6, Cdc6, Cdt1, MCM4, MCM7, Cdc45, PCNA, Ku70, Ku86,

and 14-3-3. With the exception of 14-3-3, which exhibited similar

expression levels in both cell types, all the other proteins examined

were overexpressed in the transformed cells (Fig. 1C).

To examine whether the overexpression of the pre-RC proteins in

the transformed cells affected their association with chromatin,

chromatin-bound extracts were prepared from asynchronously

growing transformed and normal cells, and were subjected to SDS–

PAGE and immunoblotted for ORC1-6, Cdc6, Cdt1, MCM4, MCM7,

Cdc45, PCNA, Ku70, Ku86, and 14-3-3. Again, all these proteins

exhibited elevated chromatin association in the transformed cells,

mirroring their expression profile, with the exception of 14-3-3,

which exhibited similar levels of chromatin association in both cell

types (Fig. 1D).

The nuclear marker, histone H3, is present in both the WCEs and

the chromatin-bound extracts, whereas the cytoplasmic marker,

tubulin, is present in the WCEs but undetectable in chromatin-

bound extracts (Fig. 1C,D), as expected, indicating the fidelity of our

fractionation procedure.

Importantly, the changes in expression and chromatin bound

levels observed between HeLa and NSF cells were not due to cell type

but due to transformation, as the same results were obtained using

the isogenic pair of WI38 and WI38(SV40). Overall, these results

indicate that overexpression and increased chromatin association

of replication proteins is a feature of cellular transformation, in

agreement to what has been previously reported [McNairn and

Gilbert, 2005; Lau et al., 2007].

COPY NUMBER OF THE 20mer1, 20mer2, lamin B2, AND c-myc

CHROMOSOMAL LOCI IN TRANSFORMED AND NORMAL CELLS

In order to perform quantitative comparisons of replication origin

activity between the transformed and normal cells, the copy number

per haploid genome of all regions examined in this study was

assessed. For this, equal amounts of genomic DNA from both

transformed and normal cells was amplified by real-time PCR, using

primer sets denoted in Supplementary Table I, which target the

20mer1, 20mer2, lamin B2, and c-myc chromosomal loci. The copy

number per haploid genome for each chromosomal locus was

produced after normalization of the results by making NSF equal to

one copy per haploid genome. The 20mer1 (Supplementary Fig. 1A),

20mer2 (Supplementary Fig. 1B), lamin B2 (Supplementary Fig. 1C),

and c-myc (Supplementary Fig. 1D) chromosomal loci, encompass-

ing their respective replication origins, were present at one copy per

haploid genome in all cell lines.

ORIGIN ACTIVITIES AT THE CHROMOSOMAL LOCI OF 20mer1,

20mer2, lamin B2, AND c-myc IN TRANSFORMED

AND NORMAL CELLS

Confirmation of the presence of a single copy per haploid genome of

all chromosomal loci in all cell lines permitted measurement of the

in vivo origin activity by quantification of the nascent DNA

abundance at the chromosomal loci of 20mer1 (Fig. 2A), 20mer2

(Fig. 2B), lamin B2 (Fig. 2C), and c-myc (Fig. 2D) in the transformed

and normal cells. Nascent DNA abundance was measured at two

reference points for each region, an origin-containing sequence

(peak activity) and a non-origin-containing sequence (negative

control with background activity) located at least 4 kb away from

any of the origin regions. For the 20mer1 region, amplification of

primer set M20mer1, containing the origin sequence, ranged

between 10.4- and 29.1-fold more than amplification of primer set

20merC1 located �6 kb away, containing non-origin sequence; for

the 20mer2 region, amplification of primer set M20mer2, containing

the origin sequence, ranged between 10.2- and 29.9-fold more than

amplification of primer set 20merC2 located�6 kb away, containing

non-origin sequence; for the lamin B2 region, amplification of

primer set LB2, containing the origin sequence, ranged between

24.7- and 29.3-fold more than amplification of primer set LB2C1

located �4 kb away, containing non-origin sequence; and finally,

for the c-myc region, amplification of primer set Myc11, containing

the origin sequence, ranged between 10.7- and 24.3-fold more than

amplification of primer set Myc1 located �6 kb away, containing

non-origin sequence.

The nascent strand abundance across the chromosomal loci of

20mer1, 20mer2, lamin B2, and c-myc was determined in the same

preparation of short nascent DNA and normalized to that of an

internal reference, the lamin B2 locus, to control for the possibility

of a greater recovery of nascent DNA from the transformed cells

compared to the normal cells. Specifically, amplification of nascent
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Fig. 1. FACS and comparative analysis of the expression and chromatin-bound levels of ORC1-6, Cdc6, Cdt1, MCM4, MCM7, Cdc45, PCNA, 14-3-3, Ku70, and Ku86 in

transformed and normal cells. A: Asynchronous cultures of logarithmically growing cells (log) were harvested and stained with propidium iodide to monitor their cell cycle

distribution; a representative flow cytometric analysis collected from three individual experiments is shown for each of the following cell lines (HeLa, NSF, WI38, and

WI38(SV40)). B: Quantification of the percentage of cells present in each phase of the cell cycle (G1, S, and G2/M). Averages of three experiments performed in triplicate

and their standard deviations (in brackets) are shown. C: Expression levels and D: Chromatin bound levels of ORC1-6, Cdc6, Cdt1, MCM4, MCM7, Cdc45, PCNA, 14-3-3, Ku70,

and Ku86 in the two transformed (HeLa and WI38(SV40)) and two normal (NSF and WI38) cell lines. Twenty and forty mg of WCEs or chromatin-bound extracts were subjected

to SDS–PAGE, transferred onto PVDF membrane and probed with anti-ORC1-6, anti-Cdc6, anti-Cdt1, anti-MCM4, anti-MCM7, anti-Cdc45, anti-PCNA, anti-14-3-3,

anti-Ku70, and anti-Ku86 antibodies. Anti-actin was used as a loading control. Anti-histone H3, a nuclear marker, and anti-tubulin, a cytoplasmic marker, were used as quality

control for the chromatin-bound fraction to indicate the reliability of the fractionation procedure. The size (in kDa) of each protein detected by Western blot is indicated

next to its name.
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DNA with primer set LB2C1 (background activity compared to

lamin B2 peak region, primer set LB2) gave baseline values that were

used to normalize the results from all the nascent DNA preparations

of all cell lines, permitting comparison of data between different

preparations and different cell lines.

Histogram plots of the nascent DNA abundance measured at the

chromosomal loci of 20mer1 (Fig. 2A), 20mer2 (Fig. 2B), lamin B2

(Fig. 2C), and c-myc (Fig. 2D) in all the cell lines examined revealed

a greater than 10-fold increase of all origin containing compared

to non-origin containing regions (which exhibited background

levels, with less than 10% origin activity), indicating that all the

nascent DNA preparations were of good quality and confirmed

that the origin regions of each locus examined in all cell lines are

located at true sites of initiation of DNA replication [DePamphilis,

1997].

The results also show a two- to threefold higher origin activity

associated with the chromosomal loci of 20mer1 (Fig. 2A), 20mer2

(Fig. 2B), and c-myc (Fig. 2D) in the transformed versus the normal

cells, suggesting a transformation-related activation of these

origins. Use of the isogenic pair of WI38 and WI38(SV40) cells

again ruled out the possibility that the observed increased frequency

of initiation in the transformed cells might be due to cell type. In

contrast, the origin activity associated with the chromosomal locus

of lamin B2 was similar in both the transformed and normal cells

(Fig. 2C), suggesting that this origin, which lies within the

constitutively active housekeeping region of the genome that codes

for lamin B2, may adopt an open chromatin configuration, allowing

for similar origin activity in all cell lines examined regardless of cell

type or transformation status, as previously observed [Biamonti

et al., 1992; Kumar et al., 1996].

ABUNDANCE OF PRE-RC AND REPLICATION PROTEINS AT THE

CHROMOSOMAL LOCI OF THE 20mer1, 20mer2, lamin B2,

AND c-myc REPLICATION ORIGINS IN TRANSFORMED AND

NORMAL CELLS

The in vivo association of the pre-RC proteins ORC1-6, Cdc6, Cdt1,

MCM4, MCM7, and other replication proteins, such as Cdc45, PCNA,

Ku70, Ku86, and 14-3-3 with the chromosomal loci of the 20mer1,

20mer2, lamin B2, and c-myc replication origins was measured in

transformed and normal cells by quantification of chromatin

immunoprecipitated DNA corresponding to the origin regions

(M20mer1, M20mer2, LB2, and Myc11) compared to their respective

non-origin containing (control) regions (20merC1, 20merC2,

LB2C1, and Myc1) (Figs. 3–6A-D). The cell cycle distribution of

Fig. 2. Comparative analysis of the nascent DNA abundance at the 20mer1, 20mer2, lamin B2, and c-myc chromosomal loci in transformed and normal cells. Histogram plots

of the quantification by real-time PCR of nascent DNA abundance (ng) at the 20mer1 (A), 20mer2 (B), lamin B2 (C), and c-myc (D) chromosomal loci in the two transformed

(HeLa and WI38(SV40)) and two normal (NSF and WI38) cell lines. The location and sequence information of the primers used for the amplification of the origin-containing

regions (gray bars) and the non-origin-containing control regions (white bars) are as described in Supplementary Figure 1 and Supplementary Table I. The error bars represent

the average of at least two experiments performed in triplicate and 1 SD. Statistically significant differences (P< 0.05) between the transformed and normal cells in the

abundance of nascent DNA at the specified DNA regions are indicated with an asterisk.
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asynchronously growing cells from all cell lines was found to be the

same by FACS analysis (Fig. 1A,B), permitting the comparisons

between the transformed and normal cells. Equal amounts of cross-

linked chromatin extracts were immunoprecipitated with antibodies

against the above-mentioned proteins and an equivalent amount of

NRS as a negative control to give baseline values that were used to

normalize results from all ChIP preparations of all cell lines,

permitting comparison of data between different preparations and

different cell lines.

Histogram plots of the immunoprecipitated DNA abundance of

ORC1, ORC2, Cdc6, and Cdt1, measured at the chromosomal loci of

20mer1 (Fig. 3A), 20mer2 (Fig. 3B), lamin B2 (Fig. 3C), and c-myc

(Fig. 3D) in all the cell lines used showed an increased in vivo

association of these proteins with the origin compared to non-origin

sequences. The enrichment of ORC1, ORC2, Cdc6, and Cdt1 at the

20mer1 origin varied from 6.1- to 17.1-fold over NRS for the

transformed cells and from 3.0- to 8.1-fold over NRS for the normal

cells, while it was 6.4- to 13.7-fold greater than the non-origin

containing sequence for the transformed cells and 2.9- to 5.5-fold

greater than the non-origin containing sequence for the normal cells

(Fig. 3A). Their enrichment at the 20mer2 origin varied from 6.5- to

19.6-fold over NRS for the transformed cells and from 3.1- to

8.1-fold over NRS for the normal cells, while it was 6.7- to 16.2-fold

greater than the non-origin containing sequence for the transformed

Fig. 3. In vivo association of ORC1, ORC2, Cdc6, and Cdt1 at the 20mer1, 20mer2, lamin B2, and c-myc chromosomal loci in transformed and normal cells. Histogram plots of

the quantification by real-time PCR of immunoprecipitated DNA abundance (ng) at the 20mer1 (A), 20mer2 (B), lamin B2 (C), and c-myc (D) chromosomal loci in the two

transformed (HeLa and WI38(SV40)) and two normal (NSF and WI38) cell lines. ChIP was performed with antibodies directed against ORC1 (dark gray bars), ORC2 (white bars),

Cdc6 (light gray) and Cdt1 (spotted gray bars); normal rabbit serum (NRS) (black bars) was used as a negative control. The primer sets of 20mer1 (A), 20mer2 (B), lamin B2 (C),

and c-myc (D) are denoted in Supplementary Table I. The error bars represent the average of at least two experiments performed in triplicate and 1 SD. Statistically significant

differences (P< 0.05) between the transformed and normal cells in the association of the indicated protein to the specified DNA regions are indicated with an asterisk.
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cells and 2.9- to 5.8-fold greater than the non-origin containing

sequence for the normal cells (Fig. 3B). Their association with the

lamin B2 origin varied from 6.1- to 18.9-fold enrichment over

NRS for both the transformed and normal cells, while it was 6.0- to

15.8-fold greater than the non-origin containing sequence for both

the transformed and normal cells (Fig. 3C). Finally, their enrichment

at the c-myc origin varied from 6.1- to 19.9-fold over NRS for the

transformed cells and from 2.9- to 8.2-fold over NRS for the normal

cells, while it was 6.6- to 17.2-fold greater than the non-origin

containing sequence for the transformed cells and 3.0- to 7.6-fold

greater than the non-origin containing sequence for the normal cells

(Fig. 3D).

Histogram plots of the immunoprecipitated DNA abundance of

ORC3, ORC4, ORC5, and ORC6 measured at the chromosomal loci of

20mer1 (Fig. 4A), 20mer2 (Fig. 4B), lamin B2 (Fig. 4C), and c-myc

(Fig. 4D) in all the cell lines used showed an increased in vivo

association of these proteins with each of the origin compared to

non-origin sequences. The enrichment of ORC3, ORC4, ORC5, and

ORC6 at the 20mer1 origin varied from 8.1- to 13.4-fold over NRS

for the transformed cells and from 3.8- to 6.5-fold over NRS for

the normal cells, while it was 8.3- to 13.5-fold greater than the

non-origin containing sequence for the transformed cells and 3.9- to

5.9-fold greater than the non-origin containing sequence for the

normal cells (Fig. 4A). Their enrichment at the 20mer2 origin varied

Fig. 4. In vivo association of ORC3, ORC4, ORC5, and ORC6 at the 20mer1, 20mer2, lamin B2, and c-myc chromosomal loci in transformed and normal cells. Histogram plots of

the quantification by real-time PCR of immunoprecipitated DNA abundance (ng) at the 20mer1 (A), 20mer2 (B), lamin B2 (C), and c-myc (D) chromosomal loci in the two

transformed (HeLa and WI38(SV40)) and two normal (NSF and WI38) cell lines. ChIP was performed with antibodies directed against ORC3 (dark gray bars), ORC4 (white bars),

ORC5 (light gray), and ORC6 (spotted gray bars); normal rabbit serum (NRS) (black bars) was used as a negative control. The primer sets of 20mer1 (A), 20mer2 (B), lamin B2 (C),

and c-myc (D) are denoted in Supplementary Table I. The error bars represent the average of at least two experiments performed in triplicate and 1 SD. Statistically significant

differences (P< 0.05) between the transformed and normal cells in the association of the indicated protein to the specified DNA regions are indicated with an asterisk.
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from 8.3- to 16.2-fold over NRS for the transformed cells and from

3.7- to 6.2-fold over NRS for the normal cells, while it was 8.6- to

11.5-fold greater than the non-origin containing sequence for the

transformed cells and 3.8- to 5.1-fold greater than the non-origin

containing sequence for the normal cells (Fig. 4B). Their association

with the lamin B2 origin varied from 8.0- to 16.6-fold enrichment

over NRS for both the transformed and normal cells, while it was

8.2- to 16.2-fold greater than the non-origin containing sequence

for both the transformed and normal cells (Fig. 4C). Finally, their

enrichment at the c-myc origin varied from 8.3- to 15.9-fold over

NRS for the transformed cells and from 3.7- to 6.2-fold over NRS

for the normal cells, while it was 8.5- to 13.5-fold greater than the

non-origin containing sequence for the transformed cells and 3.8- to

5.7-fold greater than the non-origin containing sequence for the

normal cells (Fig. 4D).

In similar analyses, histogram plots of the immunoprecipitated

DNA abundance of MCM4, MCM7, Cdc45, and PCNA measured

at the chromosomal loci of 20mer1 (Fig. 5A), 20mer2 (Fig. 5B),

lamin B2 (Fig. 5C), and c-myc (Fig. 5D) in all the cell lines used

showed a modest twofold increased in vivo association of MCM4

and MCM7 with each of the origin compared to non-origin

sequences, but showed a similar in vivo association of Cdc45 and

Fig. 5. In vivo association of MCM4, MCM7, Cdc45, and PCNA at the 20mer1, 20mer2, lamin B2, and c-myc chromosomal loci in transformed and normal cells. Histogram

plots of the quantification by real-time PCR of immunoprecipitated DNA abundance (ng) at the 20mer1 (A), 20mer2 (B), lamin B2 (C), and c-myc (D) chromosomal loci in the

two transformed (HeLa andWI38(SV40)) and two normal (NSF andWI38) cell lines. ChIP was performed with antibodies directed against MCM4 (dark gray bars), MCM7 (white

bars), Cdc45 (light gray bars), and PCNA (spotted gray bars); normal rabbit serum (NRS) (black bars) was used as a negative control. The primer sets of 20mer1 (A), 20mer2 (B),

lamin B2 (C), and c-myc (D) are denoted in Supplementary Table I. The error bars represent the average of at least two experiments performed in triplicate and 1 SD. Statistically

significant differences (P< 0.05) between the transformed and normal cells in the association of the indicated protein to the specified DNA regions are indicated with an

asterisk.
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PCNA at both the origin and non-origin sequences. The enrichment

of MCM4, MCM7, Cdc45, and PCNA at the 20mer1 origin varied

from 6.1- to 17.5-fold over NRS for the transformed cells and from

2.9- to 8.3-fold over NRS for the normal cells, while it was 1.0- to

2.1-fold greater than the non-origin containing sequence for both

cell types (Fig. 5A). Their enrichment at the 20mer2 origin varied

from 6.1- to 19.2-fold over NRS for the transformed cells and from

2.9- to 8.3-fold over NRS for the normal cells, while it was 1.0- to

2.2-fold greater than the non-origin containing sequence for both

cell types (Fig. 5B). Their association with the lamin B2 origin

varied from 6.0- to 20.0-fold enrichment over NRS for both the

transformed and normal cells, while it was 1.0- to 2.0-fold greater

than the non-origin containing sequence for both cell types (Fig. 5C).

Finally, their enrichment at the c-myc origin varied from 6.2- to

21.4-fold over NRS for the transformed cells and from 2.9- to 7.7-fold

over NRS for the normal cells, while it was 1.0- to 2.2-fold greater

than the non-origin containing sequence for both cell types

(Fig. 5D).

Lastly, histogram plots of the immunoprecipitated DNA abun-

dance of Ku70, Ku86, and 14-3-3 measured at the chromosomal loci

of 20mer1 (Fig. 6A), 20mer2 (Fig. 6B), lamin B2 (Fig. 6C), and c-myc

(Fig. 6D) in all the cell lines used showed an increased in vivo

association of these proteins with each of the origin compared to

non-origin sequences, corroborating previous results [Novac et al.,

Fig. 6. In vivo association of Ku70, Ku86, and 14-3-3 at the 20mer1, 20mer2, lamin B2, and c-myc chromosomal loci in transformed and normal cells. Histogram plots of the

quantification by real-time PCR of immunoprecipitated DNA abundance (ng) at the 20mer1 (A), 20mer2 (B), lamin B2 (C), and c-myc (D) chromosomal loci in the two

transformed (HeLa and WI38(SV40)) and two normal (NSF and WI38) cell lines. ChIP was performed with antibodies directed against Ku70 (dark gray bars), Ku86 (white bars),

and 14-3-3 (light gray bars); normal rabbit serum (NRS) (black bars) was used as a negative control. The primer sets of 20mer1 (A), 20mer2 (B), lamin B2 (C), and c-myc (D) are

denoted in Supplementary Table I. The error bars represent the average of at least two experiments performed in triplicate and 1 SD. Statistically significant differences

(P< 0.05) between the transformed and normal cells in the association of the indicated protein to the specified DNA regions are indicated with an asterisk.
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2001, 2002; Alvarez et al., 2002; Callejo et al., 2002, 2006; Sibani

et al., 2005ab; Yahyaoui et al., 2007; Rampakakis et al., 2008;

Yahyaoui and Zannis-Hadjopoulos, 2009]. The enrichment of Ku70,

Ku86, and 14-3-3 at the 20mer1 origin varied from 8.1- to 15.2-fold

over NRS for the transformed cells and from 4.0- to 7.5-fold over

NRS for the normal cells, while it was 8.5- to 15.7-fold greater than

the non-origin containing sequence for the transformed cells and

4.1- to 5.8-fold greater than the non-origin containing sequence for

the normal cells (Fig. 6A). Their enrichment at the 20mer2 origin

varied from 8.1- to 17.6-fold over NRS for the transformed cells and

from 3.9- to 7.3-fold over NRS for the normal cells, while it was 8.3-

to 12.9-fold greater than the non-origin containing sequence for the

transformed cells and 3.9- to 5.6-fold greater than the non-origin

containing sequence for the normal cells (Fig. 6B). Their association

with the lamin B2 origin varied from 8.2- to 17.2-fold enrichment

over NRS for both the transformed and normal cells, while it was

8.3- to 15.4-fold greater than the non-origin containing sequence

for both the transformed and normal cells (Fig. 6C). Finally, their

enrichment at the c-myc origin varied from 8.3- to 17.0-fold over

NRS for the transformed cells and from 3.7- to 7.0-fold over NRS

for the normal cells, while it was 8.6- to 15.9-fold greater than the

non-origin containing sequence for the transformed cells and 4.1- to

6.2-fold greater than the non-origin containing sequence for the

normal cells (Fig. 6D).

Importantly, the low abundance of DNA detected in the NRS

immunoprecipitates in all ChIP experiments indicated that the

conditions were stringent enough to prevent substantial non-

specific association of DNA with the immunoglobulins or agarose

beads, further confirming the specificity of the ChIPs.

DISCUSSION

PRE-RC PROTEINS ARE OVEREXPRESSED AND BOUND MORE

ABUNDANTLY TO CHROMATIN IN TRANSFORMED COMPARED

TO NORMAL CELLS

A broad range of recent evidence suggests that pre-RC proteins play

a role during oncogenesis [Lau et al., 2007]. In light of our previous

studies, indicating a differential origin activity between normal and

transformed cells, we examined whether similar differences existed

in pre-RC protein expression and chromatin association that were

associated with cellular transformation.

The results show that all six ORC subunits were overexpressed and

had an elevated association with chromatin in the transformed

compared to normal cells, as was previously shown for ORC1, ORC2,

and ORC4 [McNairn and Gilbert, 2005], as well as ORC6 in colorectal

cancer [Gavin et al., 2008]. Similarly, increased protein levels and

chromatin association were observed in the transformed cells for

Cdc6 and Cdt1, in agreement with previous studies using normal and

tumor lung cell specimens, where the overexpression of Cdc6 and

Cdt1 promoted malignant behavior [Karakaidos et al., 2004; Liontos

et al., 2007]. As previously shown, overexpression of Cdc6 resulted

in the specific methylation and silencing of tumor suppressors

in pre-malignant lesions [Gonzalez et al., 2006], suggesting that

deregulation of pre-RC proteins might alter transcription of cancer-

promoting genes.

Furthermore, the results show that MCM4, MCM7, Cdc45, PCNA,

Ku70, and Ku86 were overexpressed and bound to chromatin

at higher levels in the transformed compared to normal cells. In

agreement, increased expression of MCM4 was observed in cervical,

esophageal, and non-small cell lung cancers [Huang et al., 2007;

Gan et al., 2010; Kikuchi et al., 2011]. Also, deregulated MCM7 was

previously observed to contribute to oncogene driven tumorigenesis

[Honeycutt et al., 2006] and was an adequate marker of proliferation

in prostate cancer [Padmanabhan et al., 2004]. Moreover, the

levels of Cdc45 have been shown to be consistently higher in

human cancer-derived cells compared to primary human cells

[Pollok et al., 2007], while a novel form of PCNA has been

discovered in malignant breast cells [Bechtel et al., 1998] that has

implications as a potential biomarker in breast and esophageal

cancer [Malkas et al., 2006; Hammoud et al., 2007]. Finally, Ku70

and Ku86 have been shown to be overexpressed in non-melanoma

skin cancer and colorectal cancer [Mazzarelli et al., 2005; Parrella

et al., 2006], as well as to be involved in metastasis of breast cancer

[Lagadec et al., 2010].

Interestingly, 14-3-3 was the only protein that displayed similar

expression and chromatin bound levels in the transformed and

normal cells. This might be partly because the pan antibody used

in this study recognizes all isoforms of 14-3-3 and some of the

isoforms encode proteins that either promote or suppress tumor

activity, implying that a cellular balance between the various 14-3-3

isoforms is important for the proper functioning of the cell. For

example, the overexpression of the e isoform is involved in renal

carcinoma [Liang et al., 2009], the b and g isoforms induce

oncogenic transformation when overexpressed [Takihara et al.,

2000; Radhakrishnan and Martinez, 2010], while the s isoform is a

putative tumor suppressor which counteracts the effects of the g

isoform, reversing oncogenic transformation [Radhakrishnan and

Martinez, 2010; Zurita et al., 2010]. This cellular equilibrium

between the oncogenic and tumor suppressor properties of various

14-3-3 isoforms may explain the similar expression and chromatin

bound levels observed here in the transformed and normal cells.

Overall, the observed differences in the expression and

chromatin-bound levels of these replication proteins between

the transformed and normal cells corroborates previous studies,

showing that overexpression and increased chromatin association of

pre-RC proteins correlated with increasing tumor grade and poor

prognosis [Gonzalez et al., 2005; Lau et al., 2007], pointing to a

potential link between deregulation of pre-RC proteins and cancer

[Lau et al., 2007].

THE ASSOCIATION OF PRE-RC PROTEINS WITH REPLICATION

ORIGINS IN BOTH TRANSFORMED AND NORMAL CELLS

CORRELATES WITH THE ACTIVITY OF THE ORIGIN

These observed differences between transformed and normal cells

prompted us to examine the origin activity at the 20mer1, 20mer2,

c-myc, and lamin B2 chromosomal loci (Fig. 2A–D) and compare it

to the association of pre-RC proteins with these same chromosomal

loci (Figs. 3–6A–D) in both cell types.

The nascent DNA data showed that the 20mer1, 20mer2, c-myc,

and lamin B2 chromosomal loci each contain replication origins

in both transformed and normal cells, but the 20mer1, 20mer2, and
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c-myc origins exhibited two- to threefold more activity in the

transformed cells (Fig. 2A,B,D), whereas the lamin B2 origin

exhibited similar activity in both cell types (Fig. 2C), indicating that

cellular transformation does not equally affect the activity of all

replication origins, in agreement with previous studies [Kumar et al.,

1996; Tao et al., 1997, 2000, 2001; Di Paola et al., 2006, 2010].

The ChIP data showed that ORC1-6, Cdc6, Cdt1, Ku70, Ku86, and

14-3-3 associate in vivo with the 20mer1, 20mer2, lamin B2, and

c-myc origins with a relative enrichment of �2.9- to 17.2-fold over

their respective non-origin containing control regions, in agreement

with their involvement in the initiation phase of DNA replication,

concurring with the handful of previous ChIP studies, examining the

binding of various members of the pre-RC to human origins of

replication [reviewed in Schepers and Papior, 2009].

A lower enrichment (�2-fold) of MCM4 and MCM7 at the origins

over their respective non-origin containing control regions was

observed by comparison to the aforementioned proteins, in

agreement with its dual role in both the initiation and elongation

phases of DNA replication, as the MCM2-7 complex is slightly

enriched at the origin region, but then travels with the replication

fork across the replicon as well as its ability to move along DNA once

loaded, correlating with previous observations [Gonzalez et al.,

2006; Evrin et al., 2009; Remus et al., 2009]. This slight enrichment

of MCMs at origin regions may be due to excess MCM2-7 complexes

playing an important role in maintaining genomic integrity to

protect human cells from replicative stress by licensing backup

origins of replication [Ge et al., 2007; Ibarra et al., 2008].

No enrichment at the origins compared to their respective non-

origin containing control regions was observed for Cdc45 and

PCNA, consistent with their role in the elongation phase of DNA

replication, traveling with the replication fork across the replicon

[Sporbert et al., 2005; Gambus et al., 2006; Pacek et al., 2006;

Moldovan et al., 2007; Gorisch et al., 2008; Aparicio et al., 2009;

Cohen et al., 2009].

Overall, the results revealed a two- to threefold higher abundance

of all the pre-RC proteins examined at the 20mer1, 20mer2, and c-

myc origins of the transformed cells by comparison to the normal

ones, but an equal abundance at the lamin B2 origin in both cell

types. Taken together, the nascent DNA (Fig. 2A–D) and ChIP

(Figs. 3–6A–D) data indicate that the association of replication

proteins with origins correlates with the replication profile of the

latter, suggesting a direct effect on origin activity.

Several studies have described the deregulation of pre-RC

proteins during oncogenesis [reviewed in Lau et al., 2007], as

subtle pre-RC deregulation produces low levels of re-replication that

may evade the surveillance of the replication checkpoint machinery,

resulting in genomic instability and tumorigenesis, leading to the

suggestion that there is a pre-RC checkpoint lacking in cancer cells

[Lau and Jiang, 2006]. Depletion of the pre-RC protein Cdc6 caused

normal cells to arrest in G1-G1/S and S phase in a non-lethal state,

but multiple cancer cell lines underwent G1-G1/S arrest and cell

death, due to a defective ATR-dependent S phase checkpoint

activation [Lau et al., 2009]. Similarly, transformed cells underwent

cell death by depletion of ORC2, Cdc6 and Cdt1 proteins or by Cdc7

kinase [Wohlschlegel et al., 2000; Shreeram et al., 2002; Feng et al.,

2003; Montagnoli et al., 2004; Prasanth et al., 2004], whereas

normal cells were able to mount protective cellular responses that

prevented inappropriate replication [Feng et al., 2003; Montagnoli

et al., 2004; Lau and Jiang, 2006].

The elevated in vivo association of pre-RC proteins with the

20mer1, 20mer2, and c-myc origins in the transformed cells may be

the result of deregulation of the pre-RC checkpoint, causing certain

origins to fire more than once per cell cycle, due to their improper

licensing, leading to re-replication and thereby causing genetic

instability and then cancer [Dutta, 2007; Blow and Gillespie, 2008].

Alternatively, the differential origin activities might be due to the

20mer1, 20mer2, and c-myc origins being activated at a lower

frequency per cell cycle in normal cells, but at a higher frequency in

transformed cells; in this scenario, it is conceivable that in normal

cells, at least during some S phases, the DNA at the 20mer1, 20mer2,

and c-myc origins might be replicated by upstream or downstream

origins flanking this region, resulting in origin interference

[Lebofsky et al., 2006]. In contrast, the equal in vivo association

of pre-RC proteins with the lamin B2 origin in both transformed and

normal cells indicates that this origin remains unaffected by the

aberrant deregulation of the pre-RC checkpoint. As previously

reported, only a subset of origins was sensitive to an origin licensing

perturbation, as re-replication was unevenly distributed across

chromosomes in tumor cell lines [Vaziri et al., 2003]; the lamin B2

origin may reside in an unaffected area of the genome.

Alternatively, the lamin B2 origin is activated at similar frequencies

in transformed and normal cells due to its constitutively expressed

gene domain [Biamonti et al., 1992], resulting in an open chromatin

configuration that encompasses the lamin B2 origin, hence allowing

equal accessibility for pre-RC protein binding in both cell types.

Overall, the results indicate that the in vivo association of pre-RC

proteins with origins in transformed and normal cells correlates

with the activity of the origin.

CELLULAR TRANSFORMATION AND PRE-RC PROTEINS

Previous studies have shown that pre-RC deregulation directly

promotes pro-oncogenic events, such as decreased DNA damage

sensitivity, consistent with the fact that pre-RC proteins are

frequently deregulated in a multitude of tumor types [Gonzalez

et al., 2006; Honeycutt et al., 2006; Lau et al., 2007, 2009; Blow and

Gillespie, 2008]. This study’s findings indicate that overexpression

and increased chromatin-association of pre-RC proteins are

common features of cellular transformation, both of which have

an important role in maintaining proper control of S phase. Further

investigation is required to determine whether the overexpression

and elevated chromatin-association of pre-RC proteins might cause

cellular transformation or vice versa. A better understanding of

the mechanisms involved in the process of cellular transformation

will elucidate early events in the step-wise progression towards

the development of cancer and will lead to improved measures of

prevention and therapy.
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