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ABSTRACT: The Ku heterodimer, an abundant nuclear protein, binds DNA replication origins in a sequence-
specific manner and promotes initiation. In this study, using HCT116 Ku80+/- haplo-insufficient and
Orc2∆/- hypomorphic cells, the order of binding of Ku and the humanorigin recognitioncomplex (HsORC)
was determined. The nuclear expression of Ku80 was found to be decreased by 60% in Ku80+/- cells,
while its general association with chromatin was decreased by 33%. Coimmunoprecipitation studies
indicated that the Ku heterodimer associates specifically with the human HsOrc-2, -3, -4, and -6 subunits.
Chromatinimmunoprecipitation (ChIP) experiments, using cells synchronized to late G1, showed that the
association of Ku80 with the lamin B2,â-globin, and c-mycorigins in vivo was decreased by 1.5-, 2.3-,
and 2.5-fold, respectively, in Ku80+/- cells. The association of HsOrc-3, -4, and -6 was consistently
decreased in all three origins examined in Ku80+/- cells, while that of HsOrc-2 showed no significant
variation, indicating that the HsOrc-3, -4, and -6 subunits bind to the origins after Ku80. In Orc2∆/- cells,
the association of HsOrc-2 with the lamin B2,â-globin, and c-mycorigins was decreased by 2.8-, 4.9-,
and 2.8-fold, respectively, relative to wild-type HCT116 cells. Furthermore, nascent strand abundance at
these three origins was decreased by 4.5-, 2.3-, and 2.6-fold in Orc2∆/- relative to HCT116 cells,
respectively. Interestingly, the association of Ku80 with these origins was not affected in this hypomorphic
cell line, indicating that Ku and HsOrc-2 bind to origins independently of each other.

Initiation of DNA replication occurs within specific
initiation regions at defined sequences called origins (1-8
and references cited therein). Although origin activation may
be modified by chromatin structure (9), the isolation of
origins allowed purification of initiator proteins of DNA
replication (10-12). The first group of such proteins to be
purified was theorigin recognitioncomplex fromSaccha-
romyces cereVisiae (ScORC), through its ability to bind to
theARS consensussequence (ACS or A-site) present at the
ARS1 origin (10). ScORC consists of six polypeptide subunits
(ScOrc1-6), and, in the presence of ATP, displays sequence-
specific binding toARS1 via the ScOrc1p subunit (10, 13).
More recent studies using the human homologue of the ORC1

complex (HsORC), expressed in a baculovirus system,
showed that it lacked sequence-specific DNA binding activity
(14-16). However,chromatin immunoprecipitation assays
(ChIP) using antibodies raised against different HsORC
subunits pulled down specific DNA sites in vivo, indicating
that the in vivo interaction of HsORC with DNA is not
random (16). ChIP experiments using anti-HsOrc1 and

-HsOrc2 led to the identification of a novel origin of
replication located in the intergenic region between the
PRKDC and MCM4 genes in HeLa cells (16). In another
ChIP experiment using HsOrc2 as the precipitating protein,
a novel origin in the human TOP1 promoter was identified
(17). Furthermore, ChIP analysis of the association of
HsOrc2 with a plasmid containing the replication origin of
Epstein-Barr virus (EBV), OriP, indicated a specific as-
sociation with the dyad symmetry sequence (18-21). These
results suggested that another protein may be involved in
sequence-specific origin binding in human cells (15, 22, 23),
subsequently recruiting HsORC to human origins of DNA
replication. Recent studies have identified Ku80 as a potential
candidate, i.e., a novel initiator protein, participating in site-
specific origin binding (11, 12, 23-25). Ku80 is the 80 kDa
subunit of the heterodimeric Ku protein, which consists of
the Ku70 and Ku80 subunits (reviewed in ref26).

Ku was initially isolated as an autoantigen from systemic
lupus erythematosus patients and has been implicated in
various DNA-related cellular functions, including DNA
repair, recombination, replication, transcriptional silencing,
and telomere maintenance (reviewed in refs22and26). The
Ku heterodimer was purified through its ability to bind
directly to an origin-derived sequence, A3/4 (11, 12), a
version of a mammalian origin consensus sequence (27).
Southwestern analyses revealed that Ku80 was the origin-
binding subunit (12), while in vitro footprinting revealed that
the heterodimer bound to A3/4 in a sequence-specific manner
(28). ChIP analyses indicated that Ku associates specifically
with DNA replication origins in vivo in a cell cycle
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dependent manner, its association being maximal in late G1

and decreasing as cells enter S phase (23). Immunodepletion
of Ku from HeLa cell extracts resulted in a 70% decrease in
in vitro DNA replication (12), while coimmunoprecipitation
studies indicated that Ku interacts with other DNA replication
proteins, including HsOrc2, DNA polymerasesR, δ, andε,
PCNA, topoisomerase II, RFC, and RPA (24). Ku80-/-

mouse embryonic fibroblasts (MEF) have a prolonged
doubling time compared to the wild-type cells, exhibit
premature senescence, and fail to proliferate in culture (29).
Human HCT116 Ku80-/- cells are nonviable, while HCT116
Ku80+/- haplo-insufficient cells have a prolonged doubling
time of 20.5 h versus 17.7 h for the wild-type cells (30) and
display a prolonged G1 phase (31). The association of both
Ku subunits (Ku70 and Ku80) with origins of DNA replica-
tion was decreased in the HCT116 Ku80+/- cells, as was
the replication origin activity (31).

In this study, HCT116 cells deficient of the essential
proteins Ku and Orc2 were used to carry out an epistatic
analysis to determine the order of association of Ku80 and
HsOrc-2, -3, -4, and -6 with replication origins in vivo. The
data show that Ku80 and HsOrc2 bind to origins indepen-
dently of each other, while the binding of Ku precedes that
of HsOrc-3, -4, and -6.

MATERIALS AND METHODS

Cell Culture and Synchronization.HCT116 and Ku80+/-

(clone 70-32; generous gift from Dr. Eric A. Hendrickson)
cells were previously described (30). Briefly, one Ku80 allele
was knocked out using Cre-loxP technology, resulting in
deletion of theKu80 promoter and exon 1. Orc2∆/- hypo-
morphic cells (a generous gift from Dr. Anindya Dutta) were
generated by deletion of exon 3, which harbors the initiating
ATG, from both alleles (18). All cell lines were cultured in
RMEM (minimum essential medium) (Invitrogen, Carlsad,
CA) supplemented with 10% fetal bovine serum (FBS;
Invitrogen) (hereafter termed complete medium) at 37°C
and 5% CO2. Synchronization to late G1 phase was carried
out as previously described (23). Briefly, cells were cultured
in complete medium in the presence of 2 mM thymidine
(Sigma, St. Louis, MO) for 12 h, released for 10 h in
prewarmed complete medium without thymidine, and then
incubated for 12-14 h in complete medium containing 400
µM mimosine (Sigma). Cell synchronization was monitored
by flow cytometry (32).

Preparation of Nuclear Extracts and Chromatin-Enriched
Fractions.Nuclear extracts were prepared by the Dignam
method, as previously described (33). Chromatin-enriched
extracts were also prepared according to standard methods,
as described in ref34. The protein concentration of each
extract preparation was determined by the Bradford protein
assay, according to the manufacturer’s protocol (Bio-Rad,
Hercules, CA).

Western and Immunoblot Analyses.Western blot analysis
was carried out according to standard protocol (35). The
indicated amounts of protein extracts were subjected to
electrophoresis on a 5% stacking/8% separating SDS-PAGE
gel, followed by transfer to a PVDF membrane and blocking
with 5% skim milk. Membranes were incubated with a 1/100
dilution of goat anti-Ku80 (C-20; Santa Cruz Biotechnology,
Santa Cruz, CA) or a 1/2500 dilution of either rabbit anti-

HsOrc-2, -3, -4, or -6 antibody (generous gifts from Dr.
Anindya Dutta) (36) for 1 h at room temperature. Finally,
they were incubated with a 1/2000 dilution of either anti-
goat or anti-rabbit horseradish peroxidase (HRP) conjugated
IgG for 20 min at room temperature (Santa Cruz Biotech-
nology). Immunoblots were also probed with a 1/1000
dilution of anti-actin (Sigma) or anti-MCM7 antibodies (N-
20; Santa Cruz Biotechnology), as loading controls. Proteins
were visualized using the ECL system (Amersham Bio-
sciences Inc., Arlington Heights, IL), and signals were
quantified using FujiFilms Image Gauge V3.3.

Chromatin Immunoprecipitation Assay (ChIP).The ChIP
assay was carried out exactly as described previously (23,
37). Half of the immunoprecipitated material was used for
western blot analysis, while DNA was extracted from the
remaining half, as previously described (23), resuspended
in 100µL of ddH2O, and used for real-time PCR quantifica-
tion.

Nascent DNA Preparation.Nascent DNA was prepared
from asynchronous cultures grown in complete media as
described in ref38. Briefly, cells cultured in five 15 cm plates
were lysed with 5 mL of Hirt lysis buffer each (50 mM Tris-
HCl, pH 8.0, 0.6 M NaCl, 1 mM EDTA, 0.5% SDS) (39).
The lysates were digested with 0.1 mg/mL proteinase K
overnight at 37°C, and nucleic acids were extracted by the
standard phenol-chloroform method (35). Twenty micro-
grams of heat-denatured DNA was phosphorylated by
T4PNK (NEB) with 1 mM ATP and digested with 15 units
of λ-exonuclease overnight at 37°C. λ-Exonuclease digests
any DNA in the 5′ to 3′ direction, but not RNA; thus nascent
DNA strands with 5′ RNA primers are protected, while
parental DNA is not. The digested DNA was then heat
denatured at 95°C for 10 min and subjected to electrophore-
sis on a native agarose gel. DNA was visualized with
methylene blue, and fragments of 0.5-1 kb in size, which
are enriched in origin-containing nascent DNA, were ex-
tracted from the gel using the QiaQuick gel extraction kit
(Qiagen), according to manufacturer’s instructions, and eluted
in 250 µL of ddH2O. The concentration of nascent DNA
was assessed using real-time PCR.

Real-Time PCR Quantification of Immunoprecipitated or
Nascent DNA.The LightCycler instrument (Roche Diagnos-
tics, Basel, Switzerland) along with the LightCycler FastStart
DNA Master SYBR Green I kit (Roche Molecular Bio-
chemicals, Indianapolis, IN) was used to quantify either
nascent DNA or immunoprecipitated DNA obtained from
the ChIP assay, according to the manufacturer’s instructions.
Briefly, 2 µL of a 10× Master mix was combined with 2
µL of either nascent or ChIP DNA and 1µM primer in a
total volume of 20µL. An initial 10 min denaturation step
at 99°C was used, followed by 40 cycles of the following
cycling conditions: 99°C for 10 s, annealing temperature
(as indicated in Table 1) for 10 s, and 72°C for 15 s. The
sequence and locations of all primer sets used are listed in
Table 1. None of the primer sets produced nonspecific PCR
products.

Each PCR run was calibrated using serial dilutions of
genomic DNA to generate a standard curve of fluorescence
emitted by each PCR amplicon (Figure 4B). The genomic
DNA was extracted from serum-starved, nonreplicating
HCT116 cells, thus providing a diploid genome. The
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fluorescence emitted by each sample was then charted onto
the standard curve, and the amount of DNA within each
sample was determined and converted to molecules using
the formula:

where DNA amount is given in micrograms, Avogadro’s
number is 6× 1023 molecules/mol, dilution factor is derived
by dividing the elution volume (100µL for ChIP and 250
µL for nascent DNA) by the volume of sample added to
each PCR reaction (2µL), and the molecular weight (grams
per mole) was calculated by multiplying 660 (g/mol× bp)
by the length of the amplicon (in bp).

RESULTS

Decreased Expression of Ku80 Protein in Ku80+/- Cells
Does Not Affect Expression of the HsOrc Proteins.Analysis
of the nuclear expression of Ku80 in HCT116 Ku80+/- cells
revealed a 60% decrease by comparison to their wild-type
counterparts (Figure 1;p ) 0.03). In a parallel study, the
expression of Ku70 was found to be decreased by 36% in
Ku80+/- cells (31). In contrast, a similar analysis of the
expression of the HsOrc-2, -3, -4, and -6 subunits showed
no significant differences between the wild-type and Ku80-
deficient HCT116 cells (Figure 1;p > 0.05), indicating that
Ku is not required for either the expression or stability of
the HsOrc subunits. Actin was used as a loading control
(Figure 1A), and no significant differences were obtained
between the two cell lines (Figure 1B).

General Chromatin Loading of the HsOrcs Is Not Affected
by Ku80 Deficiency.To examine the effect of Ku80
deficiency on the association of Ku80 and ORC with
chromatin, western blot analyses of chromatin-enriched
fractions from Ku80+/- and HCT116 cells were carried out,
using anti-Ku80 and anti-Orc antibodies (Figure 2). As
expected, the association of Ku80 with chromatin was
decreased in the deficient cells relative to their wild-type
counterparts (Figure 2A). Quantification of the obtained
bands revealed a significant decrease of approximately 33%
(p ) 0.0035) (Figure 2B). Ku70 was also decreased in the
Ku80+/- cells by 40% (p ) 0.01) (31). Similar analysis of

HsOrc-2, -3, -4, and -6 loading onto chromatin did not reveal
any significant differences between the HCT116 and Ku80+/-

cells (p > 0.05) (Figure 2). MCM7, a member of the putative
DNA replication helicase, was used as a loading control, and
its association with chromatin was found to be the same in
the two cell lines.

Ku and HsOrc Proteins Coimmunoprecipitate.Since both
Ku and HsORC have been implicated in the initiation of
DNA replication (24, 25, and40and references cited therein)
and the Ku heterodimer has been shown to coimmunopre-
cipitate with HsOrc2, but not HsOrc1, in nuclear extracts

Table 1: Sequences and Annealing Temperatures of Primers Used for the LightCyclera

primer name sequence (5′ f 3′)
Tannealing

(°C)
GenBank

accession no.
location of primer

(5′ f 3′)
LB2F GGCTGGCATGGACTTTCATTTCAG 66 M94363 3839-3862
LB2R GTGGAGGGATCTTTCTTAGACATC 4070-4047
LB2C1F GTTAACAGTCAGGCGCATGGGCC 66 1-23
LB2C1R CCATCAGGGTCACCTCTGGTTCC 240-217
BG40.9F AATCTATTCTGCTGAGAGATCACAC 62 455025 40963-40987
BG40.9R CCACTTGCAGAACTCCCGTGTAC 41195-41173
BG72F GTCTAAAACACCAAAACGAATGGCAAC 55 72152-72178
BG72R CATTTCTCTGATGGCTAGTGATGATGAG 72478-72451
Myc11F TATCTACACTAACATCCCACGCTCTG 62 AC103819 87125-87150
Myc11R CATCCTTGTCCTGTGAGTATAAATCATCG 87345-87317
Myc1F TTCTCAACCTCAGCACTGGTGACA 68 80946-80969
Myc1R GACTTTGCTGTTTGCTGTCAGGCT 81246-81222

a Names and sequences of primers used for real-time quantification of DNA using the LightCycler (Roche Diagnositics) are listed above. The
names are identical to the region amplified (see Figure 4A) and are followed by F or R to designate the forward and reverse primers, respectively.
TheTannealingis the annealing temperature used in the cycling conditions for the LightCycler. Locations of the primers within the indicated GenBank
accession entry are indicated.

(DNA amount)(Avogadro’s number)(dilution factor)

(molecular weight of amplicon)

FIGURE 1: Western blot analysis and quantification of Ku80 and
HsOrc-2, -3, -4, and -6 in nuclear extracts of wild-type HCT116
and Ku80+/- cells. (A) Nuclear extracts were prepared from log
phase cells by the Dignam method (see Materials and Methods).
Increasing amounts (10, 20, or 30µg) of nuclear extracts from wild-
type HCT116 or Ku80+/- cells were immunoblotted for Ku80 and
HsOrc-2, -3, -4, and -6. Actin was used as a loading control. (B)
Quantification of the bands shown in panel A. Error bars represent
the average of three experiments and one standard deviation. The
asterisk represents statistically significant (p < 0.05) differences
in protein expression between HCT and Ku80+/- cells.
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(24), we examined the interactions between the Ku and
HsORC subunits in chromatin-enriched extracts of wild-type
HCT116 cells. Following formaldehyde cross-linking to
stabilize any existing interactions, the samples were sonicated
to shear the DNA, thus preventing coprecipitation of proteins
due to their association to the same DNA fragment. Anti-
Ku80 and anti-Ku70 antibodies were then used for immu-
noprecipitation, and the precipitates were analyzed by
immunoblotting for the presence of the target proteins (Figure
3A). Both antibodies precipitated their respective target Ku
proteins and coprecipitated the HsOrc-2, -3, and -6 proteins
(Figure 3A, lanes 2 and 3). In contrast, when normal goat
serum (NGS) was used in place of the anti-Ku antibodies,

none of these proteins were brought down, indicating that
the washes were of sufficient stringency to prevent detection
of nonspecific interactions (Figure 3A, lane 4). Coimmuno-
precipitation of HsOrc4 could not be analyzed because of
its comigration with the heavy chain of IgG of the immuno-
precipitating anti-Ku antibodies (not shown).

To confirm the specificity of the coimmunoprecipitations,
the reverse reactions were also performed in which anti-
HsOrc-2, -3, -4, and -6 antibodies were used in the
immunoprecipitations, followed by immunoblotting for the
two Ku subunits (Figure 3B). Each of the anti-HsOrc
antibodies immunoprecipitated its target protein as well as
the other members of the HsORC complex (Figure 3B, lanes
2-5). Furthermore, all anti-HsOrc antibodies coimmuno-
precipitated both Ku70 and Ku80 (Figure 3B, lanes 2-5),
indicating that the Ku heterodimer and HsORC proteins are
part of a complex. Although immunoblotting for HsOrc4 was
not possible due to its comigration with the IgG heavy chain,
the presence of the other HsOrc and Ku subunits in the
immunoprecipitate obtained using anti-HsOrc4 antibody
(Figure 3B, lane 4) indirectly indicated that HsOrc4 was also
immunoprecipitated. None of these DNA replication proteins
were immunoprecipitated by NRS, once again indicating that
the observed interactions were specific (Figure 3B, lane 6).

Decreased HsOrc Association with Origins of DNA
Replication in Ku80+/- Cells. In view of the unchanged
profiles of the association of HsOrc-2, -3, -4, and -6 proteins
with chromatin in Ku80+/- cells, we examined whether there
was a difference in the association of these proteins with
replication origins in vivo. Using the chromatin immuno-
precipitation (ChIP) assay and quantitative real-time PCR,
three early replicating origins were examined: lamin B2,
â-globin, and c-myc(Figure 4A). For each of these origins,
quantitative PCR amplification was carried out at the peak
initiation region as well as at a region lacking origin activity,
henceforth referred to as a negative region. Thus, LB2 and
LB2C1 are the peak and negative regions of the lamin B2
origin, respectively, as previously defined (41, 42), and
BG40.9 and BG72 are the peak and negative regions for the
â-globin origin, respectively (43). The choice of the Aγ
origin (Figure 4A), instead of a more distal origin in the
â-globin gene locus, was based on published data showing
greater abundance of nascent DNA at the Aγ region in
HCT116 cells (43). Finally, the major initiation site of
nascent DNA replication at the c-myclocus,Myc11, and its
negative region,Myc1, were also analyzed (Figure 4A) (38).

Quantification by real-time PCR using the LightCycler
required the use of standard curves for each amplified region
(Figure 4B). The regression coefficient (r2 value) for all
graphs ranged between 0.98 and 1.00, denoting a good linear
correlation, and the slopes of all the standard curves were
similar (ranging from-3.228 to-4.230), indicating similar
amplification efficiencies for all primer sets, thus permitting
quantitative comparisons between different primer pairs.

As expected, in mimosine-arrested Ku80+/- cells, ChIP
analysis of Ku80 showed its decreased association with all
three origins (Figure 5). Comparing the abundance of Ku80-
immunoprecipitated DNA molecules between the HCT116
wild-type and Ku80+/- cells, the lamin B2 origin, LB2,
showed approximately a 1.5-fold decrease (2.4× 106 vs 1.6
× 106 molecules/2× 107 cells, respectively,p ) 0.003),
while theâ-globin and c-mycorigins had approximately a

FIGURE 2: Chromatin loading of Ku80 and HsOrc-2, -3, -4, and -6
in wild-type HCT116 and Ku80+/- cells. Chromatin-enriched
fractions were prepared from HCT116 and Ku80+/- cells by DNase
I nuclease digestion of Triton X-100 treated cells. (A) Increasing
amounts (10, 20, and 30µg) of these fractions were immunoblotted
for Ku80 and HsOrc-2, -3, -4, and -6. MCM7 was used as a loading
control. (B) Quantification of the bands shown in panel A,
normalized relative to MCM7. Error bars represent the average of
three experiments and one standard deviation.

FIGURE 3: Coimmunoprecipitation of Ku and HsOrc proteins in
chromatin-enriched fractions. (A) Chromatin-enriched fractions
were immunoprecipitated with either anti-Ku80 or anti-Ku70
antibodies, or normal goat (NGS) or rabbit serum (NRS), as
indicated at the top of the figure. The input chromatin fraction is
shown in the first lane. The immunoprecipitates were immuno-
blotted for Ku80, Ku70, and HsOrc-2, -3, and -6, as indicated on
the left. HsOrc4 is not shown because of its comigration with the
heavy chain of IgG. (B) Same as in (A), except anti-HsOrc-2, -3,
-4, and -6 antibodies were used for the immunoprecipitations
(indicated at the top of the figure). For both panels, two blots were
made: one probed with the two anti-Ku antibodies and the other
with the three anti-Orc antibodies. Lack of cross-reactivity of the
antibodies had been previously verified.
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2.3- and 2.5-fold decrease, respectively (13.5× 105 vs 6×
105 molecules/2× 107 cells, p ) 0.025, and 2.1× 106 vs
8.3 × 105 molecules/2× 107 cells,p ) 0.03, respectively)
in Ku80+/- cells. A similar comparison of the association
of HsOrc-3, -4, and -6 with the three origins in the two cell
lines showed a decrease in Ku80+/- cells. Thus, in the case
of the lamin B2 origin (Figure 5A), the association of HsOrc-
3, -4, and -6 was decreased by 1.9-, 1.7-, and 1.8-fold in
Ku80+/- cells, respectively (3.8× 106 vs 2.1 × 106

molecules/2× 107 cellsp ) 0.02, for HCT116 and Ku80+/-

cells, respectively, 1.8× 106 vs 1.0× 106 molecules/2×
107 cells,p ) 0.002, and 3.7× 106 vs 2× 106 molecules/2

× 107 cells, p ) 0.01, respectively). In contrast, the
association of HsOrc-2 with the lamin B2 origin was not
affected by Ku80’s deficiency (1.3× 106 vs 1.3 × 106

molecules/2× 107 cells,p ) 0.68). For theâ-globin origin
(Figure 5B), BG40.9, the associations of HsOrc-3, -4, and
-6 subunits were significantly decreased in Ku80+/- cells
relative to wild-type HCT116 by approximately 1.3-, 1.9-,
and 1.8-fold, respectively (2.5× 106 vs 2× 106 molecules/2
× 107 cells, for HCT and Ku80+/- cells, respectively,p )
0.046, 1.4× 106 vs 7.2× 105 molecules/2× 107 cells,p )
0.002, and 2.7× 106 vs 1.5× 106 molecules/2× 107 cells,
p ) 0.033, respectively). The association of HsOrc2 to

FIGURE 4: The lamin B2,â-globin, and c-myc origins. (A) Schematic maps of the lamin B2,â-globin, and c-myc origins, showing the
locations of the PCR-amplified regions (upward arrows). For the lamin B2 locus, the black numbered boxes are the exons of theLamin B2
andPpVI genes, as indicated. For theâ-globin locus, the gray boxes represent the different globin genes, designated above each box. The
exons of the c-mycgene locus (black boxes) and the four gene promoters (P0, P1, P2, and P3) are indicated. The origin-containing regions
are LB2, BG40.9, andMyc11, and their respective negative control regions are LB2C1, BG72, andMyc1 for the lamin B2,â-globin, and
c-mycorigins, respectively. The double-headed arrows indicate the distance (in kb) between the positive and negative regions within each
map. (B) Standard curves used for the quantification of the lamin B2 (LB2 and LB2C1),â-globin (BG40.9 and BG72), and c-myc(Myc11
andMyc1) amplicons are shown. The log of the DNA concentration (X-axis) is plotted against the cycle number at which the log-linear
phase started (Y-axis). The regression coefficients, as well as the slope of each curve, are indicated.
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BG40.9 was decreased by 1.2-fold, although this was not
statistically significant (1.4× 106 vs 1.1× 106 molecules/2
× 107 HCT and Ku80+/- cells, respectively,p ) 0.47).
Finally, the c-myc origin (Figure 5C) showed a pattern of
HsOrc association similar to that of the lamin B2 origin;
that is, overall, the association of HsOrc-2 was not signifi-
cantly decreased in Ku80+/- cells by comparison to the wild-
type cells (1.1× 106 vs 9.6× 105 molecules/2× 107 cells
for HCT116 and Ku80+/- cells, respectively,p ) 0.52), while
that of HsOrc-3, -4, and -6 was decreased by 1.5-, 1.4-, and
1.2-fold in Ku80+/- cells, respectively (2.4× 106 vs 1.6×
106 molecules/2× 107 cells,p ) 0.02, 9.1× 105 vs 6.4×
105 molecules/2× 107 cells,p ) 0.02, 3.3× 106 vs 2.6×
106 molecules/2× 107 cells, p ) 0.03, for HCT116 and
Ku80+/- cells, respectively).

DNA immunoprecipitated by NGS was significantly lower
than that brought down by the individual anti-Ku and anti-
HsOrc antibodies, indicating that the interactions depicted

by these antibodies were specific (Figure 5, NGS). The
average DNA abundance of NGS immunoprecipitates was
1.1× 105, 1.9× 105, and 1.4× 105 molecules/2× 107 cells
for the lamin B2,â-globin, and c-mycorigins, respectively,
while their respective origin-lacking regions were abundant
at an average of 1.8× 105, 1.4 × 105, and 1.0× 105

molecules/2× 107 cells for LB2C1, BG72, andMyc1,
respectively. Quantification of immunoprecipitated DNA for
the control regions, LB2C1, BG72, andMyc1, did not reveal
significant differences between HCT116 and Ku80+/- cells
(Figure 5), indicating that the DNA extraction and immu-
noprecipitations were of comparable efficiency in the two
cell lines. Ku80 immunoprecipitates averaged 1.9× 105, 2.8
× 105, and 3.6× 105 molecules/2× 107 cells for LB2C1,
BG72, andMyc1, respectively. The immunoprecipitates of
the HsOrc antibodies at LB2C1 ranged between 4.2 and 6
× 105 molecules/2× 107 cells, while BG72 andMyc1 had

FIGURE 5: ChIP assay of Ku80 and HsOrc-2, -3, -4, and -6 in wild-type HCT116 and Ku80+/- cells. Chromatin immunoprecipitates were
prepared from mimosine-arrested cells (as described in Materials and Methods). The abundance of DNA molecules immunoprecipitated by
the anti-Ku80 and anti-HsOrc-2, -3, -4, and -6 antibodies for the lamin B2 (A),â-globin (B), and c-myc(C) origins of HCT116 (white bars)
and Ku80+/- (gray bars) cells is shown. The DNA abundance of the origin-containing (LB2, BG40.9, andMyc11) and origin-lacking
(LB2C1, BG72, andMyc1) regions is indicated. Normal goat serum (NGS) was used as a negative control. Error bars represent the average
of three experiments, each done in duplicate, and one standard deviation. Statistically significant differences (p < 0.05) between ChIPs
from HCT116 and Ku80+/- cells are indicated by an asterisk.
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a lower abundance of DNA molecules (1.2-2.0 × 105 and
1.4-4.9 × 105 molecules/2× 107 cells, respectively).

HsOrc2 Deficiency Does Not Influence Ku80’s Association
with Replication Origins.HsOrc2 associates with chromatin
throughout the cell cycle and is believed to be one of the
first subunits of the HsORC complex to bind to replication
origins (22, 44, 45). Hence, the effect of HsOrc2 deficiency
on the ability of Ku80 to bind replication origins was
examined to determine the order of binding of HsOrc2 and
Ku (i.e., whether HsOrc2 bound to origins prior to Ku80).
Comparative ChIP analysis of the association of HsOrc2 with
the three aforementioned origins in asynchronously growing
cultures of HCT116 wild-type and Orc2∆/- cells showed an
overall decrease in the association of HsOrc2 with the origins
in the hypomorphic cells (Figure 6). Specifically, the Orc2∆/-

cells showed a 2.8-, 4.9-, and 2.8-fold decrease in the
association of HsOrc2 with the LB2 (2.8× 106 vs 9.9×
105 molecules/2× 107 cells,p ) 0.018, Figure 6A), BG40.9
(3.1× 106 vs 6.3× 105 molecules/2× 107 cells,p ) 0.004,
Figure 6B), andMyc11 (2.3× 106 vs 8.2× 105 molecules/2

× 107 cells,p ) 0.017, Figure 6C) origins, respectively. The
association of Ku80, on the other hand, showed neither a
consistent nor significant difference in the hypomorphic
Orc2∆/- cells for any of the three origins examined (1.6×
106 vs 2× 105 molecules/2× 107 cells for LB2,p ) 0.17,
Figure 6A; 9.9× 105 vs 7.7× 105 molecules/2× 107 cells
for BG40.9,p ) 0.99, Figure 6B; and 1.5× 106 vs 1.2×
106 molecules/2× 107 cells for Myc11, p ) 0.47, Figure
6C). As before, DNA brought down nonspecifically by
normal goat serum (NGS) did not vary between the wild-
type HCT116 and hypomorphic Orc2∆/- cells and averaged
1.1× 105, 0.6× 105, and 0.9× 105 molecules/2× 107 cells
for LB2, BG40.9, andMyc11, respectively. Likewise, the
abundance of the control DNA immunoprecipitated by the
individual antibodies did not vary significantly from that of
NGS and ranged between 0.7× 105, 0.1-0.2 × 105, and
2.0-2.8 × 105 molecules/2× 107 cells for LB2C1, BG72,
andMyc1, respectively (Figure 6).

Orc2∆/- Cells Display Decreased Origin ActiVity. Since
Ku80 deficiency decreased the association of Orc-3, -4, and

FIGURE 6: ChIP assay of Ku80 and HsOrc2 in wild-type HCT116 and Orc2∆/- cells. The abundance of DNA molecules immunoprecipitated
with anti-Ku80 or anti-HsOrc2 antibodies at the lamin B2 (A),â-globin (B), and c-myc(C) origins in log phase wild-type HCT116 (white
bars) and Orc2∆/- (gray bars) cells is shown. For each immunoprecipitate, the abundance of both the origin-containing (LB2, BG40.9, and
Myc11) and origin-lacking (LB2C1, BG72, andMyc1) regions was determined. Normal goat serum (NGS) was used as a negative control.
Each bar represents the average of three experiments, each done in duplicate, and one standard deviation. Statistically significant differences
(p < 0.05) between ChIPs from HCT116 and Orc2∆/- are indicated with an asterisk.
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-6 with replication origins (Figure 5) and resulted in a 3.4-
4.5-fold decrease in origin activity (31), the effect of Orc2
deficiency on the activity of the LB2, BG40.9, andMyc11
origins was analyzed using Orc2∆/- hypomorphic cells.
HsOrc2 associates with origins of replication throughout the
cell cycle (our unpublished data) and is required for the
stability of HsOrc3 (18). Thus, if the effect of Ku80
deficiency on DNA replication was mediated through the
assembly of the ORC complex at origins, then a similar result
would be expected in a cell line deficient for Orc2.

To assess origin activity in Orc2∆/- cells, nascent strand
abundance at the lamin B2,â-globin, and c-mycorigins was
measured, usingλ-exonuclease digested DNA, as described
in Materials and Methods (38) (Figure 7). At the lamin B2
origin, LB2, nascent DNA was 4.5-fold more abundant in
the wild-type HCT116 than Orc2∆/- cells (1.9× 106 vs 4.2
× 105 molecules/20µg of DNA, respectively,p ) 0.002).
In contrast, the abundance of nascent DNA at the control
region, LB2C1, was similar in both cell lines (2.4× 105 vs
1.9× 105 molecules/20µg of DNA for HCT116 and Orc2∆/-

cells, respectively,p ) 0.717). Similar results were observed
for the other two origins examined. At theâ-globin origin,
nascent DNA abundance was 2.2-fold greater in the wild-
type versus hypomorphic cells (1.75× 106 vs 7.8 × 105

molecules/20µg of DNA, respectively,p ) 0.028), while
its control region, BG72, displayed similar abundance in both
cell lines (4× 104 vs 5× 104 molecules/20µg of DNA in
HCT116 and Orc2∆/- cells, respectively,p ) 0.938). At the
c-myc origin, Myc11, wild-type cells had 2.7-fold greater
activity than hypomorphic cells (1.15× 106 vs 4.2× 105

molecules/20µg of DNA, respectively,p ) 0.025), while
nascent DNA abundance atMyc1 was similar in both cell
lines (2.8× 105 vs 3.1× 105 molecules/20µg of DNA for
HCT116 and Orc2∆/- cells, respectively,p ) 0.101).

Comparison of nascent DNA abundance at the peak and
negative control regions of each origin in wild-type HCT116

cells gives a measure of the quality of nascent DNA
preparation (46). A ratio of 8-10-fold greater nascent DNA
at the peak region relative to the negative control has been
proposed to represent good nascent DNA preparations (46,
47). Using λ-exonuclease-treated DNA, the peak region of
the lamin B2 origin, LB2, was approximately 8-fold greater
than its control region of LB2C1 (1.9× 106 vs 2.4× 105

molecules/20µg of DNA, p ) 0.001, respectively) (Figure
7); theâ-globin origin, BG40.9, was approximately 44-fold
greater than its control region, BG72 (1.75× 106 vs 4 ×
104 molecules/20µg of DNA, p ) 0.001, respectively), and
the peak region of the c-myc origin, Myc11, was ap-
proximately 4-fold greater than the control,Myc1 (1.15×
106 vs 2.8 × 105 molecules/20µg of DNA, p ) 0.004,
respectively).

DISCUSSION

The human ORC complex is required for initiation of DNA
replication and the loading of initiator proteins onto origins,
including Cdc6, Cdt1, and the MCM hexameric complex
(reviewed in ref22). Its DNA binding activity lacks sequence
specificity in vitro, while in vivo, it specifically associates
with DNA replication origins (14-16; Figures 5 and 6).
Thus, it was proposed that another origin-binding protein
may recruit HsORC to origins (40). In this study, the role
of Ku in HsORC assembly at origins is examined, and the
order of assembly of these two complexes is determined
using Ku80- and Orc2-deficient cell lines.

Haplo-insufficient Ku80+/- cells were reported to have a
prolonged doubling time and G1 phase (30, 31). Their
decreased expression of Ku80 (Figure 1) resulted in a
significant decrease of its association to chromatin (Figure
2), albeit to a lesser extent. This may reflect differences in
the pools of DNA-bound and unbound Ku and suggests that
Ku is more likely to be DNA bound than not. Indeed,
measurements of nuclear GFP-tagged Ku mobility by

FIGURE 7: Nascent DNA abundance at the lamin B2,â-globin, and c-mycorigins in Orc2∆/- and HCT116 cells. Nascent DNA was prepared
from asynchronous cultures of HCT116 and Orc2∆/- cells, as described in Materials and Methods. Its abundance at the lamin B2,â-globin,
and c-mycorigins was quantified using real-time PCR for the peak (LB2, BG40.9, andMyc11) and negative (LB2C1, BG72, andMyc1)
regions. Each bar represents three experiments, each done in duplicate, and one standard deviation. Statistically significant differences (p
< 0.05) between the wild-type HCT116 and Orc2∆/- cells for the origin-containing regions are indicated with an asterisk.
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fluorescence photobleaching assay identified a 100-fold
decrease in its diffusion relative to that predicted by its size
(48). Analysis of the nuclear expression of HsOrc-2, -3, -4,
and -6 did not reveal significant differences between the
Ku80-deficient and wild-type cell lines (Figure 1), indicating
that Ku does not regulate the expression or the stability of
the HsOrc proteins. Furthermore, Ku80 deficiency did not
have an effect on the association of the four HsOrc subunits
with chromatin (Figure 2), most likely reflecting the emerg-
ing multiple functions of the HsOrc subunits, whereby they
were found to interact with nonreplication proteins (49, 50)
and have been implicated in other functions than DNA
replication, including transcriptional silencing (50-53).
Alternatively, Ku80 deficiency may not have had an effect
on the chromatin association of HsORC due to the latter’s
reported sequence-independent DNA binding activity (14,
15).

Coimmunoprecipitation analyses indicated that the Ku
heterodimer and the HsOrc-2, -3, -4, and -6 subunits are part
of a complex, since they were brought down together (Figure
3). Ku and Orc2 were reported to coimmunoprecipitate in
the presence of ethidium bromide (24), a DNA intercalating
agent which disrupts DNA-protein interactions (54), indi-
cating that their interaction is independent of DNA, but not
necessarily a direct one.

Specific in vivo association of Ku and HsOrc proteins with
the lamin B2,â-globin, and c-mycorigins of DNA replication
was demonstrated in cells synchronized to late G1 (Figure
5), when assembly of the prereplication complex (pre-RC)
takes place. As expected, the association of Ku80 with these
origins was decreased in the Ku80+/- deficient cells (Figure
5; 31). Interestingly, for all three origins examined, the
association of HsOrc-3, -4, and -6 was also decreased, while
that of HsOrc2 was not significantly affected. This indicated
that loading of the HsOrc-3, -4, and -6 subunits preceded
that of Ku. Alternatively, Ku may be involved in the
stabilization of the interaction between the HsOrc-3, -4, and
-6 subunits either with HsOrc-2 or with origin DNA. In fact,
a previous study found that the yeast Ku homologue, HDF2,
helped to stabilize the association of an ORC-like protein
complex with ARS121 (55). Furthermore, a recent study
found that Ku was involved in the stabilization of the
interaction of PCNA with chromatin after ionizing radiation-
induced DNA damage (56). Cdc6 was also identified as a
stabilizer of the HsORC complex to DNA (57).

Since the association of HsOrc2 with chromatin was not
affected by the deficiency of Ku80, the association of Ku80
with origins in Orc2∆/- hypomorphic cells was examined to
determine the order of association of these two proteins. If
HsOrc2 were required for the association of Ku80 with the
origins, a deficiency in the association of HsOrc2 with them
would lead to a deficiency in that of Ku80. Alternatively, if
the two proteins bound independently of each other, a
deficiency of one protein would not influence the origin
association of the other. ChIP analysis in Orc2∆/- cells
revealed an expected decrease in the association of HsOrc2
with all three origins examined (Figure 6), but the association
of Ku80 was neither significantly nor consistently affected,
indicating that HsOrc2 deficiency had no effect on the
binding of Ku80 to the origins. Thus, HsOrc2 and Ku appear
to bind to replication origins independently of each other.
This is consistent with published data whereby Ku binds

specifically to regions with homology to the A3/4 sequence
(23, 28), a version of the mammalian origin consensus (27),
while HsORC binding does not seem to be sequence-specific,
but rather biased toward A/T-rich regions (14, 15).

Decreased origin activity has been observed in Ku80+/-

cells (31). To determine whether this was mediated by a
deficiency in HsORC complex assembly at replication
origins, we tested the origin activities in Orc2∆/- hypomor-
phic cells, which likely suffer a similar decrease in HsORC
association to origins. Usingλ-exonuclease-digested DNA,
the activities of the lamin B2,â-globin, and c-mycorigins
were found to be decreased in Orc2∆/- hypomorphic cells
compared to wild-type HCT116 (Figure 7). Dhar et al. (14)
showed that the expression of HsOrc3 was decreased in the
Orc2∆/- hypomorphic cell line. Thus, in addition to the
decrease in the association of HsOrc2 with origins in Orc2∆/-

cells (Figure 6), the association of the other ORC subunits
with these origins is likely to be decreased, thus compromis-
ing origin firing. Hence, it is plausible that the decrease in
origin activity seen in Ku80+/- cells be due to decreased
association of Ku with the origins, leading to a decrease in
the assembly of the entire ORC complex at these origins.

The initial study examining origin activity in Orc2∆/- cells
did not detect any differences between the hypomorphic and
wild-type cells (14). The observed decrease here might be
due to the different assays used for preparation of nascent
DNA. In this study, theλ-exonuclease enzyme, which
degrades DNA lacking an RNA primer, was used, leading
to a decrease in background signal that may be generated
by broken DNA. This ensured the preparation of high-quality
nascent DNA, whereby the ratio of abundance of the peak
(origin-containing) to negative control (nonorigin) regions
ranged up to 44-fold in wild-type cells (Figure 7).

Use of real-time PCR allowed the quantification of the
amount of DNA that was immunoprecipitated by each
antibody. As exemplified in Figure 5A, more DNA was
immunoprecipitated with anti-HsOrc-3 and -6 than with anti-
HsOrc-2 and -4 antibodies at the LB2 region. This pattern,
also seen for the BG40.9 andMyc11 origin regions (Figure
5B,C), is a reflection of the immunoprecipitation efficiencies
of anti-HsOrc antibodies (Figure 3B) which may be affected
by epitope availability for each antibody. Interestingly, the
amount of the non-origin-containing DNA sequences, LB2C1,
and to a lesser extent ofMyc1, brought down by the anti-
HsOrc antibodies is greater than that of NGS, likely reflecting
the sequence-independent binding activity of the HsOrc
proteins (14, 15).

Similarities in primer efficiencies allowed comparisons
between the different amplified regions. For example, in the
ChIP analyses, the signals obtained for the LB2 and BG40.9
origin-containing regions were generally greater than those
of Myc11 (Figure 6). This indicated that the LB2 and BG40.9
origins were active in a greater fraction of cells than the
c-myc origin (Figure 7). Another consistent observation
among all immunoprecipitates was that the amount of DNA
for the nonorigin LB2C1 andMyc1 regions was greater than
the BG72 region, likely a result of the greater distance
between BG72 and BG40.9 (∼31 kb) than LB2C1 and LB2
(∼4 kb) orMyc1 andMyc11 (∼5.9 kb). This distance ensures
that, after sonication, there are less immunoprecipitated DNA
molecules carrying these negative regions.
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Crystallization of the Ku heterodimer revealed the presence
of a preformed ring through which double-stranded DNA
ends could enter, thus providing the mechanism of the DNA
end-binding activity of Ku (58). Although not evident in the
crystal structure, several studies identified a sequence-specific
DNA binding activity in Ku (28, 59-67) and identified DNA
sequences to which Ku binds (summarized in Table 2). Two
possible explanations may be proposed for Ku’s ability to
bind these seemingly different sequences: first, Ku-interact-
ing proteins may modulate its binding affinity to different
sequences that contain a Ku-binding recognition motif,
possibly by changing the conformation of Ku, and/or second,
each of these sequences may be bound by both Ku and other
protein(s), either individually or as part of a protein complex,
each conferring upon Ku the ability to perform a distinct
function. For example, although both A3/4 and NRE1 can
be bound by Ku, only A3/4 can support DNA replication
(28), while NRE1 represses transcription, suggesting the
existence of distinct Ku-containing transcription and replica-
tion complexes. Alternatively, the observed specific binding
of Ku to seemingly unrelated sequences might be achieved
through its proposed binding of polypurine/polypyrimidine
stretches (61).

The multifunctionality of Ku in DNA-related cellular
activities as well as its display of both nonspecific and
sequence-specific DNA binding, led to the speculation that
Ku may be poised to display different activities, depending
on the prevailing cellular conditions and/or requirements.
Thus, its function might be a combination of all the
individually ascribed roles, elicited by its physical presence
on the DNA and the prevailing cellular requirements for
either DNA repair, replication, telomere maintenance, tran-
scriptional silencing, or recombination. Despite the fact that
these activities generally take place in complexes that
assemble on the nuclear matrix, no differences were observed
in origin abundance in the nuclear matrix fractions of wild-
type and Ku80+/- cells (unpublished data), indicating that
Ku does not recruit origins to the nuclear matrix.

Overall, on the basis of the data in the present and previous
studies, the following model is proposed (Figure 8): Ku and
HsOrc2 bind to separate sequences at human DNA replica-
tion origins independently of each other. From the present
data, it cannot be determined which of the two proteins binds
first. However, upon binding, Ku facilitates the loading of

at least the HsOrc-3, -4, and -6 subunits. Although HsOrc-1
and -5 were not tested here, it had been previously shown
that both subunits bind to form the HsORC complex after
HsOrc-3 interacts with HsOrc-2 (14), thus inferring that the
entire HsORC complex assembles after the binding of Ku
to replication origins. Subsequently, Cdc6, Cdt1, and the
MCM2-7 complex bind to the origin and license it to initiate
DNA replication (reviewed in ref22). The observation that

Table 2: DNA Binding Sites for the Ku Heterodimer and Its Individual Subunitsa

DNA binding
protein

recognition
elementb recognition sequence (5′ f 3′) function ref

Ku80 A3/4 CCTCAAATGGTCTCCAATTTTCCTTTGGCAAATTCC DNA replication 28
Ku70 NRE1 ACCGGACTGAGAAAGAGAAAGACGAC transcription repression 28
Ku80 Ku80 binding site GAGAAA transcription repression 59
Ku70/80 SRE ATTT transciption repression/Ig

class switch recombination
60

Ku70/80 HIV-1 LTR CTGAGAGAGAAGTGTTAGAGT transcription repression 61
Ku70 WGATAR transcription repression 62
Ku70/80 human UCE CAGGTGTCCGTGTCGCGCGTCGCCTGGGCCGGCGGCG transcription repression 63
Ku70 IAP CTGCGCATGTGCCAAGGGTATCTTATGACT transcription activator 64
Ku70/80 URE5 AAGTTCCACCCCTTTCCCTTTCATTCA transcription repression 65
Ku70 HSE CCCGAAACTGGAAGATTCTTGGCCC transcription repression 66, 67

a Summary of DNA binding sites for Ku, including the binding subunit(s), the name and sequence of the recognition elements, the function of
the element, and the reference(s) from which the above information was derived.b Abbreviations of names of recognition elements: NRE-1)
negative regulatory element 1 of the murine mammary tumor virus long-terminal repeat (LTR); SRE) switch regulatory element; HIV-1 LTR)
human Immunodeficiency virus 1 long-terminal repeat; UCE) upstream control element; IAP) LTRs of mouse intracisternal A-particle (IAP)
proviral elements; URE5) U5 repressive element; HSE) heat shock element.

FIGURE 8: A model of the assembly of initiators of DNA replication
at human replication origins. HsOrc2 and Ku bind to the A/T-rich
region and an origin recognition element, respectively, indepen-
dently of each other. Ku interacts with the HsOrc2 subunit (24;
Figure 3) (indicated by the double-headed dashed arrow) and
possibly modifies the DNA environment so as to allow binding of
the other HsOrc subunits to HsOrc2 and assembly of the HsORC
complex. This is followed by the binding of Cdc6, Cdt1, and the
MCM2-7 complex, completing the assembly of the pre-RC and
licensing the origin.
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Ku coimmunoprecipitates with the Orc subunits indicates
that, at some point in time, they form a DNA replication
complex, possibly following origin binding.

Several possible roles for Ku in DNA replication can be
postulated, including a prerequisite requirement to be present
at origins in case of DNA damage. Alternatively, it may be
required to repress DNA transcription, thus allowing DNA
replication to initiate (59-67) and preventing head-on
collision of the transcription and replication machineries. In
support of this notion, Ku was found to associate with TTF1
(transcriptionterminationfactor 1) at the mouse rDNA origin
(68). Finally, Ku may be required to unwind DNA through
its helicase activity (69), thus allowing other DNA replication
proteins to bind.

In conclusion, this is the first study to analyze the order
of Ku binding at replication origins in relation to the HsOrc
proteins. Studies are in progress to determine whether the
loading of the HsOrc-3, -4, and -6 subunits onto origins
results from direct interactions with the Ku heterodimer or
is due to indirect modification(s) of the chromatin structure
by Ku.
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