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Abstract

In addition to its well-characterized function as a tumor suppressor, p14ARF (ARF) is a positive regulator of topoisomerase I
(topo I), a central enzyme in DNA metabolism and a target for cancer therapy. We previously showed that topo I
hyperphosphorylation, a cancer-associated event mediated by elevated levels of the protein kinase CK2, increases topo I
activity and the cellular sensitivity to topo I-targeted drugs. Topo I hyperphosphorylation also increases its interaction with
ARF. Because the ARF2topo I interaction could be highly relevant to DNA metabolism and cancer treatment, we identified
the regions of topo I involved in ARF binding and characterized the effects of ARF binding on topo I function. Using a series
of topo I deletion constructs, we found that ARF interacted with the topo I core domain, which encompasses most of the
catalytic and DNA-interacting residues. ARF binding increased the DNA relaxation activity of hyperphosphorylated topo I by
enhancing its association with DNA, but did not affect the topo I catalytic rate. In cells, ARF promoted the chromatin
association of hyperphosphorylated, but not basal phosphorylated, topo I, and increased topo I-mediated DNA nicking
under conditions of oxidative stress. The aberrant nicking was found to correlate with increased formation of DNA double-
strand breaks, which are precursors of many genome destabilizing events. The results suggest that the convergent actions
of oxidative stress and elevated CK2 and ARF levels, which are common features of cancer cells, lead to a dysregulation of
topo I that may contribute both to the cellular response to topo I-targeted drugs and to genome instability.
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Introduction

The p14 Alternate Reading Frame (ARF) protein is a cancer-

associated protein that plays a well-characterized role in activating

the p53 tumor suppressor pathway. ARF is present in normal cells

at low to undetectable levels but accumulates in response to

oncogene activation [1–6]. High ARF levels provide a barrier to

oncogene-driven cellular hyperproliferaton by stabilizing wild-type

p53 protein and promoting p53-mediated cell cycle arrest,

senescence, or apoptosis [6–8]. p53 is frequently inactivated in

cancer, which disables the p53-dependent tumor suppressor

activity of ARF but leaves ARF available to interact with a variety

of other proteins, including topoisomerase I (topo I) [9,10], an

essential enzyme that relaxes DNA supercoils during DNA

synthesis [11,12].

ARF binding to topo I involves the C-terminal domain of ARF

[13], which is not required for its p53-dependent activity, and is

enhanced by protein kinase CK2 (‘‘CK2’’)-mediated hyperpho-

sphorylation of topo I. We have shown that such aberrant topo I

phosphorylation occurs on serine 506 (PS506) and is a cancer-

related abnormality that is characteristic of cancer cells expressing

elevated CK2 levels [9,14]. We also found that PS506-expressing

hyperphosphorylated topo I displays both increased DNA binding

and increased DNA relaxation activity compared with the basal

phosphorylated topo I expressed in normal cells and in cancer cells

without elevated CK2 [15]. The elevated activity of hyperpho-

sphorylated topo I also increases cellular sensitivity to the topo I-

targeted drug, camptothecin [14], which uses topo I activity to

generate lethal DNA double-strand breaks [16]. Thus, hyperpho-

sphorylation of topo I is relevant to the cancer cell response to

irinotecan and topotecan, two widely used camptothecin-derived

chemotherapeutic drugs.

ARF–topo I complexes accumulate in cell lines with hyperpho-

sphorylated topo I, and modulation of ARF levels in these cells

affects topo I DNA relaxation activity and cellular sensitivity to

camptothecin [9]. These findings suggest that the CK2-mediated

hyperphosphorylation of topo I may drive the formation of ARF–

topo I complexes to further increase topo I activity. ARF is rarely

mutated in human cancer. However, overexpression of ARF

occurs in 50% or more of a variety of cancers including lung,

colon, and breast cancer, oral squamous cell carcinoma, and B-cell

lymphoma [17–22]. PS506 expression may also be frequent in
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cancer, based on cell culture analyses showing it to be expressed in

about two-thirds of cancer cell lines [15]. Because the ARF–topo I

interaction may be relevant to a large fraction of cancers, arising as

a consequence of chronic CK2 elevation and oncogene activation,

we have further examined the molecular events controlling this

interaction and the consequences for topo I function. Here, we

show that ARF interacts with the core domain of topo I in

a PS506-dependent manner to enhance the association of

hyperphosphorylated topo I with DNA and chromatin. A

pathophysiological role for hyperphosphorylated topo I is revealed

by the finding that the combined expression of PS506 and ARF in

cancer cells resulted in increased topo I-mediated DNA nicking

and DNA double-strand break formation induced by elevated

levels of reactive oxygen species. The results identify a novel

activity of ARF, independent of its tumor suppressor activity, and

raise the possibility that persistent overexpression of ARF could

contribute to endogenous DNA damage in cancer cells by

dysregulation of topo I.

Materials and Methods

Cell Lines
293T human embryonic kidney cells immortalized with T

antigen, H358 human non-small cell lung cancer cells, and

OVCAR-3 human ovarian cancer cells were purchased from the

American Type Culture Collection (ATCC) and were cultured in

Dulbecco’s Modified Eagles Medium (293T, OVCAR-3) or RPMI

(H358) supplemented with 10% newborn calf serum and additives,

as previously described [14].

Antibodies
The primary antibodies used were: goat polyclonal anti-topo I

and goat polyclonal anti-ARF C-terminus (Santa Cruz Bio-

technology, Santa Cruz, CA); mouse monoclonal anti-phospho-

serine, mouse monoclonal anti-FLAG, and rabbit polyclonal anti-

FLAG (Sigma-Aldrich, St. Louis, MO); rabbit polyclonal anti-

histone H2A.X and rabbit polyclonal anti-topo I (Bethyl

Laboratories, Montgomery, TX); rabbit polyclonal anti–c-
H2A.X [ser139] (Novus Biologicals, Littleton, CO); mouse

monoclonal anti-histone H3 (Millipore, Temecula, CA); and

rabbit polyclonal anti-PS506 (pAb506-P; described in reference

[23]). The secondary antibodies used were horseradish peroxidase

(HRP)-conjugated goat anti-rabbit IgG, goat anti-mouse IgG-

HRP, and donkey anti-goat IgG-HRP (all from Santa Cruz

Biotechnology). For Westerns, primary and secondary antibodies

were used at 1:100 and 1:1000 dilutions, respectively.

Construction of Expression Vectors for Human topo I and
topo I Deletion Mutants
The full-length human topo I sequence was PCR amplified

from H358 cDNA and subcloned into the pCMV-Tag1 vector

(Stratagene, San Diego, CA), which supplies an N-terminal FLAG

sequence. The cloned insert was sequenced (Retrogen, San Diego,

CA) and confirmed to be the human wild-type topoisomerase I

coding sequence (NM_003286). The cloned full-length sequence

was then used as a template to PCR amplify a series of C-terminal

deletion mutants of varying lengths, the core region sequence

(residues 216–636), and the region from residues 5012765 that

includes part of the core domain, the linker, and the topo I C-

terminus. The amplified deletion fragments were also inserted into

the pCMV-Tag1 Vector (Stratagene) and all cloned inserts were

then subcloned together with the FLAG sequence into the

pTriExTM-2 Hygro vector (Novagen), which supplies a His-tag

and T7 promoter for in vitro transcription/translation. Each

cloned insert in pTriExTM-2 Hygro was sequenced to verify its

identity. A sequence in which alanine replaced serine at position

506 was generated by site-direct mutagenesis as previously

described [15]. The sequences of PCR primers are provided in

Table S1.

Recombinant topo I and ARF
With the exception of the His/FLAG-tagged human topo I

expressed in cell lines, the recombinant topo I used in this study

was baculovirus-expressed human topo I (R-topo I) purchased

from TopoGEN (Port Orange, FL). The baculovirus R-topo I

protein is basal phosphorylated. To generate hyperphosphorylated

topo I for binding and activity assays, R-topo I was incubated

twice, each for 30 min at 37uC, with 10 units of CK2 (Promega,

Madison, WI) per microgram of R-topo I, as described in the

manufacturer’s instructions. To generate unphosphorylated pro-

tein, basal phosphorylated R-topo I was dephosphorylated with

alkaline phosphatase (Sigma) as previously described [9,24]. The

recombinant ARF (p14 Alternate Reading Frame protein) used

here was a fusion protein of human ARF and thioredoxin

expressed in bacteria as previously described [9].

Evaluation of topo I–ARF Complex Formation
To evaluate intracellular complex formation between ARF and

the products of the various topo I expression constructs, the

vectors were transfected into 293T or H358 cells using TurboFect

Transfection Reagent (Thermo Scientific, Waltham, MA) accord-

ing to the manufacturer’s instructions. For each transfection, one

10 cm dish of nearly confluent cells was used (,26106 cells). To

increase cellular ARF levels in H358 cells, we treated them prior to

transection for 4 h with 20 moi (multiplicity of infection) of Adp14,

an adenoviral vector encoding human ARF, using procedures

described previously [9]. Two days post-transfection, transduced

cells were lysed by direct addition to the plates of high salt lysis

buffer [400 mM NaCl, 50 mM Hepes pH 7.5, 1% Triton X-100,

10% glycerol, 5 mM MgSO4, 1 mM EDTA, and complete

protease and phosphatase inhibitors (Roche, Indianapolis, IN)].

For H358 cells, the lysate was adjusted to 150 mM salt.

Transduced gene products were immunoprecipitated overnight

at 4uC with mouse anti-FLAG M2 and protein AG-agarose (Santa

Cruz Biotechnology). Samples were subjected to Western analysis

of FLAG (rabbit anti-FLAG), PS506, and ARF as described

previously [9]. Western blots were developed using Pierce ECL

Western blotting substrate (Thermo Scientific).

To evaluate complex formation between R-topo I and

recombinant ARF in vitro, samples of 1 mg unphosphorylated,

basal phosphorylated, or hyperphosphorylated R-topo I (prepared

as described above) were incubated with 0.14 mg recombinant

ARF fusion protein in lysis buffer (10 mM sodium phosphate

pH 7, 150 mM NaCl, 0.1% SDS, 1% NP40, 1% sodium

deoxycholate, 1 mM phenylmethylsulfonyl fluoride [PMSF], and

complete protease inhibitors) as described previously [9]. Samples

were immunoprecipitated overnight at 4uC with goat polyclonal

anti-topo I and protein AG-agarose, and then subjected to SDS-

PAGE and Western analysis of co-immunoprecipitated ARF.

Western Analyses of Cell Lysates
Cells were lysed by the addition of high salt lysis buffer directly

to the plates as described in the previous section, and the lysates

were processed as previously described [14]. Samples of 75 mg
cellular protein (except where noted differently) were resolved by

SDS-PAGE, transferred to PVDF membranes, and immunos-

tained as described above.

p14ARF-Topoisomerase I Interaction
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Topo I–plasmid DNA Non-covalent Binding Assay
Binding assays with radiolabeled plasmid DNA and R-topo I

were performed following our previously described method [15].

In brief, 0.03 pmol (600 ng, ,9000 cpm) radiolabeled plasmid

DNA (pCMV-FLAG, Sigma-Aldrich) and 0.3 pmol R-topo I

(basal phosphorylated, hyperphosphorylated, or unphosphorylated

prepared as described above) were incubated for various times

with or without 0.3 pmol recombinant ARF in 50 ml low salt

buffer (75 mM NaCl, 10 mM Tris, pH 7.5) at 4uC. These

conditions allow topo I to associate with DNA but prevent

catalytic DNA cleavage [25]. Non-covalent complexes were

recovered by the addition of 250 ml low salt immunoprecipitation

buffer (10 mM sodium phosphate pH 7, 75 mM NaCl, 0.1%

SDS, 1% sodium deoxycholate, 0.5% NP40, and complete

protease inhibitors), followed by goat anti-topo I and protein

AG-agarose. Co-immunoprecipitated DNA was quantified by

scintillation counting.

Topo I DNA Nicking Assay
A radiolabeled suicide substrate was prepared using the

sequence and method originally described in reference [25], and

further detailed in reference [15]. The substrate is a 94 bp

double-stranded hairpin structure containing a topo I binding

and cleavage sequence 3 bases upstream of an engineered nick,

in which the 59-hydroxyl group required for resealing is

replaced by a phosphate group. Therefore, once topo I has

cleaved the suicide substrate, it remains trapped in a covalent

complex with the DNA. Briefly, for the R-topo I assay in vitro,

non-covalent complexes between the radiolabeled substrate and

R-topo I were preformed by incubation in low salt buffer on

ice, as described in the previous section. The temperature was

then raised to 8uC for varying times to allow nicking and

covalent complex formation. Reaction products were precipitat-

ed with K+SDS, a method that specifically recovers covalently

linked protein–DNA complexes [15,26] and is described further

below (see ‘‘Recovery of cellular covalent cleavage complexes’’).

Precipitates were collected by centrifugation and DNA was

quantified by scintillation counting.

Topo I–plasmid DNA Relaxation Assay
The supercoiled plasmid DNA relaxation assay was per-

formed using a Topo I Assay Kit (TopoGEN) and products

were analyzed by agarose gel electrophoresis, as previously

described [7].

Chromatin Immunoprecipitation (ChIP) Assay
H358 cells were left untreated, or were treated with 10 mM of

the CK2 inhibitor 4,5,6,7-tetrabromobenzotriazole (TBB) for 1 h

as described in [14], with 20 moi Adp14 as described in [9], or

with both TBB and Adp14. One 10 cm plate of cells at about 80%

confluency was used for each condition. Two days later cells were

crosslinked by addition of 1% formaldehyde for 10 min with

shaking. Cells were washed twice with PBS and lysed by direct

addition of 600 ml high salt lysis buffer to the plate. The lysate was

sonicated to break the DNA into ,1000 bp fragments and

centrifuged. The supernatant was mixed with immunoprecipita-

tion buffer (1% NP40, 20 mM Tris pH 8, 150 mM NaCl, 10%

glycerol, 2 mM EDTA) and subjected to 3 cycles of immunopre-

cipitation with rabbit anti-histone H3 and protein AG-agarose,

each for 2 h at 4uC. The immunoprecipitated fractions were

pooled, resolved by SDS-PAGE, and subjected to Western analysis

of topo I and histone H3.

Recovery of Cellular Covalent Cleavage Complexes
OVCAR-3 cells were left untreated, or were treated with 20 moi

of Adp14 as described in [9], 10 nM of the specific CK2 activator,

1-ethyl-4,5-dicarbamoyl imidazole [27] as described in [14,15], or

with both Adp14 and the CK2 activator. One 6 cm plate of cells

(,76105 cells) was used for each condition. To induce production

of reactive oxygen species (ROS), cells were treated with 10 mM
pyocyanin (Sigma) as described in [28]. ROS production was

verified using an ROS detection kit (Enzo, Lake Placid, NY)

according to the manufacturer’s instructions. Cells were incubated

for a total of 48 h. After 29 h, cells were pulsed for 18 h with

1.2 mCi/plate of [3H]-thymidine (NEN Lifescience Products,

Boston, MA) and then transferred to non-radioactive medium

for the final 1 h before harvest. Cleavage complexes were isolated

using a K+SDS method that specifically precipitates covalent topo

I–DNA complexes, as originally described by Liu et al. [26] with

some modifications [29,30]. Briefly, after removing the medium,

cells were lysed by direct addition to the plate of 200 ml of pre-
warmed (65uC) lysis solution (1.25% SDS, 5 mM EDTA pH 8,

0.4 mg/ml salmon sperm DNA). Cell lysates were transferred to

1.5 ml microfuge tubes containing 50 ml of 325 mM KCl. After

vigorous vortexing, the samples were cooled on ice for 10 min and

centrifuged. The pellets were resuspended in 500 ml of wash

solution (10 mM Tris-HCl pH 8, 100 mM KCl, 1 mM EDTA,

0.1 mg/ml salmon sperm DNA), warmed at 65uC for 10 min with

occasional shaking, cooled on ice for 10 min, and re-centrifuged.

The pellets were washed again and resuspended in 200 ml of water
pre-warmed to 65uC. Radioactivity was determined by scintilla-

tion counting.

Statistical Analyses
Statistical analyses were carried out using GraphPadH software

(GraphPad Software, Inc., La Jolla, CA).

Results

Identification of the ARF-interacting Domain on topo I
and the Role of PS506 in ARF–topo I Binding
Topo I consists of 4 domains: a poorly conserved N-terminal

domain, a highly conserved DNA-binding core domain containing

most of the catalytic residues, a poorly conserved linker domain,

and a conserved C-terminal domain containing the catalytic

residue tyrosine 723 (see review [31] and references therein). To

map the ARF binding domain of topo I we generated His/FLAG-

tagged expression vectors for the full-length wild-type topo I, a full-

length site-specific topo I mutant in which alanine replaces serine

at position 506, and a series of 7 deletion mutants (Figure 1A). The

9 constructs were expressed in H358 human lung cancer cells,

which we have previously shown to have elevated levels of CK2

and ARF and to express the PS506-hyperphosphorylated form of

topo I [15]. Cells were also treated with the human ARF

adenoviral vector Adp14 to further increase ARF expression. Two

days after transfection, the topo I gene products were immuno-

precipitated from cell lysates with mouse anti-FLAG IgG, and

probed by Western analysis for the topo I proteins, PS506, and co-

immunoprecipitated ARF.

As shown in Figure 1B, the 9 topo I constructs were all

efficiently expressed in H358 cells (anti-FLAG Western). The

presence of the PS506 epitope was probed with pAb506-P, a rabbit

polyclonal IgG raised to a PS506-containing topo I peptide, which

we previously showed recognizes PS506-containing topo I, but not

the unphosphorylated or basal phosphorylated forms of topo I

[15]. As expected, we observed immunoreactivity of pAb506-P

with the products of constructs 428, which all include serine 506,

p14ARF-Topoisomerase I Interaction
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but not with constructs 123, which lack serine 506. Similarly, the

PS506 epitope was not present in construct 9 containing the

S506A substitution, consistent with our earlier report [15].

ARF binding to the transduced gene products was evaluated by

Western analysis of ARF in the topo I immunoprecipitates. We

found that the products of constructs 1–3 could not form

complexes with ARF, indicating that the first 500 residues of

topo I are insufficient for ARF binding (Figure 1B) but the addition

of residues 500 to 636 (construct 4) enabled binding to ARF.

Notably, the product of construct 4 bound ARF as efficiently as

the products of constructs 5 and 6, which contain the linker and C-

terminal regions of topo I, indicating that these regions are

unlikely to contribute further to ARF binding. The core region

from residue 216 to 636 (construct 7), devoid of N-terminal

sequences, linker, and C-terminal sequences was able to bind

ARF, indicating that the N-terminal region is also dispensable for

binding. However, the region from residue 500 to 636 (in

construct 8) in the absence of the remainder of the core region, did

not bind ARF, indicating that a larger region of the core domain

was necessary for binding, possibly to retain the proper folding.

We also expressed these constructs in 293T cells and evaluated

binding of the products to a bacterially expressed recombinant

human ARF fusion protein, and obtained similar results (Figure

S1). Importantly, we found that efficient binding of ARF by full-

length topo I was PS506-dependent. Thus, ARF binding by the

S506A gene product (construct 9), which cannot be phosphory-

lated at residue 506 and does not express PS506, is greatly

impaired compared with binding by the PS506-positive full-length

wild-type topo I (construct 6; Figure 1B).

Effect of PS506 and ARF on the DNA Binding and
Relaxation Activity of topo I
The PS506 epitope can be generated in vitro by CK2 treatment

of basal phosphorylated, baculovirus-expressed recombinant topo

I (R-topo I) (Materials and Methods and reference [15]). We have

previously shown that the basal and hyperphosphorylated forms of

R-topo I have similar catalytic nicking rates on a synthetic DNA

substrate, but the hyperphosphorylated form shows higher non-

covalent association with plasmid DNA [15]. Here, we used

similar methods to determine how ARF affects the non-covalent

DNA association and catalytic rate of the basal and hyperpho-

sphorylated forms of R-topo I. For comparison, we also tested an

unphosphorylated R-topo I formed by alkaline phosphatase

treatment of basal phosphorylated R-topo I, as described in

Materials and Methods. The phosphoserine and PS506 status of

each of the R-topo I forms used in the DNA binding and activity

assays was confirmed by Western analyses (Figure 2B).

Non-covalent complex formation between the R-topo I forms

and radiolabeled plasmid DNA was performed under low salt

(75 mM NaCl), low temperature (4uC) conditions, which allow

topo I–DNA association but prevent catalytic nicking and enzyme

dissociation [15,25]. Complexes were recovered by topo I

immunoprecipitation, and co-precipitated labeled DNA was

quantified by scintillation counting. As shown in Figure 2A, the

fraction of input DNA associated with topo I was dependent on

the topo I phosphorylation status. At 30 min, less that 10% of

input DNA was associated with the unphosphorylated R-topo I,

but this increased to ,20% for the basal phosphorylated form,

and to ,60% for the hyperphosphorylated form. The low level of

co-immunoprecipitated DNA observed for the unphosphorylated

form of R-topo I under these conditions is consistent with other

reports showing that a basal level of topo I serine phosphorylation

is critical for catalytic activity [32–34].

The addition of a recombinant thioredoxin-human ARF fusion

protein at a 1:1 molar ratio enhanced the non-covalent association

of hyperphosphorylated R-topo I to radiolabeled plasmid DNA,

resulting in the co-immunoprecipitation of about 80% of the DNA

(Figure 2A). In contrast, ARF addition had virtually no effect on

the DNA association of the basal phosphorylated or unpho-

sphorylated forms of R-topo I, consistent with the observation that

hyperphosphorylated R-topo I bound strongly to ARF, whereas

neither the basal nor unphosphorylated forms displayed detectable

ARF binding (Figure 2B). Increasing the molar ratio of ARF to

hyperphosphorylated topo I did not further increase the DNA

association (data not shown). Collectively, the findings that ARF

binds to and enhances the DNA association of only the hyperpho-

sphorylated form of R-topo I, and that DNA binding is maximal

when the proteins are present at an equimolar ratio, indicate that

ARF increases the DNA association of hyperphosphorylated topo

I through the formation of a heterodimeric ARF–topo I complex.

Figure 1. Identification of the ARF-interacting domain on topo I and the role of PS506 in ARF binding. (A) Scheme showing regions of
the topo I protein encoded by the 9 expression constructs. The N-terminal domain, core domain, linker, and C-terminal domain are indicated. (B)
Analysis of expression (top), PS506 content (middle), and ARF binding (bottom) of the products of constructs 1–9 expressed in human H358 lung
cancer cells. Cells were treated with Adp14 (20 moi) to elevate cellular ARF levels. Lysates were collected 2 days after treatment and subjected to
mouse anti-FLAG immunoprecipitation (IP) followed by Western (W) analysis with antibodies specific for FLAG (rabbit anti-FLAG), PS506, or ARF, as
indicated.
doi:10.1371/journal.pone.0058835.g001

p14ARF-Topoisomerase I Interaction
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We next examined the effect of ARF on the catalytic rate of

basal phosphorylated and hyperphosphorylated R-topo I. The first

step in topo I-mediated relaxation of DNA supercoils is the

generation of a single-strand nick that allows the uncleaved strand

to swivel. Nicking generates a transient intermediate termed

a ‘‘cleavage complex’’ in which tyrosine 723 in the active site of

topo I becomes covalently bound to the 39-end of the nick

(reviewed in [31]). Following DNA unwinding, the nick is resealed

by topo I and the covalent topo I–DNA linkage is broken. To

assay for topo I-mediated single-strand nicks, we captured

cleavage complexes using a radiolabeled synthetic DNA substrate

originally described by Soe et al [35]. The substrate provides

a preferred topo I binding site but is designed in such a way that it

cannot reseal, trapping topo I in a covalent linkage with DNA. We

have previously used this substrate to show that CK2 treatment of

basal phosphorylated R-topo I does not alter the rate of single-

strand nicking [15]. To determine how ARF affected the rate of

topo I-mediated single-strand nicking, we first established pre-

formed non-covalent complexes between the radiolabeled DNA

substrate and basal phosphorylated or hyperphosphorylated R-

topo I under low salt conditions at 4uC, as in Figure 2A. ARF was

then added to an equimolar ratio with topo I and the catalytic

reaction was initiated by raising the temperature to 8uC. The
reactions were stopped by the addition of a K+SDS solution to

precipitate proteins covalently bound to DNA, and DNA was

quantified by scintillation counting. As expected, no covalent

complexes were recovered at time zero at 4uC, confirming that

catalysis was not occurring under these conditions (Figure 2C). In

contrast, covalent complexes were formed in a time-dependent

manner at 8uC. The reaction kinetics were unaffected by the topo

I phosphorylation state or the presence of ARF, indicating that

topo I hyperphosphorylation and topo I–ARF complex formation

are important to DNA binding, but do not affect the catalytic rate

of topo I once bound to DNA.

Topo I relaxation activity is influenced by both the extent of

DNA binding and the catalytic rate. We examined the combined

Figure 2. Effects of topo I phosphorylation status and ARF on topo I DNA association and relaxation activity. (A) Time course of non-
covalent association [low salt (75 mM NaCl) at 4uC] of various R-topo I forms (0.3 pmol) with 0.03 pmol [3H]-labeled plasmid DNA in the presence or
absence of 0.3 pmol bacterially produced human ARF fusion protein: hyperphosphorylated topo I minus ARF (&) or plus ARF (%); basal
phosphorylated topo I minus ARF (.) or plus ARF (,); and unphosphorylated (AP-treated) topo I minus ARF (N) or plus ARF (#). (B) Row 1: Topo I
immunoprecipitation (IP) with basal phosphorylated (lane ‘‘B’’), hyperphosphorylated (lane ‘‘CK2’’), and unphosphorylated (lane ‘‘AP’’) R-topo I (1 mg)
followed by phosphoserine Western; row 2: topo I IP of basal phosphorylated, hyperphosphorylated, or unphosphorylated R-topo I (1 mg) incubated
with 0.14 mg ARF, followed by ARF Western; rows 3 and 4: Western analyses of PS506 and total topo I, respectively, with the same basal
phosphorylated, hyperphosphorylated, and unphosphorylated R-topo I samples as in rows 1 and 2 (0.3 mg per lane) (C) Rate of topo I-catalyzed
nicking of a radiolabeled suicide substrate that traps topo I and DNA in a covalent complex. Non-covalent complexes of DNA with basal or
hyperphosphorylated R-topo I were preformed by incubation in low salt at 4uC in the presence or absence of recombinant ARF, then the temperature
was raised to 8uC for the indicated times. Covalently linked DNA-topo I complexes were recovered by precipitation with K+SDS and quantified by
scintillation counting. (D) Topo I-mediated plasmid relaxation assay performed with unphosphorylated, basal phosphorylated, and hyperpho-
sphorylated R- topo I, followed by agarose gel electrophoresis to separate substrate and products; s = supercoiled, r = relaxed plasmid DNA.
doi:10.1371/journal.pone.0058835.g002

p14ARF-Topoisomerase I Interaction
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effects of topo I hyperphosphorylation and complex formation

with ARF on DNA relaxation activity by incubating supercoiled

plasmid DNA with unphosphorylated, basal phosphorylated, or

hyperphosphorylated R-topo I in the presence or absence of ARF

(Figure 2D). To highlight the effects of ARF, we performed the

experiment under conditions in which conversion of the super-

coiled plasmid to the relaxed form was suboptimal for all forms of

topo I. The conversion of the supercoiled plasmid to the relaxed

form was revealed by the differential electrophoretic mobility of

these two forms on agarose gel electrophoresis, and the intensities

of the supercoiled bands were quantified digitally. We found that

unphosphorylated topo I was inactive in this assay in both the

presence and absence of ARF, consistent with the poor binding of

this form of topo I to DNA and with the failure of ARF to

influence its DNA binding (Figure 2A). Basal phosphorylated R-

topo I converted about 40% of the supercoiled plasmid to the

relaxed form, and this was enhanced marginally (to 50%) by the

presence of ARF. This result is consistent with the positive effect of

basal phosphorylation on topo I2DNA binding, while having

a negligible effect on topo I2ARF binding (Figures 2A,B,

respectively). Hyperphosphorylated R-topo I converted ,70% of

supercoiled DNA to the relaxed form and this was increased to

virtually 100% by the addition of ARF, reflecting the enhanced

binding of hyperphosphorylated topo I to both DNA and ARF

(Figures 2A,B, respectively). Taken together, these results support

a model in which the effects of elevated levels of cellular ARF and

CK2 converge on topo I to increase topo I2DNA binding and

DNA relaxation.

Chromatin Association of topo I
To determine how PS506 expression and ARF complex

formation affects topo I association with chromatin in cells, we

performed chromatin immunoprecipitation (ChIP) analyses in

H358 cells before and after experimental modulation of endog-

enous CK2 and ARF levels. H358 cells express ARF, but the levels

can be increased about 3-fold at 2 days following exposure to 20

moi of Adp14 [9]. Virtually all of the topo I in these cells is in the

hyperphosphorylated form [15]. Treatment of H358 cells with the

CK2 inhibitor TBB reduced topo I serine phosphorylation and

PS506 expression by about 70% and 80%, respectively (based on

digital quantification of band intensities in Figure 3A) and

abolished topo I–ARF binding (Figure 3A). For ChIP assays,

H358 cells were left untreated, or were treated with TBB for 1 h,

Adp14, or both TBB and Adp14, and then incubated for an

additional 2 days. None of the treatments affected cell viability, as

determined by visual examination and trypan blue exclusion (data

not shown). Chromatin from formaldehyde-fixed, sonicated cells

was then immunoprecipitated with anti-histone H3 IgG, and the

material was subjected to Western analysis to detect topo I and

histone H3. As shown in Figure 3B, equivalent amounts of histone

H3 were recovered from all samples, but the levels of chromatin-

associated topo I were increased in the Adp14-treated cells (lane 2)

and decreased in TBB-treated cells (lane 3), compared with

untreated cells (lane 1); Adp14 treatment had no effect on

chromatin-bound topo I levels in TBB-treated cells (lane 4). These

results were confirmed in three additional independent experi-

ments. For the four experiments, the band intensities were

quantified and averaged to determine the average amount of

topo I bound to chromatin for each treatment condition relative to

the untreated cells (Figure 3C). The results showed that the level of

chromatin-associated topo I in cells treated with Adp14 alone was

increased ,1.5–2-fold compared with untreated cells, indicating

that ARF enhanced the association of hyperphosphorylated,

PS506-containing topo I to chromatin. The level of chromatin-

associated topo I in cells treated with TBB was ,50% of that in

untreated cells, indicating that loss of PS506 expression correlated

with reduced topo I2chromatin association. Adp14 treatment did

not significantly enhance topo I2chromatin association from

TBB-treated cells, indicating that ARF does not promote the

chromatin association of basal or unphosphorylated topo I,

consistent with its inability to bind these forms of topo I. The

observed differences between control and Adp14 treated cells,

between control and TBB-treated cells, and between control and

Adp14+TBB treated cells were statistically significant (p,0.05 in

each case, based on a ratio t-test), but the difference between TBB

treatment and Adp14+TBB treatment was not statistically

significant. Thus, the effect of ARF on the association of

hyperphosphorylated topo I with chromatin in cells parallels its

effects on topo I–plasmid DNA binding in vitro.

Topo I-mediated DNA Damage
Because the physiological role of topo I is to induce single-strand

DNA break formation during DNA replication and because this

can become a double-strand DNA break under certain conditions,

we asked whether the increased chromatin association of the

hyperphosphorylated, ARF-bound form of topo I would enhance

DNA single- or double-strand break formation in cells. As

mentioned above, a single-strand break occurs when topo I

initiates DNA relaxation by cleaving one strand of the double helix

to allow for swiveling of the uncleaved strand. Single-strand

cleavage is accompanied by the covalent linkage of topo I to the

39-end of the DNA to form the transient cleavage complex

intermediate. A DNA double-strand break occurs when the

normally transient cleavage complex is aberrantly stabilized,

causing the single-strand break to persist and become a double-

strand break upon encounter with an advancing replication fork.

Topo I-targeted drugs such as camptothecin and related

chemotherapeutic agents are thought to kill cells by stabilizing

the cleavage complex and promoting DNA double-strand break

formation during DNA synthesis [16]. Oxidized DNA bases such

Figure 3. Chromatin association of topo I. (A) Rows 1–3: Topo I IP
followed by Western analyses of total topo I, phosphoserine, and ARF
was performed before (lane ‘‘C’’) or 2 days after (lane ‘‘TBB’’) treatment
of H358 cells with TBB (10 mM for 1 h); rows 4 and 5: Western analyses
of PS506 and total topo I in the same starting samples as in rows 1–3.
Quantification of band densities indicated that TBB treatment reduced
both P-ser and PS506 reactivity by ,80%. (B) Histone H3 chromatin
immunoprecipitation (ChIP) of untreated H358 cells (lane 1) or 2 days
after treatment with 20 moi Adp14 (lane 2), TBB (10 mM, 1 h; lane 3), or
both Adp14 and TBB (lane 4), followed by Western analyses of histone
H3 and topo I. (C) The results of four independent ChIP analyses
performed as in (B); bars represent the mean and standard deviation of
chromatin-associated topo I levels in the treated cells relative to the
untreated cells, quantified digitally from band intensities.
doi:10.1371/journal.pone.0058835.g003
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as 7,8-dihydro-8-oxoguanine and 5-hydroxycytosine that result

from oxidative stress can also interfere with the completion of the

topo I reaction [36], potentially causing the single-strand DNA

break to persist and become a DNA double-strand break during

DNA synthesis. This is of particular relevance to the function of

topo I in cancer cells because increased formation of reactive

oxygen species (ROS) often accompanies oncogene activation and

is thus an endogenous source of oxidative stress in cancer cells

[37,38].

To determine how modulation of ARF and ROS levels and

topo I phosphorylation affect the formation of topo I cleavage

complexes, we examined OVCAR-3 cells, which have low levels of

CK2 and therefore express basal phosphorylated topo I that lacks

PS506 [14,15]. To increase CK2 levels and induce PS506

expression, we treated cells with the CK2 activator, 1-ethyl, 4,5

dicarbamoyl imidazole, which we previously showed increases

CK2 activity 4-fold and induces expression of PS506 [15].

Although OVCAR-3 cells express ARF, ARF–topo I complexes

were undetectable in untreated OVCAR-3 cells, but were induced

by CK2 activator treatment and were further elevated by

treatment with 20 moi of Adp14, which increases ARF levels

about 3-fold by 48 h (Figure S2). To increase ROS levels, cells

were treated with pyocyanin, a redox-active bacterial protein [28].

Two days after cells were treated with varying combinations of

CK2 activator, Adp14, and pyocyanin, cleavage complexes were

recovered from cell lysates using the K+SDS precipitation

procedure described for Figure 2. The recovery of cleavage

complexes was similar for untreated and Adp14-treated cells

(Figure 4A, bars 1,2) and was marginally increased by the addition

of the CK2 activator in both cases (Figure 4A, bars 3,4). ROS

induction, either alone or in the presence of Adp14, also

marginally increased the recovery of cleavage complexes

(Figure 4A, bars 5,6). However, cleavage complex recovery was

increased ,2-fold when cells were treated with the combination of

the ROS inducer and CK2 activator (Figure 4A, compare bars 7

and 1), and this was further increased to ,3 times the level in

untreated cells by the addition of Adp14 (Figure 4A, bar 8 versus

bar 1). Thus, topo I-mediated single-strand DNA nicking and

cleavage complex stabilization is enhanced by the combined effects

of ROS elevation, topo I hyperphosphorylation, and ARF

overexpression.

Because aberrant stabilization of cleavage complexes can

precede the formation of DNA double-strand breaks, we evaluated

DNA double-strand break formation in treated OVCAR-3 cells by

detection of the histone variant, c-H2A.X, a phosphorylated form

of histone H2A.X that serves as a sensitive indicator of DNA

double-strand break formation [39]. We found that levels of c-
H2A.X were undetectable in untreated or Adp14-treated

Figure 4. Topo I cleavage complex formation and induction of DNA double-strand breaks. (A) Cleavage complex formation in untreated
OVCAR-3 cells (bars 1,5), or 2 days after treatment with 20 moi Adp14 (bars 2,6), 10 nM of the CK2 activator 1-ethyl, 4,5 dicarbamoyl imidazole (bars
3,7), or both Adp14 and the CK2 activator (bars 4,8). Samples 5–8 were also treated with 10 mM of the ROS inducer pyocyanin. Cells were pulsed with
[3H]-thymidine to label DNA, cleavage complexes were captured by K+SDS precipitation, and DNA was quantified by scintillation counting. (B)
Western analysis of c-H2A.X, an indicator of DNA double-strand break formation, in lysates of H358 cells subjected to the same treatments 1–8 as in
part (A). Total H2A.X levels are shown as a control.
doi:10.1371/journal.pone.0058835.g004
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OVCAR-3 cells (Figure 4B, lanes 1, 2) and were increased slightly

in response to CK2 activation or ROS induction in the presence

or absence of ARF overexpression (Figure 4B, lanes 3–6).

However, ROS induction combined with CK2 activation mark-

edly increased the accumulation of c-H2A.X (Figure 4B, lane 7),

and this was further increased by Adp14 treatment (Figure 4B,

lane 8). Notably, these data paralleled the treatment effects on

cleavage complex formation (Figure 4A). Importantly, cell viability

was not affected by CK2 activator treatment, Adp14 treatment, or

ROS induction, or by the combination of these treatments (data

not shown), and c-H2A.X accumulation was only about 2% of the

level observed 2 days after a cytotoxic treatment with camptothe-

cin (see Figure S3). Taken together, these results are consistent

with a model in which the increased occupation of chromatin with

hyperphosphorylated, ARF-associated topo I, particularly in the

presence of elevated ROS production, promotes aberrant nicking

of DNA by topo I that could lead to increased generation of

double-strand DNA breaks.

Discussion

The results of this study confirm and extend studies by ourselves

and others that an interaction between topo I and the ARF C-

terminus stimulates topo I-mediated DNA relaxation [10,13] in

a topo I phosphorylation-dependent manner [9,14]. The in-

teraction defines a novel role for ARF in enhancing topo I-

generated DNA strand breaks that is completely distinct from its

p53-dependent tumor suppressor activity. We show here that the

interaction involves the topo I core domain and is strongly

enhanced by phosphorylation on serine 506 (PS506), located

within this domain. As we have previously reported, the PS506

epitope is a feature of an aberrant, hyperphosphorylated form of

topo I with enhanced DNA binding and DNA relaxation activities

present in cancer cell lines expressing elevated CK2 levels, but not

in cell lines derived from normal tissues or in cancer cell lines with

low levels of CK2 [14,15]. Here we show that the enhanced DNA

binding and DNA relaxation activities of hyperphosphorylated R-

topo I in vitro are further increased by ARF, and that In cancer

cells, hyperphosphorylation of topo I increases its association with

chromatin, and this is further increased by ARF expression. This

mechanism is likely to account for the ability of ARF to increase

CPT cytotoxicity in cancer cells with hyperphosphorylated topo I

as we previously observed [9].

Based on X-ray crystallographic studies of topo I associated with

DNA, serine 506 occupies an internal location near DNA binding

residues but not in contact with DNA itself [40]. The internal

location of serine 506 in the DNA-bound topo I would appear to

render it inaccessible to CK2 or ARF. However, in the DNA-

unbound enzyme there may be enough structural flexibility to

exposure this region. It has been proposed that for DNA binding

to occur, the enzyme must initially exist in a more open

conformation [40–42]. This may offer an opportunity for

phosphorylation of serine 506, and this phosphorylation could

favor a conformation poised for interaction with DNA. Interaction

with ARF may also be favored with a more open topo I. As

a positively-charged protein with nucleic acid-binding properties

[43], ARF may promote the association of topo I with DNA or

chromatin, but additional studies will be needed to determine if

ARF remains associated with DNA-bound topo I. Because we

observe that the basal and hyperphosphorylated forms of topo I

with or without ARF display the same catalytic rate, we conclude

that once the enzyme has established contacts with DNA, neither

the presence of PS506 nor the addition of ARF affects the internal

molecular dynamics involved in catalysis.

Under normal physiological conditions, CK2 is expressed at low

and relatively unchanging levels [44], and ARF is usually

undetectable. CK2 expression is increased in many cancers [45–

50] and is associated with increased dysplasia, tumor aggressive-

ness, and poor prognosis [46,48,51–54], suggesting that CK2 may

contribute to malignant progression. ARF levels increase as one of

the earliest responses to oncogene-driven cellular hyperprolifer-

aton [1–5]. ARF interacts via its N-terminal domain with mdm2,

the key negative regulator of p53, and thus promotes p53

accumulation and p53-mediated cell growth arrest, senescence,

or apoptosis [8]. ARF has also been suggested to play a p53-

independent, mdm2-independent role in tumor suppression,

although this function remains poorly understood (reviewed in

[55]). Importantly, ARF has been shown to associate via its N-

terminus with the nucleolar protein nucleophosmin, which

stabilizes ARF and promotes its accumulation in the nucleolus

[56]. ARF is then available to interact through its C-terminus with

topo I, which is also a predominantly nucleolar protein. The

ARF–topo I complex may therefore arise as a consequence of

oncogene activation and elevated CK2 levels, and the effects of

this complex may become particularly significant in cells where

p53-mediated apoptosis is disabled.

ARF–topo I complexes are not detected in normal cells or in

cancer cells that lack hyperphosphorylated topo I [14]. However,

in cancer cells that accumulate ARF and express PS506, these

complexes are readily detectable and sequester virtually all of the

cellular ARF ([9] and our unpublished data). As we have

previously reported, cancer cell lines with hyperphosphorylated

topo I tend to be more sensitive to camptothecin-induced DNA

damage [14], and this sensitivity can be modulated by manipu-

lating ARF levels [9]. It seems likely that these effects could be

attributed to the increased chromatin association of hyperpho-

sphorylated, ARF-bound topo I, which would be highly relevant to

the clinical use of camptothecin-based therapeutics. Although

multiple factors influence the clinical response to such drugs, the

expression of PS506 or the formation of ARF–topo I complexes

could be important indicators of dysregulated topo I function, and

serve as minimal biomarkers of potential chemosensitivity.

Figure 5. Model summarizing how oncogene-induced ARF
expression and CK2-mediated topo I hyperphosphorylation
can converge to enhance topo I–DNA association and topo I-
facilitated DNA damage. Cancer cells with elevated CK2 levels
(CK2hi) accumulate a PS506-hyperphosphorylated form of topo I with
increased DNA binding properties. Chronic oncogene activation in the
absence of wild-type p53 leads to sustained elevation of ARF (ARFhi),
which is unable to promote p53-mediated apoptosis but is available to
bind to PS506-hyperphosphorylated topo I, further promoting the
association of topo I with DNA. The enhanced binding increases the
potential for topo I-facilitated DNA double-strand break (DSB)
formation in the presence of elevated levels of reactive oxygen species
(ROS) that accompany oncogene activation.
doi:10.1371/journal.pone.0058835.g005
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In addition to being a target for chemotherapy, dysregulated

topo I could play a role in the underlying mechanism of

malignancy by contributing to genome instability. We observed

that formation of topo I cleavage complexes was increased by topo

I hyperphosphorylation and ARF binding and correlated with the

increased formation of DNA double-strand breaks. Such DNA

breaks are common intermediates during the formation of

genomic abnormalities accompanying malignancy, including

DNA rearrangements, deletions, and amplifications. At the

cleavage complex stage, topo I can carry out religation with

a non-homologous DNA strand, thereby promoting recombina-

tion [57–59]. Yeast overexpressing topo I have a 6–12-fold

increase in illegitimate recombination (non-homologous end-

joining) [60] and vaccinia topo I promotes illegitimate recombi-

nation in E. coli [61]. In human cancer cells, DNA lesions resulting

from ROS-induced DNA damage might also stimulate topo I

recombinogenic activity by impeding intrachain rejoining follow-

ing topo I-mediated single-strand breakage, which would leave the

free DNA end available for interchain recombination with a non-

homologous DNA. A recent report linking topo I to DNA

breakage at chromosomal common fragile sites provides additional

evidence for a role for topo I in generating genome instability [62].

Chromosomal common fragile sites are normally stable but

become hotspots for chromosomal rearrangements in cancer cells

[63]. We found that cells with hyperphosphorylated topo I,

overexpressed ARF, and elevated ROS levels had increased levels

of chromatin-associated topo I, topo I cleavage complexes, and

DNA double-strand breaks, suggesting that these cellular features

provide conditions favorable for the generation of topo I-mediated

DNA breakage and rejoining, which might contribute to

malignant progression.

Taken together, the data suggest a model shown in Figure 5. A

basal level of topo I phosphorylation, involving sites distinct from

PS506, is a minimal requirement for topo I association with DNA.

This is consistent with reports in the literature that topo I serine

phosphorylation is required for enzymatic activity [32–34]. These

basal phosphorylation sites may include serine residues 112 and

394, which were previously reported to be targeted by Cdk1, and

serines 21 and 10, which were previously reported to be targeted

by PKC and CK2, respectively [64]. The DNA and chromatin

association of basal phosphorylated topo I is increased by CK2-

mediated phosphorylation of serine 506, which produces an

aberrantly hyperphosphorylated form of topo I in cancer cells with

elevated CK2 levels. ARF binding to the hyperphosphorylated

topo I core domain further increases topo I association with DNA.

These events increase the likelihood that an aberrantly stabilized

cleavage complex will form, particularly in cells with elevated

levels of ROS, which could generate double-strand breaks during

DNA synthesis and have potential consequences for genome

integrity. Further studies will help to elucidate the role of the

ARF–topo I complex in malignant progression and to determine

how this complex might be exploited therapeutically and di-

agnostically in cancer.

Supporting Information

Figure S1 Analysis of ARF binding to the products of
constructs 1–6 (see Figure 1A) expressed in 293T
immortalized human embryonic kidney cells. Two days

after transfection (one 10 cm dish of cells per transfection),

transduced gene products were recovered by lysing cells in high

salt buffer (see Materials and Methods) followed by selection on

cobalt-agarose (Thermo Scientific). The gene products were eluted

in 60 ml of 1 M imidazole elution buffer (Thermo Scientific) and

added to 1 ml of immunoprecipitation buffer (20 mM Tris pH 8,

150 mM NaCl, 10% glycerol, 1% NP40, 2 mM EDTA, and

complete protease inhibitors. Products were mixed with 3 mg
bacterially expressed recombinant human ARF and subjected to

FLAG IP followed by Western analysis of FLAG or ARF, as

described for Figure 1B.

(TIF)

Figure S2 ARF–topo I complexes in OVCAR-3 cells in
the presence or absence of CK2 activation and ARF
overexpression. OVCAR-3 cells were treated with 20 moi of

Adp14 (4 hr) with or without CK2 activator treatment (10 nM,

duration of experiment). Top row: 2 days later, cells were analyzed

by ARF Western to determine ARF levels. Digital quantification

of bands relative to untreated is indicated in italics below lanes.

Middle and Bottom rows: topo I IP followed by ARF and topo I in

same samples to detect the formation of ARF–topo I complexes.

(TIF)

Figure S3 Comparison of DNA damage in OVCAR-3
cells after various treatments. Lane 1: Western analysis of c-
H2A.X and H2A.X (control) in OVCAR-3 cells, 2 days after

treatment with 10 nM CK2 activator (duration of experiment)

plus 80 nM camptothecin (first 18 h), a cytotoxic treatment that

reduces cell viability to 20% of that observed with untreated cells

[15] (lane 1); Lane 2: Western analysis of c-H2A.X and H2A.X

(control) in OVCAR-3 cells, 2 days after a combination treatment

with 20 moi Adp14 (4 hours), 10 nM CK2 activator (duration of

experiment) and 10 mM pyocyanin (duration of experiment).

Treatment conditions same as for lane 8 of Figure 4B. Each lane

represents 20 mg cellular protein.

(TIF)

Table S1 Primers used for generating topo I deletion
fragments.
(DOCX)
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