
pubs.acs.org/biochemistry Published on Web 12/23/2010 r 2010 American Chemical Society

704 Biochemistry 2011, 50, 704–714

DOI: 10.1021/bi101110e

Protein Kinase CK2 Is a Central Regulator of Topoisomerase I Hyperphosphorylation
and Camptothecin Sensitivity in Cancer Cell Lines†
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ABSTRACT: Topoisomerase I (topo I) is required to unwind DNA during synthesis and provides the unique
target for camptothecin-derived chemotherapeutic agents, including Irinotecan and Topotecan. While these
agents are highly effective anticancer agents, some tumors do not respond due to intrinsic or acquired resistance,
a process that remains poorly understood. Because of treatment toxicity, there is interest in identifying cellular
factors that regulate tumor sensitivity andmight serve as predictive biomarkers of therapy sensitivity. Here we
identify the serine kinase, protein kinase CK2, as a central regulator of topo I hyperphosphorylation and
activity and cellular sensitivity to camptothecin. In nine cancer cell lines and three normal tissue-derived cell
lines we observe a consistent correlation between CK2 levels and camptothecin responsiveness. Two other
topo I-targeted serine kinases, protein kinase C and cyclin-dependent kinase 1, do not show this correlation.
Camptothecin-sensitive cancer cell lines display high CK2 activity, hyperphosphorylation of topo I, elevated
topo I activity, and elevated phosphorylation-dependent complex formation between topo I and p14ARF,
a topo I activator. Camptothecin-resistant cancer cell lines and normal cell lines display lower CK2 activity,
lower topo I phosphorylation, lower topo I activity, and undetectable topo I/p14ARF complex formation.
Experimental inhibition or activation of CK2 demonstrates that CK2 is necessary and sufficient for regulating
these topo I properties and altering cellular responses to camptothecin. The results establish a cause and effect
relationship between CK2 activity and camptothecin sensitivity and suggest that CK2, topo I phosphorylation,
or topo I/p14ARF complex formation could provide biomarkers of therapy-responsive tumors.

Topoisomerase I (topo I)1 catalyzes DNA unwinding during
DNA synthesis and transcription (1, 2) and plays a central role in
cancer as the unique cellular target for an increasingly important
class of chemotherapeutic drugs derived from the plant alkaloid,
camptothecin, that includes Irinotecan (Camptosar, CPT-11)
and Topotecan (Hycamtin) (3). Although complete absence
of topo I is lethal to mammalian cells, the level of topo I can
be highly variable among tumor specimens and cell lines (4-8),
and this can lead to variable cellular responses to camptothecin
and related drugs (6). Low level expression of topo I in cultured
cells can be selected by long-term exposure to camptothecin (9) and
correlates with camptothecin resistance (reviewed in refs 10-12).
In addition, it is also apparent that cancer cells have mechanisms
to regulate topo I activity in the absence of changes in topo I
protein expression (6, 13). These mechanisms have not been well
delineated, although they may play an equal or greater role in the
clinical response to therapy than do expression changes. A better
understanding of how topo I activity is regulated is therefore
critical not only to our understanding of the biology of this
essential enzyme but also to the clinical application of topo
I-targeted drugs.

There is considerable evidence that phosphorylation is critical
to the regulation of topo I activity. Topo I purifies as a phos-
phoprotein, and its activity and ability to associate with DNA is
inhibited by treatment with alkaline phosphatase (14-16). Topo
I activity is stimulated in vitro by treatment with the serine
kinases, protein kinase C (PKC) or protein kinase CK2 (CK2,
formerly casein kinase II) (14, 16-20). Phosphorylation also
correlates with increased topo I activity in vivo (6, 21, 22), where
it occurs primarily on serine residues in most systems examined
(15, 16, 20, 23-25). Specific in vivo serine phosphorylation sites
have nowbeen identified at positions 10, 21, 112, and 394, targeted
by CK2 (serine 10), PKC (serine 21), and cyclin-dependent
protein kinase-1 (cdk-1, serines 112 and 394) (22). Furthermore,
topo I mutants lacking a serine site identified as a PKC target are
less activewhen expressed ectopically in cells andwhen assayed in
vitro following ectopic expression in cells (22).

The phosphorylation status of topo I correlates with cellular
sensitivity to camptothecin. In OVCAR3 ovarian cancer cells,
for example, the failure of ectopic overexpression of topo I to
increase overall topo I activity or cellular sensitivity to campto-
thecin can be attributed to a reduced ability of that cell line to
phosphorylate the enzyme (13). In sublines of murine L5178
lymphoma cells, cellular sensitivity to camptothecin has been
linked to the phosphorylation status of topo I and to CK2 (26-30).
We have previously found that two non-small cell lung cancer cell
lines, H358 and H23, express similar levels of topo I protein but
have high and low sensitivity to camptothecin, respectively, that
correlates with high or low levels of topo I serine phosphorylation
and topo I activity (6). Furthermore, the underphosphorylated
and less active form of topo I in H23 cells can be activated by
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CK2 treatment in vitro, consistent with a possible role for CK2 in
regulating cellular sensitivity to camptothecin (6). Phosphoryla-
tion of serine 21 by PKC has been found to promote increased
sensitivity of topo I to camptothecin (22), consistent with a
previous study showing that PKC enhances the sensitivity of the
enzyme to camptothecin (16). Taken together, these observations
suggest that one or more topo I serine phosphorylating activ-
ities could have a general role in a variety of cancers to regulate
topo I activity in vivo in ways that affect the cellular response to
camptothecin-related drugs. However, this possibility has not
been fully explored, nor has the critical kinase been identified.

In this study we have carried out a more extensive correlative
analysis across a panel of normal and cancer-derived cell lines
of camptothecin sensitivity, topo I phosphorylation status and
activity, and endogenous levels of three topo I phosphorylating
enzyme activities. We find that CK2 is frequently upregulated
in cancer cell lines relative to normal cell lines and that levels of
CK2, unlike PKC and cdk-1, display consistent correlation with
the appearance of hyperphosphorylated topo I and with increased
cellular sensitivity to camptothecin. As in our earlier study (6), we
find that hyperphosphorylation of topo I also correlates with its
ability to form a complex with the p14 alternate reading frame
(p14ARF) tumor suppressor, a protein overexpressed in many
cancer cell lines and cancers that has previously been shown to
bind to and activate topo I (31, 32). Furthermore, through
experimental modulation of cellular CK2 activity, we demon-
strate a functional relationship between CK2 overexpression,
topo I hyperphosphorylation, and cellular sensitivity to campto-
thecin. These results identify CK2 as a frequent and central
regulator of topo I properties and cellular sensitivity to campto-
thecin in cancer cell lines and provide a rationale to further
investigate the clinical potential of CK2-mediated phosphoryla-
tion of topo I as a biomarker of tumor responsiveness to therapy.

MATERIALS AND METHODS

Cell Lines. The following cell lines were obtained from the
American Type Culture Collection (Rockville, MD): the non
small cell lung cancer cell lines H358 and H23, the prostate
cancer cell lines PC-3, DU145, and LnCAP, the breast cancer cell
line MDA-MB-435 [which expresses genes associated with both
breast cancer and melanoma (33)], the colon cancer cell lines
SW480 and HT29, the HET1A normal human epithelial cell line
immortalized with SV40 T-antigen, and the BJ-1 normal human
fibroblast cell line immortalized with human telomerase. The
OC3 esophageal adenocarcinoma cell line was provided by
Dr. Rebecca Fitzgerald, MRC Cancer Cell Unit, Hutchison-
MRC Research Center, Cambridge. The GT41F cell line was
established from a skin punch biopsy at the Sidney Kimmel
Cancer Center, San Diego, CA. Cell lines were maintained at
37 �C in 10% CO2 in DMEM supplemented with nonessential
amino acids, pyruvate, L-glutamine, gentamycin, and 10% FBS.
Drugs and Drug Treatments. Camptothecin was purchased

fromSigma, St. Louis,MO.A stock solutionof 1mMwasprepared
in DMSO. The CK2 inhibitor 4,5,6,7-tetrabromobenzotriazole
(TBB) was purchased from Calbiochem/EMD, (Gibbstown, NJ).
A stock solution of 1 mM was prepared in DMSO. The CK2
activator 1-ethyl-4,5-dicarbamoylimidazole (34) was synthesized
according the published methods (35, 36). A 1 M stock solution
was prepared in PBS. Cells were treated with camptothecin (5-80
nM) for 18 h. Cells were treated with TBB (10 μM) for 1 h,
following a modified protocol taken from ref 37. At this dose,

TBB has no effect on 3 day cell viability but reduced cellular CK2
activity, 3 days later, to about 25% of control. Cells were treated
with 10 nM CK2 activator, 1-ethyl-4,5-dicarbamoylimida-
zole (34), without changing medium over the 3 day course of
the assays. This was the lowest dose (assayed over the range of
5-100 nM) that could activate CK2 in H23 cells while having no
effect on 3 day cell viability. Further details on the properties of
the CK2 activator are provided in Supporting Information
Figure S2.
Cell Viability Assays. Cell viability assays were carried out

in 96-well plates, starting as 2000 cells per well. Following overnight
attachment, triplicate wells of cells were treated with increasing
doses of camptothecin (Sigma, St. Louis, MO) for 18 h. Viability
was scored 3 days after the start of treatment by theMTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium inner salt (Promega,Madison,WI)] bio-
conversion assay as previously described (6).Under these conditions,
control, untreated cells remained in exponential growth. In some
assays, cells were first exposed for 1 h toTBB (10 μM) and then to
camptothecin for 18 h. In other assays, cells were exposed con-
currently to the CK2 activator and camptothecin for 18 h and
then to the CK2 activator alone for the remainder of the assay.
SerineKinaseActivityAssays.Protein kinaseC (PKC), protein

kinase CK2 (CK2), and cyclin-dependent kinase I (cdk1) assay
kits were purchased from Upstate Biotechnology/Millipore
(Temecula, CA) and used according to the instructions supplied
in the kit. [γ-33P]ATP, 3000 Ci/mmol, was purchased from MP
Biomedicals (Solon, OH). Assays were performed for 10 min at
30 �C in a total reaction volume of 50 μL using the respective
peptide substrates supplied in each kit. PKC activity was assayed
using 10 μL (10 μg) of cell lysate prepared by extraction of whole
cells in a PKC extraction buffer described in ref 38: 50 mM
HEPES, pH 7.5, 150 mM NaCl, 0.1% Tween 20, 1 mM EDTA,
2.5 mM EGTA, 10% glycerol, protease inhibitors (10 μg/mL
aprotinin, 10 μg/mL leupeptin, 1 mM phenylmethanesulfonyl
fluoride (PMSF), and phosphatase inhibitors (1 mM NaF,
0.1 mMNa3VO4, 10 mM β-glycerophosphate). For cdk1 assays,
cdk1 protein was first immunoprecipitated from 50 μg of cell
lysate prepared inRIPAbuffer [10mM sodium phosphate, pH 7,
0.15 M NaCl, 0.1% SDS, 1% NP40, 1% sodium deoxycholate,
1 mM phenylmethanesulfonyl fluoride (PMSF), and complete
protease inhibitors (Roche, Nutley, NJ)] followed by resuspen-
sion in 50μLof cdk1 assay buffer supplied in the kit. CK2 activity
was assayed using 10 μL (10 μg) of high salt nuclear extracts,
prepared as for the topo I assays (see below). Further details of
reaction conditions for CK2 are provided in Supporting Infor-
mation Figure S2. Purified cdk1 was purchased from Upstate
Biotechnology/Millipore (Temecula, CA). Purified PKC was
purchased from Sigma (St. Louis, MO). CK2 holoenzyme was
purchased from Promega (Madison, WI). CK2R1 catalytic
subunit was purchased from Active Motif (Carlsbad, CA).
CK2 siRNATreatment.An siRNAoligonucleotidemixture

specific for the R1 and R2 catalytic subunits of CK2 and a nega-
tive control siRNA scrambled sequence were purchased from
Upstate/Millipore (Temecula, CA) and transfected into cells using
Lipofectamine (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s instructions.
Antibodies. For detection of topo I in all experiments except

theWestern analysis inFigure 4A,weused a goat polyclonal anti-
topo I recognizing a topo I C-terminal epitope (Santa Cruz
Biotechnology, Santa Cruz, CA). In Figure 4A (lower panel) we
used amousemonoclonal antibody recognizing a topo IN-terminal
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epitope (LifeSpan Biosicences, Seattle, WA). Other antibodies
usedwere rabbit polyclonal anti-full-lengthp14ARF(ZymedLabo-
ratories, South San Francisco, CA), mouse monoclonal anti-
phosphoserine (Sigma, St. Louis,MO),mousemonoclonal anti-actin
(SantaCruz Biotechnology, Santa Cruz, CA), rabbit monoclonal
anti-CK2R subunit (C-terminus) antibody (Upstate/Millipore,
Temecula, CA), rabbit polyclonal anti-protein kinase C (Sigma,
St. Louis, MO), rabbit polyclonal anti-histone H2A.X (Bethyl
Laboratories, Montgomery, TX), rabbit polyclonal anti-γ-H2A.
X (Ser139) (Novus Biologicals, Littleton, CO), and mouse mono-
clonal anti-cdk1 (Millipore, Tamecula, CA). All primary antibodies
were used at 1:100 for Western blots. Secondary antibodies for
Western blots were goat anti-rabbit HRP, goat anti-mouseHRP,
and donkey anti-goat HRP (all purchased from Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) and were used at 1:1000.
Western Analyses. SDS-PAGEWestern was carried out as

previously described (39) using 60 μg of protein. Protein con-
centrations were determined by using the fluorescence-based
Quant-iT assay kit and Qubit fluorometer (Invitrogen, Carlsbad,
CA). Lysates were prepared by one of two methods: For Figures
1-3, whole cell lysates were prepared by direct cell lysis on
culture plates following a procedure adapted from ref 22.
Briefly, culture plates of adherent cells were washed twice with
cold PBS followed by addition of cold lysis buffer [1% Triton
X-100, 400 mM NaCl, 50 mM HEPES, pH 7.5, 10% glycerol,
5 mM MgSO4, 1 mM EDTA, complete protease and phospha-
tase inhibitors (Roche, Nutley, NJ)] directly to the plates.
Following centrifugation, supernatants were concentrated by
acetone precipitation and resuspended in electrophoresis sample
buffer. For Figure 4, we used our previously described proce-
dure (6), adapted from ref 40, involving first the preparation of
nuclei in 10 mM HEPES (pH 7.5), 100 mM NaCl, 300 mM
sucrose, 3 mM MgCl2, 1 mM EDTA, 1 mM DTT, 0.5% Triton
X-100, 1 mM PMSF, and complete protease and phosphatase
inhibitors (Roche, Nutley, NJ), followed by a 15 min incubation
with DNase I at 37 �C to solubilize nuclear proteins. Blots were
developed using Amersham/GE Healthcare (Buckinghamshire,
U.K.) ECL reagent, and in some cases band intensities were
quantitated digitally using an Alpha imager.
Coimmunoprecipitation (IP)/Western Blot (Immunoblot).

For detecting phosphorylated topo I, or p14ARF-topo I complex
formation, whole cell lysates (Figures 1-3) or nuclear extracts
(Figure 4) were prepared as described above (seeWesternAnalyses).
Whole cell lysates were adjusted to 150 mM NaCl to allow for
complex formation. Immunoprecipitations were carried out with
an anti-topo I antibody (recognizing topo I C-terminus), according
to our previously described procedure (41), followed by SDS-
PAGE/Western (immunoblot) analysis for p14ARF or for phos-
phoserine in the immunoprecipitated material.
Topo I Enzymatic Assays. High-salt nuclear extracts

(20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM
EGTA, 1 mM DTT, 1 mM PMSF, 10% glycerol, and complete
protease inhibitors) were prepared as described (42) and assayed
using the Topo I assay kit (TopoGEN, Port Orange, FL),
according to the manufacturer’s instructions. Briefly, 0.125 μg
of supercoiled plasmid DNA was incubated with 0.75 μg of
nuclear extract (in some assays of camptothecin-resistant cell
lines, 7.5 μg was used, as indicated) for 30 min at 37 �C. The
reaction was stopped by adding stop loading dye supplied in
the kit and electrophoresed on a 1% agarose/TAE (10 mM
Tris-acetate/1 mM EDTA) gel, and the reaction products were
visualized by ethidium bromide staining (0.5 μg/mL). In some

cases band intensities were quantitated digitally using an Alpha
imager.
CleavageComplexes.H358orH23 cells (2� 105) (before or 3

days after treatments to alter CK2 levels) were treated with
1.2 μCi of [3H]thymidine (Perkin-Elmer, Waltham, MA) over-
night, followed by a 1 h incubation in nonradioactive medium
and a 25 min incubation in 0.08 μM camptothecin to cross-link
topo I to DNA. Cells were washed in cold PBS, and cross-linked
topo I/DNA complexes were recovered using the Kþ/SDS meth-
od (42), resuspended in water, and subjected to liquid scintillation
counting.
Camptothecin-Mediated DNA Damage. H358 or H23

cells (2 � 105) (before or 3 days after treatments to alter CK2
levels) were exposed to 10 μM camptothecin for 1 h to induce
double strandDNAbreaks, and histoneswere acid-extracted from
whole cells in 0.2MH2SO4 as previously described (43). Extracts
were then subjected to Western analysis of the histone variant,
γ-H2A.X, the phosphorylated form of the histone variant H2A.
X, which serves as a marker for DNA double strand breaks.
Unphosphorylated H2A.X served as a control.

RESULTS

Cellular Responses to Camptothecin Correlate with Topo
I SerineHyperphosphorylationandActivity.Wehave screened
nine cancer cell lines and three normal cell lines for sensitivity to
increasing concentrations of camptothecin. The results of the
3 day, 96-well viability assays, where cell viability is expressed as a
percentage of control (untreated) cell viability, are shown in
Figure 1A. Six of the cancer cell lines (PC3, DU145, and LnCAP
prostate cancer cells, H358 lung cancer cells, MDA-MB-435
breast cancer cells, and OC3 esophageal cancer cells) are camp-
tothecin-sensitive and retain only 15-25% viability relative to
untreated cells at the highest dose of camptothecin (Figure 1A,
left panel). All of the normal cell lines (GT41F human skin
fibroblasts, BJ-1 immortalized human skin fibroblasts, and
HET1A immortalized human epithelial cells) and three of the
cancer cell lines (H23 lung cancer cells and HT29 and SW480
colon cancer cells) are relatively resistant to camptothecin, retain-
ing over 50-70% viability relative to untreated cells at the highest
dose of camptothecin (Figure 1A, right panel). The camptothecin
resistance of the H23, HT29, and SW480 cell lines is consistent
with previously published studies (6, 44).

All of the cell lines proliferate with doubling times of about
24 h. In the absence of treatment, 3 day cell viabilities of repre-
sentative camptothecin-sensitive and -insensitive cell lines (H358,
H23, BJ-1) do not vary by more than 10% (Supporting Informa-
tion Figure S1) indicating that the observed differences in cam-
ptothecin sensitivities are independent of growth rates. Further-
more, all of the cancer cell lines, irrespective of their sensitivity to
camptothecin, express topo I protein at roughly equivalent levels
as normal cells, as shownby the topo I immunoprecipitation (IP)/
Western analysis of nuclear extracts in Figure 1B, top row. How-
ever, we observe marked differences among the cell lines with
respect to topo I serine phosphorylation that correlate with
cellular responses to camptothecin. When nuclear extracts are
immunoprecipitated with an anti-topo I antibody followed by
Western analysis of phosphoserine in the immunoprecipitated
material, we observe that the three camptothecin-resistant cancer
cell lines (H23, HT29, SW40) and the three normal cell lines
(GT41F, BJ-1, HET1A) have only some 20-30% of the serine
phosphorylated topo I as do the six camptothecin-sensitive cell
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lines (Figure 1B, bottom row, digital quantitation of band
intensities relative to H358 shown below lanes).

To determine how topo I serine phosphorylation in our panel
of cell lines correlates with endogneous levels of topo I activity,
we carried out in vitro topo I activity assays on nuclear extracts
from these cell lines. The assays measure the ability of topo I to
convert a supercoiled plasmid “s” to a slower migrating relaxed
form “r” as revealed by agarose gel electorphoresis and eithidium
bromide staining. Using quantities of nuclear extracts (0.75 μg/
reaction) that convert 70% or more of the supercoiled plasmid
form to relaxed form in the case of the six camptothecin-sensitive
cell lines, we observe virtually no conversion of supercoiled form
in the case of the three camptothecin-resistant cell lines, H23,
HT29, and SW480 (Figure 1D, left panel), although 10-fold
higher amounts of these latter three extracts (7.5 μg/reaction) are
able to carry out efficient conversion (Figure 1D, middle panel).
These results are consistent with our previous study showing that
topo I activity in H358 cells is some 10-fold higher than in H23
cells (6). Nuclear extracts from normal cells (GT41F, BJ-1,
and HET1A) display low topo I activity profiles similar to
profiles of the camptothecin-resistant cancer cell lines at both
lower and 10-fold higher amounts of extract (Figure 1D, right
panel). The numbers below each lane represent the digital
quantitation of supercoiled band intensities, expressed as a
fraction of the intensity of control, untreated supercoiled
plasmid “P”.

Topo I is known to participate in a variety of protein-protein
interactions that can affect its activity, among them an interac-
tion with the topo I activator, p14ARF (32). We have previously
shown that the p14ARF/topo I complex formation is topo
I serine phosphorylation-dependent and is observed in H358
cells, with hyperphosphorylated topo I, but not in H23 cells (6).
As a further demonstration for increased topo I phosphorylation
and activity in camptothecin-sensitive cell lines, we carried out a
Western analysis of p14ARF in the anti-topo immunoprecipi-
tated material from the same nuclear extracts used for phospho-
serine analysis in Figure 1B, bottompanel. As shown inFigure 1B,
middle panel, the presence of the topo I/p14ARF complex para-
llels the presence of serine phosphorylated topo I across the panel
of cell lines, as well as the pattern of topo I activity in Figure 1D.
All of the cancer cell lines we used express similar levels of
endogenous p14ARF, as shown by a direct Western analysis of
nuclear extracts in Figure 1C (top panel), while barely detectable
levels of p14ARF are expressed in GT41F, BJ-1, and HET1A
normal cells (Figure 1C), consistent with other reports of low
p14ARF expression in normal tissues (45). Thus, the camptothe-
cin responses of this panel of cancer cell lines and normal cells
correlate with topo I phosphorylation, topo I activity, and topo
I/p14ARF complex formation.
Elevated CK2, but Not PKC or cdk1, Correlates with

Cellular Sensitivity to Camptothecin.We assayed extracts of
our panel of cancer cell lines for endogenous PKC, cdk-1, and

FIGURE 1: Cellular responses to camptothecin and their relationship to topo I serine phosphorylation and activity. (A) 96-well viability assays of
camptothecin-sensitive cell lines (left panel) and camptothecin-resistant cell lines (right panel) carried out with increasing doses of camptothecin
(18 h incubation). Cell viability, expressed as a percent of untreated cell viability) wasmeasured 3 days post start of camptothecin treatment. Each
point represents the average of triplicate wells, with standard deviations shown. (B) Immunoprecipitations of cell extracts with anti-topo
I antibody, followed byWestern analysis of topo I (top row), p14ARF (middle row), or phosphoserine (bottom row) in the immunoprecipitated
material. Numbers below lanes represent digital analyses of phosphoserine band intensities relative toH358. (C)Western analysis of 14ARF (top
row) or actin (bottomrow) in the same series of cell lines as inpartB. (D)Enzymatic assays of topoisomerase I-mediated conversionof supercoiled
plasmid (s) to relaxed form (r) by nuclear extracts of the indicated cell lines using 0.75 μg of lysates per reaction (left panel) or 7.5 μg of lysate
protein per reaction (10�, middle panel). Right panel shows results for the three normal cell lines,GT41F, BJ-1, andHET1A, at 0.75 μg of lysates
per reaction or 7.5 μg of lysate protein per reaction (10�). P=plasmid only. Digital quantitations of band intensities relative to plasmid only are
shown below each lane.
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CK2 protein levels and enzymatic activity to determine possible
correlations between levels of these enzymes and cellular re-
sponses to camptothecin. As shown by the bar graphs and
Western blots in Figure 2A, the levels of PKC enzymatic activity
and protein, respectively, are roughly equivalent in all the cell
lines and do not correlate with cellular responsiveness to camp-
tothecin. Similarly, as shown by the bar graphs andWestern blots
in Figure 2B, the levels of cdk1 enzymatic activity and protein,
respectively, are roughly equivalent in all the cell lines and do not
correlate with cellular responses to camptothecin. In contrast,
levels of CK2 activity (Figure 2C, bar graph) are reduced in the
camptothecin-resistant cancer cell lines to some 20-30% of that
observed in camptothecin-sensitive H358 cells, and this corre-
sponds to a parallel drop in CK2 protein to about one-half to
one-third the level observed in H358 cells (Figure 2C, Western
blot). Levels of CK2 enzymatic activity and protein in the
camptothecin-sensitive cells lines are roughly equivalent to higher
levels observed in H358 cells (Figure 2C, bar graph and Western
blot). Actin controls, applicable to panels A-C in Figure 2, are
shown in panel A.Digital quantitations of band intensities relative
to H358 are indicated below the Western blots.

The three normal cell lines, GT41F, BJ-1, andHET1A, display
PKC and cdk-1 enzymatic activity and protein levels that are
similar to levels observed in the cancer cell lines H23 and H358,
with no correlation with the degree of camptothecin sensitivity of
the cells (Figure 2D, left and middle panels, bar graph and
Western blot). In contrast, levels of CK2 enzymatic activity and
protein in the normal cell lines are similar to the lower levels
found in camptothecin-resistant H23 cells and correlate with the
camptothecin resistance of these normal cell lines (Figure 2D,

right panel, bar graph and Western blot). The absolute level of
CK2 activity in H23 cells, in picomoles of phosphate incorpo-
rated perminute permicrogram of protein as calculated based on
the specific activity of the ATP, is about 9.2 pmol min-1 (μg of
protein)-1, a level comparable to a previously reported level of
8 pmol min-1 (μg of protein)-1 in human dermal fibroblasts (46).

Levels of CK2 enzymatic activity in the normal cell lines are
about one-third the level observed in camptothecin-sensitive
H358 cells (Figure 2D, right panel, bar graph). Similarly, levels
of CK2 protein in normal cell lines are about 10-30%of the level
observed in H358 cells (Figure 2D, right panel, Western blot).
Actin controls, applicable to all panels in Figure 2D, are shown
below the PKC bar graph. Digital quantitations of band in-
tensities relative to H358 are indicated below the Western blots.
Taken together, these results suggest a functional relationship
between CK2, topo I phosphorylation, and cellular sensitivity to
camptothecin.
CK2 Is Necessary and Sufficient To Maintain Topo I

Phosphorylation and Phosphorylation-Dependent Proper-
ties of Topo I in Vivo. To determine whether cellular levels of
CK2 have functional significance with regard to topo I proper-
ties, we examined how experimental modulation of CK2 activity
in two representative cell lines, namely, camptothecin-sensitive
H358 cells and camptothecin-resistant H23 cells, affects topo I
phosphorylation, topo I complex formation with p14ARF, topo
I activity, and camptothecin-induced DNA damage.

We downregulated CK2 activity in H358 cells either by treating
them with the highly selective CK2 inhibitor TBB (4,5,6,7-tetra-
bromobenzotriazole), which has minimal effects on PKC or cdk1
(47), or by downregulating CK2 expression using an siRNA

FIGURE 2: Correlation of elevatedCK2,but not PKCor cdk1,with cellular sensitivity to camptothecin. Extractswere prepared fromthe indicated
cancer cell lines and assayed for enzymatic activities (bar graphs) and protein levels (Western blots) of (A) PKC, (B) cdk1, or (C) CK2. Actin
control in part A, top Western panel, is the same for all Westerns. (D) Cell lysates of H358 and H23 cells and normal cells GT41F, BJ-1, and
HET1Awere assayed for PKC, cdk1, andCK2 enzymatic activities (bar graphs) and protein levels (Western blots) as in partsA-C.Actin control
is the same for all. Assays were repeated on one additional occasionwith similar results. Numbers belowWestern blots indicate digital reading of
band intensities of PKC, cdk1, or CK2 Western blots, relative to H358.
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mixture with specificity for the R1 and R2 isoforms of the CK2
catalytic subunit. Conversely, we upregulated CK2 activity in
H23 cells by treating them with a the CK2 activator, 1-ethyl-4,5-
dicarbamoylimidazole (34). The activator has a specific effect on
purified CK2 activity, stimulating the activity of purified CK2
holoenzyme or the R1 catalytic subunit of CK2 some 6-fold in
vitro when used at the concentration used to treat cells (10 nM),
while having no effect on either purified PKC and cdk1 activity
or on endogenous PKC or cdk1 activity in treated H23 cells
(Supporting Information Figure S2). As shown by the bar graph
in Figure 3A, TBB or CK2 siRNA treatment of H358 cells
reduces CK2 activity 3 days later to some 25% of levels in un-
treated cells (Figure 3A, bars 3 and 4). A control scrambled
sequence siRNA has no effect (Figure 3A, bar 2). CK2 activator
treatment of H23 cells results in a 4-fold increase in CK2 activity
relative to untreated H23 cells (Figure 3A, bar 5). A similar
treatment of H358 cells results in only a 10% increase in CK2
activity (bar not shown), suggesting that topo I in untreatedH358
topo I is nearly maximally phosphorylated at potential CK2-
targeted sites.

We carried out a Western analysis of CK2 protein (R subunit)
in lysates of H358 and H23 cells 3 days following the start of
various treatments described in Figure 3A. As shown in the
Western blot in Figure 3B, TBB treatment of H358 cells has no
effect on CK2 protein levels, as expected (Figure 3B, lane 3), but
CK2 siRNA treatment of H358 cells reduces CK2 protein levels
to about 47% of control levels (Figure 3B, lane 4, as determined
by digital analyses of band intensities). CK2 activator treatment

of H23 cells enhances the accumulation of CK2 protein about
2-fold (Figure 3B, lane 5, as determined by digital analyses of
band intensities) but not CK2R transcription (Supporting In-
formationFigure S3). Thus the increased activity ofCK2observed
in CK2 activator-treated H23 cells appears to involve both direct
activation of the enzyme and increased enzyme accumulation,
possibly through increased translationor increasedprotein stability.

We then examined levels of total topo I protein, topo I serine
phosphorylation, and topo I complex formation with p14ARF
in H358 or H23 cells, 3 days following the start of various
treatments described in Figure 3A, by carrying out anti-topo
I immunoprecipitations of nuclear extracts of treated cells, fol-
lowed byWestern analyses of topo I, phosphoserine, or p14ARF
in the immunoprecipitated material (Figure 3C). We found that
total topo I protein levels are not affected by these treatments and
remain similar in H358 and H23 cells (Figure 3C, top panel),
while the level of topo I phosphorylation and complex formation
with p14ARF parallels the pattern of CK2 activity (Figure 3C,
middle and lower panels, respectively, compared to Figure 3A).
TBB or CK2-siRNA treatment of H358 cells reduces topo I
serine phosphorylation to about 10% that of untreated H358
cells (Figure 3C, middle panel, lanes 3 and 4, as determined
by digital quantitation of band intensities), indicating that the
majority of topo I hyperphosphorylation is under CK2 control in
these cells. Conversely, CK2 activator treatment of H23 cells
increases topo I phosphorylation by some 4.7-fold relative to
untreated H23 cells (Figure 3C, middle panel, lane 5, as deter-
mined by digital quantitation of band intensities), making it

FIGURE 3: Experimental modulation of CK2 activity and consequences for topo I properties. (A) Assays of CK2 activity in nuclear extracts
prepared from H358 cells (lanes 1-4) and H23 cells (lanes 5 and 6) 3 days after the following treatments: 1, no CK2 manipulation (H358); 2,
transfection with control, scrambled siRNA (H358); 3, treatment 1 h with 10 μM TBB (H358); 4, transfection with CK2 siRNA (H358); 5,
treatment (for duration of assay) with CK2 activator (H23); 6, no CK2 manipulation (H23). Each assay represents the average of duplicate
samples, with standard deviations shown. (B) Western analysis of CK2 or actin (control) protein in lysates of H358 or H23 cells 3 days after
treatments in part A. (C) Immunoprecipitations with anti-topo I of cell lysates ofH358 orH23 cells 3 days after treatments in part A, followed by
Western analysis of topo I (top row), phosphoserine (middle row), or p14ARF (bottom row) in the immunoprecipitatedmaterial. (D) Enzymatic
assays of topoisomerase I-mediated conversion of supercoiled plasmid (s) to relaxed form (r) by nuclear extracts prepared fromH358 orH23 cells
3 days after treatments in part A. P = supercoiled plasmid only. (E) Kþ/SDS precipitation of covalent, camptothecin-stabilized cleavage
complexes between topo I and cellularDNAofH358 orH23 cells. Cells were treated as in partA, followed 3 days later by overnight labelingwith
[3H]thymidine, followed by a 25 min incubation in 0.08 μM camptothecin. (F) Western analysis of γ-H2A.X and total H2A.X (control) in acid
extracts of H358 and H23 cells 3 days after the treatments in part A.
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roughly equivalent to endogenous topo I phosphorylation levels
in untreatedH358 cells. Finally, aWestern analysis of p14ARF in
the topo I-immunoprecipitatedmaterial (Figure 3C, lower panel)
shows that p14ARF/topo I complex formation occurs only in the
presence of hyperphosphorylated topo I in both untreated H358
and CK2 activator-treated H23 cells (Figure 3C, lower panel,
lanes 1, 2, and 5). The results indicate that CK2-mediated phos-
phorylation has functional significance in vivo in whole cells,
consistent with our previous results in vitro (6).

We confirmed that the changes in topo I phosphorylation
status correspond to the predicted changes in topo I activity by
assaying nuclear extracts of H358 andH23 cells, 3 days following
the start of various treatments described in Figure 3A, for their
ability to convert a supercoiled plasmid “s” to a relaxed form “r”.
Figure 3D shows an ethidium bromide stained agarose gel fol-
lowing electrophoresis of the reaction products obtained from
these assays. Under conditions where untreatedH358 cell nuclear
extract converts virtually all supercoiled plasmid form to relaxed
form (Figure 3D, lane 1, 0.75 μg of lysate per reaction), essentially
none is converted using nuclear extracts from H358 cells treated
with TBB or CK2 siRNA (Figure 3D, lanes 3 and 4), indicating
that topo I activity is effectively inhibited in vivo by treatments
that inhibit CK2 activity. Conversely, under conditions where
nuclear extract from untreated H23 cells is essentially inactive
(Figure 3D, lane 6, 0.75 μg of lysate protein per reaction), nuclear
extract from CK2 activator-treated H23 cells converts virtually
all of the supercoiled form to relaxed form (Figure 3D lane 5),
indicating that CK2 activation is sufficient to activate topo
I activity to levels observed in H358 cells. Taken together, these
results indicate that CK2 is necessary and sufficient to maintain
topo I activity and function in these cancer cells.

The activation and suppression of topo I activity is predicted to
produce a corresponding increase and decrease in camptothecin-
induced DNA damage. Human topo I acts by introducing a
single strand break in the DNA double helix via an intermediate
covalent complex between the enzyme and DNA termed a “clea-
vable complex”, in which an active tyrosyl residue at position
723 in the C-terminal domain of topo I becomes linked to the
30-end of theDNAbreak, leaving a 50-OHon the other side of the
break. The passage of the noncleaved strand unwinds the DNA
by one linkage number and is followed by a resealing of the single
strand break and release of the enzyme (see ref 1 for a review).
Camptothecin and related topo I inhibitors bind at the enzy-
me-DNA interface and trap cleavage complexes so that DNA
unwinding, resealing, and enzyme release are prevented (48-54).
The single strand break can become a lethal double strand break
upon passage of the replication fork (55). This mechanism, which
converts topoisomerase I into a cellular poison, has been
proposed to account for the cytotoxicity of camptothecin (56)
and explains why low levels of topoisomerase I, by limiting the
frequency of cleavage complex formation, favor cell survival in
the presence of camptothecin.

To determine levels of covalent cleavage complex formation,
cells treated as described in Figure 3A were DNA-labeled 3 days
later by overnight incubation in [3H]thymidine, followed by
exposure to camptothecin to stabilize cleavage complexes and
Kþ/SDS precipitation of covalent topo I-DNA cleavage com-
plexes as described in Materials and Methods. Under these con-
ditions of precipitation, only DNA covalently linked to topo I will
coprecipitate with it. As shown by the bar graph of coprecipitated
[3H]thymidine-labeled DNA in Figure 3E, camptothecin-stabi-
lized cleavage complexes are some 5-7-fold more frequent in cells

expressing the highest levels of CK2 and phosphorylated topo I
(Figure 3E, bars 1, 2, and 5), indicating thatmore topo Imolecules
become associated with cellular DNA under these conditions.

Finally, since camptothecin treatment ultimately leads to the
production of double strandDNAbreaks (DSBs) in growing cells,
we examined how the various treatments in Figure 3A affect
camptothecin-mediated induction of the phosphorylated form of
the histone variant, H2A.X (denoted γ-H2A.X), which accumu-
lates at sites of DSBs (57). Total H2A.X served as a control.
Camptothecin exposure was for 1 h, initiated 3 days after treat-
ment of cells as described in Figure 3A. As shown in Figure 3F,
γ-H2A.X, and hence DNA double strand breaks, accumulates in
camptothecin-treated cells expressing high levels of CK2 and
phosphorylated topo I (Figure 3F, lanes 1, 2, and 5), confirming
that the increased cellular sensitivity to camptothecin correlates
with increased DNA damage.
Topo I Hyperphosphorylation Involves Serine Site(s)

Outside of the N-Terminal Domain of Topo I. A CK2-
mediated phosphorylation site has been recently identified at
serine 10 in the N-terminal region of topo I (22). To determine
whether the hyperphosphorylation of topo I observed in H358
cells or CK2 activator-treated H23 cells occurs in the N-terminal
domain of the protein or in other regions of the protein, we took
advantage of the fact that two molecular mass species of topo I
are formed when extracts are prepared by DNase I digestion of
nuclei (see Materials and Methods), namely, the 90 kDa full-
length protein (765 amino acid residues) and a 67 kDa truncated
protein lacking about 200 amino acid residues of the N-terminal
region, arising most likely through proteolytic cleavage (58). The
cleavage event is likely to be favored during the 15 min DNase
I digestion step at 37 �C. Both bands can be visualized by
SDS-PAGE/Western using a C-terminal-specific antibody to
topo I, while only the 90 kDa band is recognized by anN-terminal-
specific antibody. As expected, we find that the C-terminal-specific
antibody recognizes both species of topo I in DNase I-solubilized
nuclear extracts from H23 and H358 cell nuclei and that CK2
activator treatment of H23 cells or TBB treatment of H358 cells
(treatments as described in Figure 3A) have no effect on the levels
of these two species (Figure 4A, top panel). Also as expected, we
find that the N-terminal antibody recognizes only one band
corresponding to the full-length species (Figure 4A, bottompanel).
A topo I immunoprecipitation with the C-terminal-specific anti-
body, followed by Western analysis of phosphoserine in the
immunoprecipitated material (Figure 4B), reveals phosphoryla-
tion in both the 90 and 67 kDa bands of untreated H358 cells
(Figure 4B, lane 2). Phosphorylation of both bands is inhibited by
treatment of H358 cells with the CK2 inhibitor, TBB (Figure 4B,
lane 1). Conversely, untreated H23 cells show low levels of
phosphorylation in both bands (Figure 4B, lane 4), while treat-
mentwith theCK2 activator results in enhanced phosphorylation
of both bands (Figure 4B, lane 3). It therefore appears that the
abnormal hyperphosphorylation of topo I that results from high
levels of CK2 activity involves at least one CK2-targeted site
outside of the N-terminal region, in addition to possible sites
within the N-terminal region.
Experimental Modulation of CK2 Activity Alters Cel-

lular Responses to Camptothecin.We then examined how the
camptothecin responses of two representative cancer cell lines,
H358 andH23, are affected by TBB or CK2 siRNApretreatment
to inhibit CK2 or by the CK2 activator to activate CK2, respec-
tively (treatments as described in Figure 3A). Camptothecin
treatments were initiated immediately after siRNA transfection
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or TBB treatment or concurrently with CK2 activator treatment,
as described in Materials and Methods, and cell viabilities were
determined 3 days post start of camptothecin treatment. As shown
by the viability assay in Figure 5A, H358 cells without pretreat-
ment are sensitive to camptothecin but become more resistant
following TBB or siRNA treatment to inhibit CK2 activity.
Conversely, as shown by the viability assay in Figure 5B, H23
cells grown without CK2 activator are resistant to camptothecin
but becomemore sensitive during exposure to the CK2 activator.
H358 cells are not further sensitized to camptothecin by treat-
ment with the CK2 activator (data not shown), consistent with
observations that the activator hadminimal effect onH358 topo I
phosphorylation. Taken together, the results argue that elevated
CK2 enzymatic activity and protein in certain cancer cells,
resulting in abnormal hyperphosphorylation of topo I, has a
direct effect on the cellular response to topo I-targeted drugs,
such as camptothecin, and is a hallmark of camptothecin-sensitive
cancer cells.

DISCUSSION

This study demonstrates a cause and effect relationship in
human cancer cell lines between high CK2 activity and increased
cellular sensitivity to camptothecin, a topo I-targeted drug. The
results establish CK2 as a physiological regulator of cancer cell
topo I in ways that enhance camptothecin-mediated cleavage
complex formation and cellular vulnerability to camptothecin-
related drugs. Among the three serine kinases known to phos-
phorylate topo I in vivo, namely, PKC, cdk1, and CK2 (22), only
CK2 shows this relationship, suggesting that CK2 plays a unique
role in the camptothecin response of cancer cells. Camptothecin
sensitivity correlates with abnormally elevated levels of phos-
phorylation of topo I compared to normal cell lines, with abnor-
mally elevated topo I activity and with the presence of the serine
phosphorylation-dependent complex between topo I and p14ARF,
a topo I activator that is overexpressed in certain cancers (59-62).
In contrast, camptothecin-resistant cancer cell lines resemble
normal cell lines with regard to their lower level of CK2, a lower
level of serine phosphorylated topo I, a lower level of topo
I activity, and undetectable levels of topo I-p14ARF complexes.
Importantly, we observe no differences among the cell lines with

respect to overall serine phosphatase activity levels (Supporting
Information Figure S4), further supporting a role for increased
kinase activity rather than decreased phosphatase activity in
mediating topo I hyperphosphorylation. The elevated levels of
CK2, topo I phosphorylation, topo I activity, and topo I complex
formation with p14ARF therefore appear to reflect an abnormal
state associated with certain forms of cellular transformation.

Based on our data in Figure 4, we conclude that the hyperphos-
phorylation event in camptothecin-sensitive cancer cell linesmust
involve at least one CK2-targeted site outside of the N-term-
inal domain of topo I, where a CK2-targeted site at serine 10 has
previously been identified (22). Four domains of topo
I have been defined through a combination of approaches,
including sequence alignments, analysis of proteolytic fragments,
and crystallography (see ref 1 for a review and references therein).
These domains include 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 that contains the active site
tyrosine. The additional CK2-targeted phosphorylation site(s)
suggested by our data could therefore occur within the core or
C-terminal domains so as to enhance theDNAbinding or catalytic
activity of topo I, thereby promoting an increased cellular sen-
sitivity to camptothecin.

FIGURE 4: Location of topo I hyperphosphorylation outside of
the N-terminal region. (A) Western analysis of DNase I-generated
nuclear extracts prepared from TBB-treated H358 cells (lane 1),
untreated H358 cells (lane 2), CK2 activator treated H23 cells (lane
3), or untreated H23 cells (lane 4) using a topo I C-terminal-specific
antibody (top panel) or a topo I N-terminal-specific antibody (lower
panel). (B) Topo I immunoprecipitation (C-terminal-specific anti-
body) followed by phosphoserine Western of the same samples as
in part A.

FIGURE 5: Cellular responses to experimental CK2 modulation. (A)
96-well viability assay of camptothecin-sensitive H358 lung cancer
cells pretreated with TBB (10 μM, 1 h, b) or transfected with CK2
siRNA (O) orwith control, scrambled sequence siRNA (1), followed
immediately by treatment with increasing doses of camptothecin for
18 h. Control cells (Δ) received no pretreatment. (B) 96-well viability
assay of camptothecin-resistant H23 cells treated for 18 h with
increasing doses of camptothecin either without the CK2 activator,
1-ethyl-4,5-dicarbamoylimidazole (b), or in the presence of CK2
activator for the duration of the assay (O). Cell viability, expressed as
a percent of untreated cell viability, wasmeasured 3 days post start of
camptothecin treatment. Each point represents the average of tripli-
cate wells, with standard deviations shown.
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The previously identified CK2-targeted site at serine 10,
together with a PKC-targeted site at serine 21 and two cdk-1-
targeted sites at serines 112 and 394, are preferentially phos-
phorylated in mitotic cells, suggesting a possible role for these
sites during mitosis (22). Of these four sites, only the PKC-
targeted site at serine 21 has been linked to increased topo
I activity (22). It is noteworthy that we find that the human
cancer cell lines used to identify these serine phosphorylation
sites, A549 human lung cancer cells and K562 human leukemia
cells, display overall levels of topo I phosphorylation, similar to
the lower levels we report here in the normal cell line, BJ-1
(Supporting Information Figure S5). Because no CK2-targeted
site outside of the N-terminal domain has been reported in topo
I from A549 or K562 cells and because the cdk-1-targeted site at
serine 394 (in the central core domain) does not affect topo
I activity (22), we speculate that the hyperphosphorylation of
topo I in camptothecin-sensitive cancer cell lines is an aberrant
event, involving either a novel site(s) targeted only under condi-
tions of high CK2 activity or a site(s) targeted so infrequently in
normal cells or camptothecin-resistant cancer cells that it is
undetectable. While further analysis is required to determine
whether this hyperphosphorylation event is cell cycle dependent
andwhether a single serine site ormultiple serine sites are involved,
the fact that it is associated with a greatly enhanced sensitivity to
the S-phase specific drug, camptothecin, suggests a possible
S-phase-specific effect.

The identification of the p14ARF tumor suppressor as a topo
I- activating protein (31, 32) has raised the possibility that this
protein could play a role in cancer through activation of topo I, a
role distinct from its well-described p53-dependent tumor sup-
pressor activity (63-67). We have previously reported that the
interaction of p14ARF with topo I requires topo I serine
phosphorylation and is only detectable in cancer cell lines with
hyperphosphorylated topo I (6), an observation corroborated by
the present study. Furthermore, in cell lines expressing a hyper-
phosphoryated topo I and p14ARF, we previously reported that
camptothecin sensitivity is increased or decreased, respectively,
by increasing or decreasing the expression level of p14ARF (6).
Thus, it is likely that p14ARF contributes to topo I activity and
camptothecin sensitivity in the topo I hyperphosphorylated cell
lines in this study, all of which express p14ARF, making the
presence of the p14ARF/topo I complex a possible biomarker of
camptothecin sensitivity. Nevertheless, because purified topo I is
regulated by phosphorylation in the absence of ARF (14-18),
the primary driver of topo I activity and camptothecin sensitivity
appears to be the phosphorylation status of topo I.

The role of CK2 in activating topo I in vivo is consistent with
its well-established involvement in a broad array of cellular pro-
cesses generally related to cell proliferation, cell viability, and
oncogenesis (68). For example, coexpression of CK2 with the
c-myc oncogene transforms murine lymphocytes (69), and CK2
alpha transgenicmice that are p53 null show increased propensity
for tumor formation compared to p53 null mice lacking the CK2
alpha transgene (70). In humans, elevated levels of CK2 relative
to normal cells or adjacent normal tissue have been observed in
leukemias (71, 72) and solid tumors of the colon and breast (73),
lung (74), head and neck (75), and kidney (76). A high level of
CK2 expression correlates with poor prognosis in acute myeloid
leukemia (77). Furthermore, downregulation of CK2 can reduce
cancer cell viability (78). Of note, constitutive activation of CK2
has been reported in theHT29 cell line (79), a cell line found in the
present study to express lower levels of CK2 associated with

camptothecin resistance. The overall level of CK2 relative to
other cancer cell lines was not investigated in the earlier study, so
there is no discrepancy with our present findings. However, the
earlier finding that downregulation of CK2 promotes apoptosis
onHT29 cells (79), taken together with the present data, suggests
that CK2 may offer dual opportunities for cancer treatment, on
the one hand as a therapeutic target (see ref 80 for a review)
irrespective of endogenous expression level and on the other hand
as a relevant biomarker for chemosensitivity.

Camptothecin-based therapeutics such as Irinotecan and
Topotecan, whose therapeutic effect is achieved via the same
mechanism as camptothecin, are being used for a growing array
of cancer types (81), but their efficacy is often compromised by
intrinsic or acquired therapy resistance. A variety of possible
tumor resistance mechanisms have been identified using cultured
cancer cell lines and by evaluation of tumor tissues (reviewed in
refs 12, 82, and 83), but clinical resistance remains a multifaceted
and poorly understood phenomenon. Because the side effects
of treatment can be severe, there is intense interest in defining
biomarkers of tumor sensitivity that could identify patients most
likely to benefit from camptothecin-based agents. Our results
suggest that a common, underlying feature of camptothecin sen-
sitivity is the presence of CK2-mediated topo I hyperphosphor-
ylation that increases topo I enzymatic activity. Assays to detect
elevated CK2 protein or hyperphosphorylated topo I protein in
biopsy specimens could therefore be used to identify tumorsmost
likely to respond to camptothecin-derived chemotherapeutic drugs
and to guide treatment choices for cancer patients.

Hyperphosphorylated topo I leading to abnormally elevated
levels of topo I activity could also contribute to the toxicity of
otherDNAdamaging chemotherapies in addition to those derived
from camptothecin and, as such, could serve as a biomarker of
therapy response to these agents as well. Covalent topo I trapping
to DNA is observed in response to DNA cross-links, nearby
nicks or gaps, abasic sites, and mismatches (84-86), all of which
can be consequences of exposure to DNA damaging chemother-
apeutic drugs. We have found that treatment of cancer cells with
the chemotherapeutic agent, 5-fluorouracil, which can be aber-
rantly incorporated into DNA in place of thymidine, or cisplatin
(Platinol), which produces DNA adducts, mimics the effects
of camptothecin with regard to the generation of DNA double
strand breaks (87), consistent with the formation of irreversible
cleavage complexes. If further studies confirm that sensitivity to
these agents also correlates with topo I phosphorylation, they
may provide a rationale for an even broader application of CK2
or phospho topo I-based diagnostics.

SUPPORTING INFORMATION AVAILABLE

(1) Growth rates of camptothecin-sensitive and -insensitive cell
lines (Figure S1), (2) effect of CK2 activator on purified PKC,
cdk1, and CK2 activities and on endogenous PKC and cdk1
activity in H23 cells (Figure S2), (3) effect of CK2 activator on
CK2R transcription (Figure S3), (4) levels of serine/threonine
phosphatase activity in cell lines (Figure S4), and (5) topo I
phosphorylation levels in A549 and K562 cell lines (Figure S5).
This material is available free of charge via the Internet at http://
pubs.acs.org.

REFERENCES

1. Champoux, J. J. (2001) DNA topoisomerases: structure, function,
and mechanism. Annu. Rev. Biochem. 70, 369–413.



Article Biochemistry, Vol. 50, No. 5, 2011 713

2. Wang, J. C. (2002)Cellular roles ofDNA topoisomerases: amolecular
perspective. Nat. Rev. Mol. Cell. Biol. 3, 430–440.

3. Pommier, Y. (2009) DNA topoisomerase I inhibitors: chemistry,
biology, and interfacial inhibition. Chem. Rev. 109, 2894–2902.

4. Pfister, T. D., Reinhold, W. C., Agama, K., Gupta, S., Khin, S. A.,
Kinders, R. J., Parchment, R. E., Tomaszewski, J. E., Doroshow,
J. H., and Pommier, Y. (2009) Topoisomerase I levels in the NCI-60
cancer cell line panel determined by validated ELISA and microarray
analysis and correlation with indenoisoquinoline sensitivity. Mol.
Cancer Ther. 8, 1878–1884.

5. Reinhold, W. C., Mergny, J. L., Liu, H., Ryan, M., Pfister, T. D.,
Kinders, R., Parchment, R., Doroshow, J., Weinstein, J. N., and
Pommier, Y. (2010) Exon array analyses across the NCI-60 reveal
potential regulation of TOP1 by transcription pausing at guanosine
quartets in the first intron. Cancer Res. 70, 2191–2203.

6. Bandyopadhyay, K., Lee, C., Haghighi, A., Baneres, J. L., Parello, J.,
and Gjerset, R. A. (2007) Serine phosphorylation-dependent coregu-
lation of topoisomerase I by the p14ARF tumor suppressor.Biochem-
istry 46, 14325–14334.

7. Husain, I., Mohler, J. L., Seigler, H. F., and Besterman, J. M. (1994)
Elevation of topoisomerase I messenger RNA, protein, and catalytic
activity in human tumors: demonstration of tumor-type specificity
and implications for cancer chemotherapy. Cancer Res. 54, 539–546.

8. Bronstein, I. B., Vorobyev, S., Timofeev, A., Jolles, C. J., Alder,
S. L., and Holden, J. A. (1996) Elevations of DNA topoisomerase I
catalytic activity and immunoprotein in human malignancies. On-
col. Res. 8, 17–25.

9. Sugimoto, Y., Tsukahara, S., Oh-hara, T., Isoe, T., and Tsuruo, T.
(1990) Decreased expression of DNA topoisomerase I in camptothe-
cin-resistant tumor cell lines as determined by amonoclonal antibody.
Cancer Res. 50, 6925–6930.

10. Pommier, Y., Pourquier, P., Urasaki, Y., Wu, J., and Laco, G. S.
(1999) Topoisomerase I inhibitors: selectivity and cellular resistance.
Drug Resist. Update 2, 307–318.

11. Dingemans, A. M., Pinedo, H. M., and Giaccone, G. (1998) Clinical
resistance to topoisomerase-targeted drugs. Biochim. Biophys. Acta
1400, 275–288.

12. Larsen, A. K., and Skladanowski, A. (1998) Cellular resistance to
topoisomerase-targeted drugs: from drug uptake to cell death. Bio-
chim. Biophys. Acta 1400, 257–274.

13. St-Amant, C., Lussier, S., Lehoux, J., Laberge,R.M., andBoissonneault,
G. (2006) Altered phosphorylation of topoisomerase I following over-
expression in an ovarian cancer cell line. Biochem. Cell Biol. 84, 55–66.

14. Coderoni, S., Paparelli, M., and Gianfranceschi, G. L. (1990) Role of
calf thymus DNA-topoisomerase I phosphorylation on relaxation
activity expression and on DNA-protein interaction. Role of DNA-
topoisomerase I phosphorylation. Mol. Biol. Rep. 14, 35–39.

15. Durban, E., Mills, J. S., Roll, D., and Busch, H. (1983) Phosphoryla-
tion of purified Novikoff hepatoma topoisomerase I. Biochem. Bio-
phys. Res. Commun. 111, 897–905.

16. Pommier, Y., Kerrigan, D., Hartman, K. D., and Glazer, R. I. (1990)
Phosphorylation ofmammalianDNA topoisomerase I and activation
by protein kinase C. J. Biol. Chem. 265, 9418–9422.

17. Samuels, D. S., Shimizu, Y., and Shimizu, N. (1989) Protein kinase
C phosphorylates DNA topoisomerase I. FEBS Lett. 259, 57–60.

18. Cardellini, E., and Durban, E. (1993) Phosphorylation of human
topoisomerase I by protein kinase C in vitro and in phorbol 12-
myristate 13-acetate-activated HL-60 promyelocytic leukaemia cells.
Biochem. J. 291 (Part 1), 303–307.

19. Durban, E., Goodenough, M., Mills, J., and Busch, H. (1985)
Topoisomerase I phosphorylation in vitro and in rapidly growing
Novikoff hepatoma cells. EMBO J. 4, 2921–2926.

20. Turman, M. A., and Douvas, A. (1993) A casein kinase type II (CKII)-
like nuclear protein kinase associates with, phosphorylates, and activates
topoisomerase I. Biochem. Med. Metab. Biol. 50, 210–225.

21. Yu, D., Khan, E., Khaleque, M. A., Lee, J., Laco, G., Kohlhagen, G.,
Kharbanda, S., Cheng, Y. C., Pommier, Y., and Bharti, A. (2004)
Phosphorylation of DNA topoisomerase I by the c-Abl tyrosine kinase
confers camptothecin sensitivity. J. Biol. Chem. 279, 51851–51861.

22. Hackbarth, J. S., Galvez-Peralta, M., Dai, N. T., Loegering, D. A.,
Peterson, K. L., Meng, X. W., Karnitz, L. M., and Kaufmann, S. H.
(2008)Mitotic phosphorylation stimulatesDNArelaxation activity of
human topoisomerase I. J. Biol. Chem. 283, 16711–16722.

23. Coderoni, S., Paparelli, M., and Gianfranceschi, G. L. (1990) Phos-
phorylation sites for typeN II protein kinase inDNA-topoisomerase I
from calf thymus. Int. J. Biochem. 22, 737–746.

24. Kaiserman, H. B., Ingebritsen, T. S., and Benbow, R. M. (1988)
Regulation of Xenopus laevis DNA topoisomerase I activity by
phosphorylation in vitro. Biochemistry 27, 3216–3222.

25. Samuels, D. S., and Shimizu, N. (1992) DNA topoisomerase I
phosphorylation in murine fibroblasts treated with 12-O-tetradeca-
noylphorbol-13-acetate and in vitro by protein kinase. J. Biol. Chem.
267, 11156–11162.

26. Staron, K., Kowalska-Loth, B., Nieznanski, K., and Szumiel, I.
(1996) Phosphorylation of topoisomerase I in L5178Y-S cells is
associated with poly(ADP-ribose) metabolism. Carcinogenesis 17,
383–387.

27. Staron, K., Kowalska-Loth, B., and Szumiel, I. (1996) Lowered
phosphorylation of topoisomerase I is a direct reason for reduced
sensitivity of L5178Y-S cells to camptothecin. Ann. N.Y. Acad. Sci.
803, 321–323.

28. Kowalska-Loth, B., Staron,K., Buraczewska, I., Szumiel, I., Kapiszewska,
M., and Lange, C. S. (1993) Reduced sensitivity to camptothecin of
topoisomerase I from a L5178Y mouse lymphoma subline sensitive
to X-radiation. Biochim. Biophys. Acta 1172, 117–123.

29. Staron, K., Kowalska-Loth, B., and Szumiel, I. (1994) The sensitivity
to camptothecin of DNA topoisomerase I in L5178Y-S lymphoma
cells. Carcinogenesis 15, 2953–2955.

30. Staron, K., Kowalska-Loth, B., Zabek, J., Czerwinski, R. M.,
Nieznanski, K., and Szumiel, I. (1995) Topoisomerase I is differently
phosphorylated in two sublines of L5178Y mouse lymphoma cells.
Biochim. Biophys. Acta 1260, 35–42.

31. Ayrault, O., Karayan, L., Riou, J. F., Larsen, C. J., and Seite,
P. (2003) Delineation of the domains required for physical and
functional interaction of p14ARF with human topoisomerase
I. Oncogene 22, 1945–1954.

32. Karayan, L., Riou, J. F., Seite, P., Migeon, J., Cantereau, A., and
Larsen, C. J. (2001) Human ARF protein interacts with topoisome-
rase I and stimulates its activity. Oncogene 20, 836–848.

33. Chambers, A. F. (2009) MDA-MB-435 and M14 cell lines: identical
but not M14 melanoma? Cancer Res. 69, 5292–5293.

34. Reikhardt, B. A., Kulikova, O. G., Borisova, G. Y., Aleksandrova,
I. Y., and Sapronov, N. S. (2003) Status of the “protein kinase CK2-
HMG14” system in age-related amnesia in rats. Neurosci. Behav.
Physiol. 33, 799–804.

35. Piotrovskii, L. B., and Dumpis, M. A. (1990) Selective alkylation of
imidazole-4(5)-carboxamide. Chem. Heterocycl. Compd. 26, 407–409.

36. Yasuda, N. (1984) Synthesis of novel imidazole-4,5-dicarboxamide
derivatives. Synth. Commun. 14, 251–256.

37. Ruzzene, M., Penzo, D., and Pinna, L. A. (2002) Protein kinase CK2
inhibitor 4,5,6,7-tetrabromobenzotriazole (TBB) induces apoptosis
and caspase-dependent degradation of haematopoietic lineage cell-
specific protein 1 (HS1) in Jurkat cells. Biochem. J. 364, 41–47.

38. Soh, J. W., Lee, E. H., Prywes, R., and Weinstein, I. B. (1999) Novel
roles of specific isoforms of protein kinase C in activation of the c-fos
serum response element. Mol. Cell. Biol. 19, 1313–1324.

39. Saadatmandi, N., Tyler, T., Huang, Y., Haghighi, A., Frost, G.,
Borgstrom, P., and Gjerset, R. A. (2002) Growth suppression by a
p14(ARF) exon 1beta adenovirus in human tumor cell lines of varying
p53 and Rb status. Cancer Gene Ther. 9, 830–839.

40. Ayrault, O., Andrique, L., Larsen, C. J., and Seite, P. (2004) Human
Arf tumor suppressor specifically interacts with chromatin containing
the promoter of rRNA genes. Oncogene 23, 8097–8104.

41. Lee, C., Smith, B. A., Bandyopadhyay, K., and Gjerset, R. A. (2005)
DNA damage disrupts the p14ARF-B23(nucleophosmin) interaction
and triggers a transient subnuclear redistribution of p14ARF. Cancer
Res. 65, 9834–9842.

42. Olnes, M. I., andKurl, R. N. (1994) Isolation of nuclear extracts from
fragile cells: a simplified procedure applied to thymocytes. BioTech-
niques 17, 828–829.

43. Furuta, T., Takemura, H., Liao, Z. Y., Aune, G. J., Redon,
C., Sedelnikova, O. A., Pilch, D. R., Rogakou, E. P., Celeste, A.,
Chen, H. T., Nussenzweig, A., Aladjem, M. I., Bonner, W. M., and
Pommier, Y. (2003) Phosphorylation of histoneH2AXand activation
of Mre11, Rad50, and Nbs1 in response to replication-dependent
DNAdouble-strand breaks induced bymammalianDNA topoisome-
rase I cleavage complexes. J. Biol. Chem. 278, 20303–20312.

44. Goldwasser, F., Bae, I., Valenti, M., Torres, K., and Pommier,
Y. (1995) Topoisomerase I-related parameters and camptothecin
activity in the colon carcinoma cell lines from the National Cancer
Institute anticancer screen. Cancer Res. 55, 2116–2121.

45. Zindy, F., Williams, R. T., Baudino, T. A., Rehg, J. E., Skapek, S. X.,
Cleveland, J. L., Roussel, M. F., and Sherr, C. J. (2003) Arf tumor
suppressor promoter monitors latent oncogenic signals in vivo. Proc.
Natl. Acad. Sci. U.S.A. 100, 15930–15935.

46. Brenneisen, P.,Wlaschek,M., Schwamborn, E., Schneider, L. A.,Ma,
W., Sies, H., and Scharffetter-Kochanek, K. (2002) Activation of
protein kinase CK2 is an early step in the ultraviolet B-mediated



714 Biochemistry, Vol. 50, No. 5, 2011 Bandyopadhyay and Gjerset

increase in interstitial collagenase (matrix metalloproteinase-1;
MMP-1) and stromelysin-1 (MMP-3) protein levels in human dermal
fibroblasts. Biochem. J. 365, 31–40.

47. Sarno, S., Reddy, H., Meggio, F., Ruzzene, M., Davies, S. P.,
Donella-Deana, A., Shugar, D., and Pinna, L. A. (2001) Selectivity
of 4,5,6,7-tetrabromobenzotriazole, an ATP site-directed inhibitor of
protein kinase CK2 (“casein kinase-2”). FEBS Lett. 496, 44–48.

48. Marchand, C., Antony, S., Kohn, K. W., Cushman, M., Ioanoviciu,
A., Staker, B. L., Burgin, A. B., Stewart, L., and Pommier, Y. (2006)A
novel norindenoisoquinoline structure reveals a common interfacial
inhibitor paradigm for ternary trapping of the topoisomerase I-DNA
covalent complex. Mol. Cancer Ther. 5, 287–295.

49. Jaxel, C., Capranico, G., Kerrigan, D., Kohn, K. W., and Pommier, Y.
(1991) Effect of local DNA sequence on topoisomerase I cleavage in
the presence or absence of camptothecin. J. Biol. Chem. 266, 20418–
20423.

50. Covey, J. M., Jaxel, C., Kohn, K. W., and Pommier, Y. (1989) Protein-
linkedDNA strand breaks induced inmammalian cells by camptothecin,
an inhibitor of topoisomerase I. Cancer Res. 49, 5016–5022.

51. Kjeldsen, E., Svejstrup, J. Q., Gromova II, Alsner, J., andWestergaard,
O. (1992) Camptothecin inhibits both the cleavage and religation reac-
tions of eukaryotic DNA topoisomerase I. J.Mol. Biol. 228, 1025–1030.

52. Koster, D.A., Palle, K., Bot, E. S., Bjornsti,M.A., andDekker, N.H.
(2007) Antitumour drugs impede DNA uncoiling by topoisomerase I.
Nature 448, 213–217.

53. Porter, S. E., and Champoux, J. J. (1989) The basis for camptothecin
enhancement of DNA breakage by eukaryotic topoisomerase I.
Nucleic Acids Res. 17, 8521–8532.

54. Svejstrup, J. Q., Christiansen, K., Gromova II, Andersen, A. H., and
Westergaard, O. (1991) New technique for uncoupling the cleavage
and religation reactions of eukaryotic topoisomerase I. The mode of
action of camptothecin at a specific recognition site. J. Mol. Biol. 222,
669–678.

55. Hsiang, Y. H., Lihou, M. G., and Liu, L. F. (1989) Arrest of
replication forks by drug-stabilized topoisomerase I-DNA cleavable
complexes as amechanism of cell killing by camptothecin.Cancer Res.
49, 5077–5082.

56. Tsao, Y. P., Russo, A., Nyamuswa, G., Silber, R., and Liu, L. F.
(1993) Interaction between replication forks and topoisomerase
I-DNA cleavable complexes: studies in a cell-free SV40 DNA replica-
tion system. Cancer Res. 53, 5908–5914.

57. Rogakou, E. P., Boon, C., Redon, C., and Bonner, W. M. (1999)
Megabase chromatin domains involved in DNA double-strand
breaks in vivo. J. Cell Biol. 146, 905–916.

58. Liu, L. F., andMiller, K.G. (1981) Eukaryotic DNA topoisomerases:
two forms of type IDNA topoisomerases fromHeLa cell nuclei.Proc.
Natl. Acad. Sci. U.S.A. 78, 3487–3491.

59. Garcia, J. F., Villuendas, R., Sanchez-Beato, M., Sanchez-Aguilera,
A., Sanchez, L., Prieto, I., and Piris, M. A. (2002) Nucleolar p14-
(ARF) overexpression in Reed-Sternberg cells in Hodgkin’s lympho-
ma: absence of p14(ARF)/Hdm2 complexes is associated with
expression of alternatively spliced Hdm2 transcripts. Am. J. Pathol.
160, 569–578.

60. Lee, Y. K., Park, J. Y., Kang, H. J., and Cho, H. C. (2003) Over-
expression of p16INK4A and p14ARF in haematological malignan-
cies. Clin. Lab. Haematol. 25, 233–237.

61. Sanchez-Aguilera, A., Sanchez-Beato, M., Garcia, J. F., Prieto, I.,
Pollan, M., and Piris, M. A. (2002) p14(ARF) nuclear overexpression
in aggressive B-cell lymphomas is a sensor of malfunction of the
common tumor suppressor pathways. Blood 99, 1411–1418.

62. Sano, T., Masuda, N., Oyama, T., and Nakajima, T. (2002) Over-
expression of p16 and p14ARF is associated with human papilloma-
virus infection in cervical squamous cell carcinoma and dysplasia.
Pathol. Int. 52, 375–383.

63. Bates, S., Phillips, A. C., Clark, P. A., Stott, F., Peters, G., Ludwig,
R. L., and Vousden, K. H. (1998) p14ARF links the tumour sup-
pressors RB and p53. Nature 395, 124–125.

64. de Stanchina, E.,McCurrach,M.E., Zindy, F., Shieh, S.Y., Ferbeyre,
G., Samuelson, A. V., Prives, C., Roussel, M. F., Sherr, C. J., and
Lowe, S. W. (1998) E1A signaling to p53 involves the p19(ARF)
tumor suppressor. Genes Dev. 12, 2434–2442.

65. Palmero, I., Pantoja, C., and Serrano, M. (1998) p19ARF links the
tumour suppressor p53 to Ras. Nature 395, 125–126.

66. Sherr, C. J. (2001) The INK4a/ARF network in tumour suppression.
Nat. Rev. Mol. Cell. Biol. 2, 731–737.

67. Zindy, F., Eischen, C.M., Randle, D.H.,Kamijo, T., Cleveland, J. L.,
Sherr, C. J., and Roussel, M. F. (1998) Myc signaling via the ARF
tumor suppressor regulates p53-dependent apoptosis and immortali-
zation. Genes Dev. 12, 2424–2433.

68. Litchfield,D.W. (2003) Protein kinase CK2: structure, regulation and
role in cellular decisions of life and death. Biochem. J. 369, 1–15.

69. Seldin, D. C., and Leder, P. (1995) Casein kinase II alpha transgene-
induced murine lymphoma: relation to theileriosis in cattle. Science
267, 894–897.

70. Landesman-Bollag, E., Channavajhala, P. L., Cardiff, R. D., and
Seldin, D. C. (1998) p53 deficiency and misexpression of protein
kinase CK2alpha collaborate in the development of thymic lympho-
mas in mice. Oncogene 16, 2965–2974.

71. Phan-Dinh-Tuy, F., Henry, J., Boucheix, C., Perrot, J. Y., Rosenfeld,
C., and Kahn, A. (1985) Protein kinases in human leukemic cells.Am.
J. Hematol. 19, 209–218.

72. Pena, J. M., Itarte, E., Domingo, A., and Cusso, R. (1983) Cyclic
adenosine 30:50-monophosphate-dependent and -independent protein
kinases in human leukemic cells. Cancer Res. 43, 1172–1175.

73. Munstermann, U., Fritz, G., Seitz, G., Lu, Y. P., Schneider, H. R.,
and Issinger, O. G. (1990) Casein kinase II is elevated in solid human
tumours and rapidly proliferating non-neoplastic tissue. Eur. J.
Biochem. 189, 251–257.

74. Daya-Makin, M., Sanghera, J. S., Mogentale, T. L., Lipp, M.,
Parchomchuk, J., Hogg, J. C., and Pelech, S. L. (1994) Activation
of a tumor-associated protein kinase (p40TAK) and casein kinase 2 in
human squamous cell carcinomas and adenocarcinomas of the lung.
Cancer Res. 54, 2262–2268.

75. Faust, R. A., Gapany, M., Tristani, P., Davis, A., Adams, G. L., and
Ahmed, K. (1996) Elevated protein kinase CK2 activity in chromatin
of head and neck tumors: association with malignant transformation.
Cancer Lett. 101, 31–35.

76. Stalter, G., Siemer, S., Becht, E., Ziegler, M., Remberger, K., and
Issinger, O. G. (1994) Asymmetric expression of protein kinase CK2
subunits in human kidney tumors. Biochem. Biophys. Res. Commun.
202, 141–147.

77. Kim, J. S., Eom, J. I., Cheong, J. W., Choi, A. J., Lee, J. K., Yang,
W. I., and Min, Y. H. (2007) Protein kinase CK2alpha as an
unfavorable prognostic marker and novel therapeutic target in acute
myeloid leukemia. Clin. Cancer Res. 13, 1019–1028.

78. Hamacher, R., Saur, D., Fritsch, R., Reichert, M., Schmid, R. M.,
and Schneider, G. (2007) Casein kinase II inhibition induces apoptosis
in pancreatic cancer cells. Oncol. Rep. 18, 695–701.

79. Izeradjene, K., Douglas, L., Delaney, A., and Houghton, J. A. (2005)
Casein kinase II (CK2) enhances death-inducing signaling complex
(DISC) activity in TRAIL-induced apoptosis in human colon carci-
noma cell lines. Oncogene 24, 2050–2058.

80. Trembley, J. H., Wang, G., Unger, G., Slaton, J., and Ahmed, K.
(2009) Protein kinase CK2 in health and disease: CK2: a key player in
cancer biology. Cell. Mol. Life Sci. 66, 1858–1867.

81. Rothenberg, M. L. (2001) Irinotecan (CPT-11): recent developments
and future directions;colorectal cancer and beyond. Oncologist 6,
66–80.

82. Pommier, Y. (2006) Topoisomerase I inhibitors: camptothecins and
beyond. Nat. Rev. Cancer 6, 789–802.

83. Rasheed, Z. A., and Rubin, E. H. (2003) Mechanisms of resistance to
topoisomerase I-targeting drugs. Oncogene 22, 7296–7304.

84. Lanza, A., Tornaletti, S., Rodolfo, C., Scanavini, M. C., and Pedrini,
A. M. (1996) Human DNA topoisomerase I-mediated cleavages
stimulated by ultraviolet light-induced DNA damage. J. Biol. Chem.
271, 6978–6986.

85. Pourquier, P., Pilon, A. A., Kohlhagen, G., Mazumder, A., Sharma,
A., and Pommier, Y. (1997) Trapping of mammalian topoisomerase I
and recombinations induced by damaged DNA containing nicks or
gaps. Importance of DNA end phosphorylation and camptothecin
effects. J. Biol. Chem. 272, 26441–26447.

86. Pourquier, P., Ueng, L. M., Kohlhagen, G., Mazumder, A., Gupta,
M., Kohn,K.W., and Pommier, Y. (1997) Effects of uracil incorpora-
tion, DNA mismatches, and abasic sites on cleavage and religation
activities of mammalian topoisomerase I. J. Biol. Chem. 272, 7792–
7796.

87. Bandyopadhyay, K., Baneres, J. L., Martin, A., Blonski, C., Parello,
J., and Gjerset, R. A. (2009) Spermidinyl-CoA-based HAT inhibitors
block DNA repair and provide cancer-specific chemo- and radio-
sensitization. Cell Cycle 8, 2779–2788.


