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Ionizing radiation (IR) and bleomycin (BLM) are used to
treat various types of cancers. Both agents generate cytotoxic
double strand breaks (DSB) and abasic (apurinic/apyrimidinic
(AP)) sites in DNA. The human AP endonuclease Apel acts on
abasic or 3’-blocking DNA lesions such as those generated by
IR or BLM. We examined the effect of siRNA-mediated Apel
suppression on DNA repair and cellular resistance to IR or
BLM in human B-lymphoblastoid TK6 cells and HCT116 co-
lon tumor cells. Partial Apel deficiency (~30% of normal lev-
els) sensitized cells more dramatically to BLM than to IR cyto-
toxicity. In both cases, expression of the unrelated yeast AP
endonuclease, Apnl, largely restored resistance. Apel defi-
ciency increased DNA AP site accumulation due to IR treat-
ment but reduced the number of DSB. In contrast, for BLM,
there were more DSB under Apel deficiency, with little change
in the accumulation of AP sites. Although the role of Apel in
generating DSB was greater for IR, the enzyme facilitated re-
moval of AP sites, which may mitigate the cytotoxic effects of
IR. In contrast, BLM generates scattered AP sites, and the DSB
have 3'-phosphoglycolate termini that require Apel process-
ing. These DSB persist under Apel deficiency. Apoptosis in-
duced by BLM (but not by IR) under Apel deficiency was par-
tially p53-dependent, more dramatically in TK6 than HCT116
cells. Thus, Apel suppression or inhibition may be a more effi-
cacious adjuvant for BLM than for IR cancer therapy, particu-
larly for tumors with a functional p53 pathway.

For nonsurgical cancer therapy, tumor DNA is a frequent
target for treatment with ionizing radiation (IR)* or the radio-
mimetic drug bleomycin (BLM). IR generates numerous types
of damaged bases and abasic sites, along with single strand
breaks terminated by 3’-phosphoglycolate esters and other
fragmentary products (1). When these occur in clusters af-
fecting both DNA strands, highly cytotoxic double strand
breaks (DSB) can be formed either directly from closely op-
posed single strand breaks or indirectly via the cleavage activ-
ity of DNA repair enzymes (2—4). BLM produces a much
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more restricted set of lesions, namely 4'-oxidized abasic sites
and direct strand breaks with 3'-phosphoglycolates (3'-PG).
These may be juxtaposed on opposite strands leading to DSB
directly or following incision by repair enzymes (3-5). How-
ever, intrinsic or acquired resistance of tumors against IR or
BLM is a common cause of therapeutic failure (5, 6). Several
factors have been proposed to account for this resistance, in-
cluding increased capacity for the tolerance or repair of DNA
damage. Consequently, the inhibition of DNA repair might
constitute an effective adjuvant treatment (7).

A significant fraction of DSB repair in mammalian cells is
carried out by the nonhomologous end-joining pathway (8 —
12). The efficiency of nonhomologous end joining would be
affected by the nature of the strand break termini, and the
location of various lesions at or near the DSB ends. Ligation
requires a nick bracketed by normal nucleotides with a 3'-OH
and a 5'-phosphate, which means that the 3'-PG at oxidative
breaks must first be converted to 3'-OH prior to gap filling
(13). The main activity for this excision reaction in mamma-
lian cells is Apel, which is also the predominant mammalian
apurinic/apyrimidinic (AP) endonuclease (14—16). The pres-
ence of additional lesions such as oxidized bases or AP sites
near the strand breaks at a site of clustered damage would
also hinder rejoining. Consistent with this view, the rejoining
efficiency of DSB via nonhomologous end joining decreases
with increasing structural complexity of a site of clustered
lesions (9, 17).

Solo oxidized bases, AP sites, and single strand breaks are
repaired primarily by base excision DNA repair (BER) path-
ways (18). Excision of oxidized bases by DNA glycosylases
generates AP sites; oxidized abasic sites such as 2-deoxyribo-
nolactone are also generated as direct free radical products (4,
19). In mammalian cells, Apel initiates AP and oxidized aba-
sic site repair by incision on their immediate 5’ side (13, 18).
Some glycosylases may also cleave the AP sites they generate
(and perhaps other AP sites) by means of their associated AP
lyase activities, which leave behind unsaturated abasic resi-
dues that still require excision by Apel (13). Dual cutting of
closely opposed AP/abasic sites (within about 6 bp) generates
so-called de novo DSB (17), which account for 30 -50% of to-
tal radiation-induced DSB, and are major contributors to cy-
totoxicity (3, 4, 20). In comparison, BLM-induced lesions are
simpler, with strand break termini having either directly gen-
erated 3'-PG or 5'-abasic residues that result from incision of
a 4'-oxidized abasic site (5).

Inhibition of BER to enhance alkylating agent chemother-
apy has shown some tantalizing results. Methoxyamine,
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which reacts with AP sites to prevent incision by Apel or AP
lyases, increased tumor cell killing upon co-treatment with
the potent alkylating drug temozolomide (21, 22). We have
investigated the role of Apel in repairing IR- or BLM-gener-
ated DNA damage and the contribution of the enzyme to cell
survival. We show here that, for IR, Apel has two opposing
effects as follows: increasing cytotoxicity by converting non-
DSB clustered lesions to de novo DSBs, but counteracting cy-
totoxicity by removing toxic AP sites and enabling BER in
general. Overall, Apel showed a small protective effect
against IR damage. In contrast, Apel showed a stronger pro-
tective effect against BLM toxicity, perhaps due to its role in
removal of 3'-PG ends.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture Conditions—The immortalized but
untransformed TK6 human B-lymphoblastoid cell line and
the derived p53-deficient TK6-E6 cells were the generous gifts
of Prof. J. B. Little, Harvard School of Public Health. The hu-
man colon cancer line HCT116 and its p53 knock-out deriva-
tive (HCT116 p53 /") cells were kindly provided by Dr. Bert
Vogelstein, The Johns Hopkins University Medical School.
For the re-expression of p53, a vector pcDNA3-FLAG-p53
was obtained from Dr. Zhi-Min Yuan (University of Texas
Health Science Center, San Antonio) and was transfected into
TK6-E6 and HCT116 p53 /" cells using Lipofectamine 2000
(Invitrogen). The TK6 cells were maintained in RPMI 1640
medium with 10% horse serum and the HCT116 cells in
McCoy5A cell medium supplemented with 10% fetal bovine
serum, 0.1 mg/ml penicillin, and 0.1 mg/ml streptomycin (In-
vitrogen), at 37 °C in a 5% CO,-humidified atmosphere.

DNA Damage Treatments—In experiments for IR-mediated
DNA damage, exponentially growing cells were exposed to
1-10 Gy of x-rays at a dose rate of 0.6 Gy/min from a Philips
Electronic Instruments 100 keV MG-100 x-ray machine. For
BLM treatment, the exponentially growing cells were treated
with the indicated concentrations for 1 h at 37 °C. For both IR
and BLM treatments, the cells were then either harvested im-
mediately after the treatment or the medium was exchanged
to fresh medium, and the incubation was continued at 37 °C
to allow for repair.

siRNA Retroviral Constructs—Sites in the APE1-coding
sequence (5'-tgacaaagaggcagcagga-3') and the luciferase-spe-
cific (LUC) negative control (5'-cttacgctgagtacttcga-3') (23)
were chosen as siRNA targets. For each target, a complemen-
tary pair of 64-bp oligonucleotides containing the 19-nucleo-
tide target in both sense and antisense orientations, separated
by a 9-nucleotide spacer sequence (supplemental Fig. 1), were
obtained from OligoEngine (Seattle), annealed, and subcloned
into the BglII and HindIII sites of the commercial retroviral
siRNA vector pSUPER-retro-puro (OligoEngine). Infection
and selection of the infected cell population were conducted
using the Lipofectamine 2000 transfection reagent (Invitro-
gen) according to the supplier’s instructions. For the expres-
sion of Apel (human) or Apex (mouse) proteins, vectors were
generated by inserting the coding sequences of APE1 and
APEX into the Agel-BamHI sites of the retroviral vector
pQCXIH (Clontech). The APN1 expression vectors have been
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described previously (23, 24). For LUC studies, the target cells
were co-infected with the retroviral expression vectors pRe-
vTRE-Luc and pRevTet-Off (both from BD Biosciences).
These expression vectors along with siRNA retrovirus con-
structs were co-infected into target TK6 or HCT116 cells, and
48 h later the cells were double-selected with the appropriate
antibiotics.

Western Blot Analysis—Cells (10”) were harvested and re-
suspended in 100 ul of buffer I (10 mMm Tris-HCI, pH 7.8, 200
mm KCl), followed by the addition to the cell suspension of
100 wl of buffer II (10 mm Tris-HCI, pH 7.8, 600 mMm KCl, 2
mM EDTA, 40% (v/v) glycerol, 0.2% (v/v) Nonidet P-40, 2 mm
dithiothreitol, 0.5 mm phenylmethylsulfonyl fluoride, and pro-
tease inhibitor mixture (Sigma)). The mixture was shaken at
4 °C for 40 min to promote cell lysis. The crude lysate was
then centrifuged at 16,000 X g for 10 min to remove cellular
debris and DNA. Protein concentrations were determined
using the Bradford assay (25). After the addition of 2-fold
concentrated loading buffer, the samples (each with 30 ug of
total protein) were incubated at 95 °C for 1 min and resolved
by SDS-PAGE. Proteins were transferred onto nitrocellulose
membranes (Schleicher & Schuell), incubated with blocking
solution containing 3% powdered milk, and probed with the
following appropriate antibodies: anti-Apel (sc-17774 Santa
Cruz Biotechnology Inc., Santa Cruz, CA), a mouse anti-hu-
man Apel monoclonal IgG2b, diluted 1:200 in blocking solu-
tion, with incubation for 1 h at room temperature; anti-Apnl,
a rabbit anti-yeast Apn1 polyclonal antibody from this labora-
tory (26) diluted 1:20 in blocking solution, with incubation at
4. °C overnight; or anti-B-actin (AC-15; Sigma), a mouse anti-
B-cytoplasmic actin-N-terminal peptide monoclonal IgGl,
which cross-reacts with actin from multiple species, including
humans, diluted 1:500, with incubation for 1 h at room tem-
perature. The protein bands detected were visualized with a
fluorescent Western detection (ECF) system (Amersham Bio-
sciences) and quantified by using the Storm 840 phosphorim-
ager (Amersham Biosciences).

Cell Survival Assay—Cells were seeded at a density of 5 X
10° cells per 60-mm dish and exposed to a range of concen-
trations of DNA-damaging agents. Triplicate plates were used
for each dose. The cells were washed with PBS, and fresh me-
dium was added. Dishes were incubated for 4 days at 37 °C in
a 5% CO, incubator. Cells were trypsinized, stained with
trypan blue (Sigma), and counted under microscopy. The re-
sults are expressed as the number of cells in damage-treated
plates relative to control plates. As needed, we verified the
trypan blue results with a colony formation assay (27) or a cell
viability assay (cell counting kit-8 from Dojindo Laboratories,
Gaithersburg, MD, used following the manufacturer’s
instructions).

Apoptosis Assays—IR- or BLM-treated and untreated TK6
cells (about 10° cells) were harvested, then immediately
stained with annexin V-FITC and propidium iodide (PI), and
assayed by flow cytometry following the protocol of the man-
ufacturer (BD Biosciences, ApoAlert kits). Flow cytometric
analysis was performed to monitor the green fluorescence of
FITC-conjugated annexin V (530 = 30 nm) and the red fluo-
rescence of DNA-bound PI (630 * 22 nm) by using a Beck-
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man-Coulter ELITE flow cytometer (Kresge Center for Envi-
ronmental Health Sciences, Harvard School of Public Health),
and the data were analyzed with a CellQuest software (BD
Biosciences).

Neutral Comet Assay—Double strand DNA breaks were
measured by neutral microgel electrophoresis using a com-
mercial comet assay kit (the CometAssay kit, Trevigen, Gaith-
ersburg, MD), following the manufacturer’s instructions with
some modifications. To prevent cleavage at heat- and/or al-
kali labile-related DNA strand breaks, all procedures were
performed at pH 7.4 and =37 °C. Briefly, exponentially grow-
ing TK6 cells were treated with BLM or IR as indicated for the
individual experiments and then incubated for various times
(0-5 h) at 37 °C to allow for repair. After incubation, cells
were cooled immediately to 4 °C, and a 50-ul aliquot of cells
(at 1 X 10° cells/ml) was added to 500 wl of 0.5% low melting
agarose that had been boiled and then cooled at 37 °C for 20
min. After mixing the sample, a 50-ul aliquot was pipetted
onto an area of the CometSlide. The slide was incubated at
4 °C for 10 min to accelerate gelling of the agarose disc and
then transferred to pre-chilled lysis solution for 30 min at
4 °C. After lysis, the cells were first treated with ribonuclease
A for 2 h and then with proteinase K for 48 h, both at 20 °C.
Following enzyme digestions, slides were subjected to electro-
phoresis under neutral conditions (100 mm Tris, 300 mMm so-
dium acetate, pH adjusted to 8.5 with acetic acid) in a hori-
zontal chamber at 1 V/cm) for 10 min at room temperature.
The slide was fixed in ice-cold 100% methanol for 5 min, then
immersed in 100% ethanol at 20 °C for 5 min, and air-dried.
For observation, samples were stained with SYBR Green (Mo-
lecular Probes, Eugene, OR), diluted 1:10,000 in 10 mm Tris-
HCI, pH 7.5, 1 mm EDTA. Images of comets were visualized
with a fluorescence microscope (Nikon, Tokyo, Japan). For
DNA damage analysis, we used CometScore 1.5 software
(TriTek Corp. Fredericksburg, VA) to compute the tail mo-
ment (TM). One hundred cells were examined from each
slide. The mean tail moment reflecting DNA damage was cal-
culated by subtracting the control value from the tail moment
for the treated cells. Each experiment (triplicate samples per
group) was repeated at least three times.

Abasic Site Assay—Genomic DNA was isolated from 2 X
10° cells using Qiagen blood and cell culture DNA kits. Sam-
ples of 1 ug of DNA were subjected to an AP site quantifica-
tion assay based on the aldehyde-reactive probe (ARP kit, Ka-
miya Biomedical Co., Seattle) according to the manufacturer’s
instructions. Data are expressed as number of AP sites per 10°
nucleotides. In some experiments, to correct for artifactual
AP sites formed during the assay, methoxyamine (Sigma) was
introduced before the DNA extraction as described previously
(24).

Statistical Analysis—Statistical significance between means
was determined by using the standard ¢ test and graphed with
the mean = S.E.

RESULTS

Apel Deficiency Sensitizes More to BLM than to IR—To
examine the cellular role of Apel in IR- or BLM-induced
damage, we used several specific short hairpin RNA (shRNA)

4970 JOURNAL OF BIOLOGICAL CHEMISTRY

TK6

shRNA
vector Con sLUC sAPE1 :::3((::

Ape1 - e e e

HCT116

Con sLUC sAPE1 sLUC
+LUC

Bractin S —

120
— = 100
g5
s o 8
— % 60
3 > . ’
o . 40
<<
20
0 0
Con sLUC sAPE1 sLUC Con sLUC sAPE1 sLUC
+LUC +LUC

FIGURE 1. Ape1 suppression in shRNA-treated cells. TK6 or HCT116 cells
were infected with the indicated retroviral vectors, and after 2 days, puro-
mycin (1.5 ng/ml) was added to the culture medium for 5-7 days for selec-
tion. Abbreviations used are as follows: Con, uninfected; sLUC, luciferase-
specific shRNA vector; sSAPET, APE1-specific ShRNA vectors; sLUC+LUC, sLUC,
co-expressed with LUC expression retroviral vector. After an additional 3
days of selection, cell samples were subjected to immunoblotting with an
Ape1-specific antibody, which was quantified by phosphorimaging and
normalized to immunoblotting for B-actin (bar graphs). The upper panels
show a representative immunoblot (see “Experimental Procedures” for de-
tails) and the lower panels the quantification from three independent exper-
iments. Standard deviations are shown, and the asterisk indicates significant
difference from control with p < 0.05.

molecules expressed from a retroviral vector (pSUPER) to
suppress cellular Apel levels in human TK6 (immortalized
but otherwise normal lymphocytes) (28) and the HCT116
colon tumor line. Because Apel is essential even at the cell
level (24, 29), we carefully performed shRNA titration experi-
ments (supplemental Fig. 2) and selected an amount of
shRNA that partially reduced Apel levels to ~30% of normal
(Fig. 1). This partial depletion did not significantly change
overall cell proliferation rates or spontaneous apoptosis com-
pared with Apel-proficient control cells (data not shown).
We included two additional controls as follows: sShARNA
against the nonendogenous luciferase gene (sLUC), and co-
expression of sSLUC and the target LUC gene to activate RNA
interference pathways (Fig. 1).

The shRNA-treated and control TK6 and HCT116 cells
were exposed to increasing doses of IR or BLM, and the cell
survival rates were determined. Both TK6 and HCT116 cells
treated with Apel shRNA (sAPE1) displayed increased sensi-
tivity to either x-ray or BLM treatment compared with non-
shRNA-treated control cells (Fig. 2, A-D), although the rela-
tive increase in BLM toxicity was greater than that seen for
x-rays. The shRNA control sSLUC cells retained normal resis-
tance to both x-rays and BLM (Fig. 2, A-D). Activating RNAi
pathways by expression of sSLUC and the LUC target gene,
without depleting Apel, did not sensitize TK6 cells to either
IR or BLM (Fig. 2, E and F). The TK6 cells appeared to be
more greatly sensitized to BLM by Apel depletion than were
HCT116 cells, although the modest sensitization to x-rays
was similar in both lines. The cytotoxicity experiments were
routinely analyzed by a cell-counting assay (see details under
“Experimental Procedures”) and verified using a colony-form-
ing assay (supplemental Fig. 3).
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FIGURE 2. Cytotoxicity induced by IR or BLM in Ape1-deficient TK6 and HCT116 cells. Cells were untreated (Con) or infected with retroviral siRNA ex-
pression vectors for luciferase (sLUC) or APET (sAPET). Additionally, in E and F, the yeast Apn1 protein was co-expressed with sLUC (sLUC+ApnT) or sAPE1
(SAPET+ApnT) and luciferase was co-expressed with sLUC (sLUC+LUC) as a control for the activation of RNAi pathways. A and B, TK6 cells were treated with
increasing doses of x-rays (100 keV, 1-4 Gy) or BLM (10-60 ng/ml, 60 min). C and D, HCT116 cells treated with 2.5-10 Gy x-rays or 25-150 ug/ml BLM for 60
min. E and F, TK6 cells treated with 1.5 Gy x-rays, or 12 pg/ml BLM for 60 min. The cells were washed twice, and the incubation continued for 4 days. One
thousand cells per sample were then reseeded in 60-mm dishes or a 96-well plate, and the incubation was continued in fresh medium for 96 h. The cell
number was determined by trypan blue cell counting or a commercial cell counting kit (cell counting kit-8). The data were quantified from three indepen-
dent experiments. Standard deviations are shown, and asterisk indicates significant difference from control with p < 0.05.

Apel is a multifunctional protein with activities in DNA
repair and transcriptional control (29, 30), so in principle
some of the observed effects of Apel depletion could be due
to such nonrepair functions. To control for this possibility, we
co-expressed the Saccharomyces cerevisiae Apnl protein to-
gether with APE1-specific sShRNA. Although Apnl shares
repair activities with Apel (13), the yeast protein is not a
homolog of Apel, and it lacks other known Apel nonrepair
functions (13, 30). We have previously shown that Apn1 can
replace Apel repair functions (24). For both IR and BLM
challenges, co-expression of Apnl with sAPE1 in TK6 cells
rescued cell survival to near that observed for the non-
shRNA-treated or sSLUC controls (Fig. 2, E and F), whereas
co-expression of Apnl with sLUC did not alter cellular resis-
tance. Thus, IR or BLM sensitization by depleting Apel in
human cells was due to insufficient Apel-dependent DNA
repair. At the same time, the normal level of Apel does not
seem to be the limiting factor for repair of lethal IR or BLM
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damage in repair-proficient cells (because normal resistance
was not further enhanced by expression of Apnl).

The increased cell death in response to either IR or BLM in
Apel-depleted cells was accompanied by the appearance of
morphologic characteristics of apoptosis, such as cytoplasmic
shrinkage, and condensed chromatin with an intact nuclear
membrane (data not shown). To confirm the findings from
cell survival tests, we examined IR- and BLM-induced apopto-
sis by flow cytometry. Apoptosis was measured by the an-
nexin-V/propidium iodide double-staining method (31). As
shown in Fig. 3 and Table 1, 24 h after treatment with 1.5 Gy
of x-rays, the fraction of early apoptotic (annexin V-positive
and propidium iodide-negative) cells was sharply increased in
Apel-deficient TK6 (sAPE1; from 9.7 to 37%). In contrast,
x-ray-induced apoptosis in the control sLUC cells was mini-
mal (increased to 9.5% from 6.3% in mock-transfected cells).
For BLM, the apoptotic increase due to depletion of Apel was
even more dramatic; a 1-h treatment with 12 ug/ml BLM
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FIGURE 3. Apoptosis induced by IR or BLM in Ape1-deficient TK6 cells. TK6 cells were untreated (Con) or infected with retroviral shRNA expression vectors for
luciferase (sLUC), APE1 (sAPET), or co-expressed with Apn1 (sLUC+ApnT and sAPET+ApnT). The cells were treated with x-rays (1.5 Gy) or BLM (12 g/ml) for 60 min.
The cells were washed twice, and the incubation was continued in fresh medium for 24 h. Apoptosis was determined by the annexin V-FITC and propidium iodide
assay. The panel shows a representative experiment, and the data were quantified from three independent experiments. The number in each panel indicates the
percentage of apoptotic (annexin V-positive) cells and standard deviations. Asterisk indicates significant difference from the untreated control with p < 0.05. The PI
staining indicates cell membrane leaking, a hallmark of early necrosis, whereas annexin V-positive indicates early apoptosis. The PI (+)/annexin V (=) (upper left
quadrant in each panel) corresponds to necrosis; PI(—)/annexin V (+) (lower right quadrant) indicates apoptosis; PI(+)/annexin V (+) (upper right quadrant) indicates
late cell death that could be due to either necrosis or apoptosis; PI(—)/annexin V (—) (lower left quadrant) corresponds to normal viable cells.

TABLE 1
Annexin V-propidium iodide assay for DNA damage-induced cell death+
See text for details of cell treatment and analysis. An example of a flow cytometry experiment is shown in Fig. 3. Anx indicates annexin.

Treatment Transfection Normal PI(—)Anx(—) Necrosis PI(+)Anx(—) Apoptosis PI(—)Anx(+) Late cell death PI(+)Anx(+)
% % % %

1 Untreated sLUC 76.7 £ 1.6 6.7 £ 0.7 6.3 £0.5 10.3 = 0.4
2 Untreated SAPE1 727 = 1.9 6.4+ 0.3 9.7 £ 0.9 11.2 £ 0.7
3 Untreated sLUC+Apnl 71+ 1.1 132+ 0.7 7.9 04 7.9+ 04

4 Untreated sAPE1+Apnl 754 * 1.1 72*0.3 8.6 £ 0.7 8.8 0.5

5 X-ray (1.5 Gy) sLUC 56.8 = 2.0 134+ 0.2 9.5+ 0.1 20.1 = 0.6
6 X-ray (1.5 Gy) sAPE1 354*1.2 7.2 *0.8 37316 20.1 = 0.6
7 X-ray (1.5 Gy) sLUC+Apnl 702 £2.1 53*0.2 11.8 £ 0.2 12.7 = 0.4
8 X-ray (1.5 Gy) sAPE1+Apnl 61.9 = 1.7 6.1+ 04 17.5 £ 0.6 14.5 + 0.6
9 BLM 12 ug/ml  sLUC 60.3 1.2 157 0.3 11.7 0.3 123 £0.3
10 BLM12 pg/ml  sAPEl 14+ 1.1 7.3+ 0.5 674 *+19 11.3 £ 0.5
11 BLM 12 pg/ml sLUC+Apnl 721 +19 53 *0.1 99 *+0.2 12.7 = 0.9
12 BLM 12 pug/ml  sAPE1+Apnl 535+ 14 6.1 0.3 259 *+0.8 14.5 £ 0.6

yielded 67% apoptosis with SAPE1, compared with 11.7% with  clusion that repair function(s) of Apel are an important factor

sLUC. Again, co-expression of Apnl with sAPE1 largely re- against IR- and BLM-induced cell killing, with perhaps a
versed the apoptotic yield (from 37 to 17.5% for IR and from greater role against the latter.

67 to 26% for BLM). The consistency of the apoptosis data Apel Role in IR or BLM-induced DSB—DSB are thought to
and with the cytotoxicity measurements reinforces the con- be the predominant cytotoxic lesions formed by IR or BLM.
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FIGURE 4. DSB formation by IR and BLM and subsequent cellular pro-
cessing. TK6 cells were untreated (Con) or infected with retroviral ShRNA
expression vectors for luciferase (sLUC), APE1 (sAPET), or SAPET co-ex-
pressed with Apn1 (sAPET+ApnT), or Apex (SAPET+Apex). A and C, cells
treated with x-rays (1.5 Gy). B and D, cells were treated with 12 ug/ml BLM
for 60 min and then washed incubated in fresh medium for the indicated
times. DSB were quantified as the tail moment in a neutral comet assay (A
and B). Apoptosis was determined by the annexin V-FITC/Pl assay (C and D).
The data were quantified from three independent experiments. Standard
deviations are shown, and asterisk indicates significant difference from con-
trol with p < 0.05.

We therefore examined the role of Apel in DSB repair follow-
ing treatment with these agents. A modified neutral comet
assay was used to quantify cellular DSB (32). The TM, which
is estimated as the “comet” tail DNA intensity and migration
distance (= % DNA in tail X tail length), was used to quantify
total cellular DSBs (32).

We compared sLUC and sAPE1 treatments with control
cells in a kinetic study of DSB formation and repair in TK6
cells. Initial IR exposures were performed under conditions
unfavorable for DNA repair (cells chilled on ice), which re-
sulted in overwhelming (>35%) death in SAPE1-treated cells
within 5 h after DNA damage (data not shown). That observa-
tion may indicate severe repair deficiency in Apel-deficient
cells. In comparison, for IR exposures at room temperature
and at 37 °C for BLM, the spontaneous apoptosis rate was
=5% in APE1-deficient cells (Fig. 4, C and D). These condi-
tions were used for the subsequent experiments.

Before treatment (—1 h), the basal TM levels were compa-
rable in all the tested groups (Fig. 4, A and B). The cells were
exposed to IR or BLM, with the time at the end of the treat-
ment set as 0 h in the kinetic study. As expected, immediately
following 2.5 Gy IR treatment, the TM of the no-shRNA or
sLUC-treated controls were rapidly increased (2—3-fold rela-
tive to the basal level at 0 h). Interestingly, for Apel-proficient
cells, the TM rose continually to a peak at 1 h after treatment,
indicating the post-IR formation of DSBs. By 3 h post-IR, the
TM had decreased to <30% of its peak value and stayed at
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this level through at least 5 h (Fig. 4A). For Apel-deficient
cells, the post-damage DSB increase (0—1 h) was not observed
(Fig. 4A). The post-damage DSB could be caused by delayed
damage after exposure or by the generation of de novo DSB
during repair of clustered lesions. To address these possibili-
ties, the cells were co-transfected with sSAPE1 and with ex-
pression vectors for Apnl or the mouse Apex protein (whose
mRNA is immune to siRNA against human APEI, due to six
mismatched bases present in the target sequence; data not
shown), and post-damage DSB peaks reappeared in both cases
(Fig. 4A). Thus, the post-damage DSB are associated with re-
pair nuclease activity, consistent with lesion processing gener-
ating the extra DSB post-IR.

For BLM damage (Fig. 48), the dynamics of DSB changes
were strikingly different from what was seen with IR. The TM
of the no-shRNA control cells increased during the 1-h BLM
exposure to its peak (about 3-fold over untreated cells) and
then monotonically declined. There was no post-damage DSB
peak in either Apel-deficient or Apel-proficient cells. How-
ever, the initial DSB damage (at 0 h) was more severe in
Apel-deficient cells (sAPE1) than in the no-shRNA or sLUC
controls. The TM of Apel-deficient cells remained signifi-
cantly higher than for the controls (control or sLUC) during
0—4 h after BLM damage, with the slower recovery finally
reducing the DSB levels in all cases to about the same level
after 5 h. As for the IR treatment, the expression of either
Apex or Apnl in sAPE1-treated cells completely restored the
DSB to the control levels (Fig. 4B), which indicates that the
DSB changes were caused by insufficient Apel repair. Strik-
ingly, Apn1 expression in Apel-proficient cells reduced the
TM even below control levels, which Apex did not do (Fig.
4B, 0 h). Such an effect would be consistent with the more
active 3’-processing activity of Apnl (33) compared with
mammalian Apel family proteins (13).

Extending the repair incubation until 8 h did not allow
complete elimination of DSB for any of the samples tested
(data not shown). It has been reported that, during early apo-
ptosis, the nucleus releases large DNA fragments that could
contribute to the comet tail (34). To investigate whether apo-
ptosis was a confounding factor, we used annexin V/pro-
pidium iodide double staining. Small increases in the number
of apoptotic cells were detected at 3 h post-treatment for
most of the samples (Fig. 4, C and D). Therefore, a fraction of
the comet DNA may come from apoptotic cells 3 h or later
after treatment with the IR or BLM. However, most of the
post-IR DSB formation seemed to occur within the 1st h after
the initial damage, so that apoptosis should not be a factor. In
BLM-damaged cells, the eventual apoptosis observed at 4—5 h
post-treatment was significantly higher with Apel deficiency
compared with the controls (Fig. 4D). However, the extra DSB
in Apel-deficient cells were observed immediately after BLM
treatment, after which they declined (Fig. 4B). This observa-
tion would indicate that the defective repair of BLM-induced
DSB in Apel-deficient cells potentiates the later apoptotic
death of these cells.

Apel Role in Repair of Abasic Sites Induced by Radiation
and BLM—IR and BLM both also produce another type of
DNA damage, abasic sites, both as directly free radical prod-
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ucts and indirectly by the action of DNA glycosylases on dam-
aged bases. The latter are hydrolytic AP sites, although the
former (direct) products include various oxidized abasic resi-
dues. Both IR and BLM produce large quantities of AP sites,
10-20-fold the number of DSB (24, 35, 36), such that AP sites
are also a significant source of cytotoxicity. In mammalian
cells, Apel protein is the major repair enzyme to initiate the
removal of AP sites. We therefore evaluated the formation of
abasic sites in TK6 cells treated with IR or BLM.

As shown in Fig. 54, 1 h after exposure to IR, the residual
number of abasic sites was the same in two control samples
(Con and sLUC cells) compared with unirradiated cells, re-
flecting efficient repair. As expected for sAPE1-treated cells,
residual IR-induced AP sites were increased (2.4-fold) com-
pared with the controls. For BLM treatment, no difference in
the level of abasic sites was found among the Apel-proficient
cells samples. For Apel-deficient cells, the basal level of abasic
sites was slightly higher than in the Apel-proficient samples,
and little additional change was observed due to BLM dam-
age. Ectopic expression of Apnl in the Apel-deficient cells
diminished the abasic site level to that for the Apel-proficient
cells (Fig. 5A). These results in conjunction with the previous
cytotoxicity studies (Fig. 2E) support the hypothesis that aba-
sic sites have a major cell-killing potential in IR damage.

The persistence of abasic sites in Apel-deficient cells indi-
cates a mechanism for their modest hypersensitivity to IR
(Figs. 24 and 4C). It is possible that Apel has opposing effects
in IR-induced cell killing, one involving increased cell killing
via de novo DSB generation and the other a protective role, by
removing toxic IR-induced AP sites. Overall, the Apel protec-
tive effect appears to be slightly higher for TK6 cells. In addi-
tion, we also examined the effect of Apel on the kinetics of
AP site levels. Samples were obtained from cells 1 h before the
treatment and 0 h (immediately post-IR) and 2— 8 h after x-
irradiation. This study (Fig. 5C) showed increased abasic sites
in Apel-deficient cells (more than 3-fold over Apel-profi-
cient cells) that were apparent immediately after IR and per-
sisted up to 2 h later. Because the latter increase (4—8 h post-
IR) was coincident with the rise of apoptosis (Fig. 4C), some
of the observed AP sites may be a consequence of apoptosis.

p53 Is Involved in BLM-induced Cell Death in Apel-defi-
cient Cells—The p53 protein is an important mediator of cel-
lular DNA damage responses. The TK6 and HCT116 cell lines
used in our studies both preserve normal p53 signaling path-
ways (37, 38). To determine whether p53 plays a role in DNA
damage-induced cell death, we compared these cells to p53-
deficient cells derived directly from them; TK6-E6 expresses
human papillomavirus-16 E6 protein, which causes depletion
of endogenous p53 by proteolysis (39), and HCT116-p53 ™/~
cells have had both p53 alleles disrupted in cell culture (38).
The reduced p53 levels were confirmed by immunoblotting
(Fig. 6A). TK6-E6 and HCT116-p53 ™/~ cells were subjected
to sAPE1 treatment reducing the Apel level to ~30% of nor-
mal (data not shown). Because previous cytotoxicity studies
(Fig. 2, A and B) showed that Apel deficiency had a more pro-
nounced effect toward BLM damage than for IR, we examined
only BLM toxicity in these experiments. When Apel was ex-
pressed at normal levels, survival assays (conducted as de-
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FIGURE 5. Formation of abasic sites in Ape1-deficient cells. TK6 cells
were untreated (Con) or infected with retroviral shRNA expression vectors
for luciferase (sLUC) and APE1 (sAPET) or co-expressed with Apn1
(SLUC+ApnT and sAPET+ApnT1). The cells were treated with 1.5 Gy x-rays (A)
or BLM at 12 ug/ml for 60 min (B). At 1 h after finishing the treatment, the
cells were subjected to DNA extraction, and the levels of abasic sites were
determined using an aldehyde-reactive probe. G, kinetics of abasic site lev-
els following IR (1.5 Gy x-rays). The data were quantified from three inde-
pendent experiments. Standard deviations are shown, and asterisk indicates
significant difference from untreated control with p < 0.05. The data were
used to generate the least squares lines shown in the figure.

scribed for Fig. 2, B and D) indicated that the p53 status made
no difference in either TK6 (Fig. 6B) or HCT116 cells (Fig.
6C). As already shown in Fig. 2, Apel suppression in both
p53-proficient cell types strongly sensitized them to BLM.
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FIGURE 6. Effect of p53 deficiency on BLM sensitivity in TK6 and HT116
cells. A, level of p53 protein was examined by immunoblotting in TK6 cells
(transfected with vector only (WT) or with E6 protein (E6) or E6 with ectopic
expression of p53 (ex53)) and in HCT116 cells (WT; homozygous p53 defi-
ciency (null); null with ectopic expression of p53 (ex53)). The upper panels
show p53, and the lower panels show B-actin as a loading control. Band C,
BLM sensitivity of cells treated with control siRNA-LUC (sLUC) or APE1-spe-
cific siRNA (sAPET) as a function of p53 status (p53d, p53-deficient). BLM
treatment was as described for Fig. 2. D, BLM-induced apoptosis in TK6 cells
as a function of p53 status. Cells were infected with the control (sLUC) or
APE1-specific siRNA (sAPET), challenged with BLM (30 wg/ml, 1 h), or un-
treated (UT) and 24 h later assayed for apoptosis by annexin V-FITC and pro-
pidium iodide staining. The data were quantified from three independent
experiments. Standard deviations are shown, and asterisk indicates signifi-
cant difference from sLUC control with p < 0.05.

However, p53 suppression in TK6-E6 (Fig. 6B) or elimination
of p53 in HCT116-p53 '~ (Fig. 6C) significantly alleviated the
BLM hypersensitivity. Importantly, restoring p53 activity in
p53-deficient cells by transfection with the vector
pcDNA3-FLAG-p53 (Fig. 6A) restored the BLM hypersensi-
tivity in both cell lines (Fig. 6, B and C), demonstrating a spe-
cific effect of p53. The cell counting results were verified in
colony-forming assays (supplemental Fig. 4).

Because of the relative sensitivity of TK6 cells to Apel de-
pletion during exposure to BLM, we also compared the effect
of p53 status on the BLM-induced apoptosis rate in cells using
the annexin V/propidium iodide double-staining method.
BLM-induced apoptosis in TK6-E6 was only about 30% that
observed for the p53-proficient TK6 counterpart (Fig. 6D),
consistent with the survival assays. Again, re-expression of
p53 in TK6-E6 cells restored normal BLM-induced apoptosis
(Fig. 6D). We conclude that Apel-proficient cells efficiently
eliminate bleomycin-induced DNA lesions that would other-
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wise trigger p53-dependent apoptosis. Conversely, p53-defi-
cient human cells would be less dependent on their Apel sta-
tus for BLM resistance.

DISCUSSION

Radiation is a widely used therapy for treating various types
of cancers, and it remains one of most effective modalities. An
antibiotic isolated from Streptomyces verticillus, BLM also
acts as an effective antitumor agent (5). In combination with
cisplatin and etoposide, BLM is 90% curative for testicular
cancer (40). These two anti-cancer agents (IR and BLM) share
a similar tumor-killing mechanism: the production of large
quantities of difficult-to-repair DSB lesions, which can be
highly toxic to growing and dividing cells (41). Those gener-
ated by BLM and IR include oxidative DNA lesions (1, 5),
which complicate their handling in cells. These agents are less
effective for many other cancers, which may have a good ini-
tial response but eventually develop resistance. The basis of
this developed resistance has been elusive, with recent pro-
posals related to cancer stem cells. Cancer stem cells are as-
cribed with the capacity to initiate and sustain the growth of
heterogeneous tumors through self-renewal and differentia-
tion (42). The underlying resistance mechanisms could in-
clude lower rates of proliferation, more efficient DNA damage
response and repair, increased drug efflux activity, defects in
apoptotic pathways, and lower cellular free radical levels (43).
As novel DNA repair pathways have not been reported for
cancer stem cells (44), the inhibition of known DNA repair
pathways may be a useful approach to enhance treatment effi-
cacy (7).

Our cytotoxicity results showed that Apel deficiency sensi-
tized cells more greatly toward BLM than to IR, which is con-
sistent with previous reports using chemical inhibitors or ec-
topic Apel expression (45, 46). However, the underlying
mechanisms remained unclear. For IR, a dose of 1 Gy pro-
duces (per 10° bp) about 2 DSB, 32 single strand breaks, 29
oxidized purines, 25 abasic sites, and 10 oxidized pyrimidines
(36, 47). Approximately 15% of the modified bases, abasic
sites, and single strand breaks occur in clusters of damage
(17). Compared with isolated single lesions, BER is less effec-
tive in repairing clustered DNA damage (48). A major prob-
lem is at the DNA ligase step; in contrast, abasic site cleavage
by Apel was less affected. When an AP site was positioned
1-5 residues 5’ to an 8-0x0-G in the complementary strand,
incision at 8-oxo-G by DNA glycosylases was slowed, but AP
site incision was not impaired. For two AP sites positioned on
opposing strands, both AP sites were incised, giving rise to a
DSB (48). An earlier study of Apel incision showed polar ef-
fects at clustered lesions, and for pairs of synthetic abasic sites
at various places in opposite strands, there was more interfer-
ence when they were positioned 5" with respect to one an-
other than for the 3’ arrangement (49). A recent study com-
pared normal, under-, or overexpression of human NTHI or
OGGI in TK6 cells and found that the production of de novo
DSB correlates positively with the level of either glycosylase
(3). This study also showed that glycosylase overexpression
may even enhance cell killing as a consequence of excessive
glycosylase activity. Our data suggest that Apel cleavage ac-
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tivity might contribute at least 30% of de novo DSB following
x-irradiation (Fig. 44, 1-h time point). Consistent with this
interpretation for human cells, Apel-dependent generation of
DSB in transfected DNA-containing lesions closely opposed
on opposite strands has been reported for mouse fibroblasts
(50). Thus, for IR, Apel activity could actually enhance some
aspects of IR toxicity.

However, the contribution of Apel to the repair of IR and
BLM damage is more complex. Isolated base lesions, abasic
sites, and DNA strand breaks with 3’-PG termini can interfere
with replication and transcription, and they all require Apel
for efficient processing (13, 24, 51, 52). Apel is normally an
abundant cellular protein (13), but when this enzyme is limit-
ing, abasic sites may be processed in other ways. An alterna-
tive pathway has been proposed involving dual -elimination/
d-elimination by the NEIL1 glycosylase and removal of the
resulting 3'-phosphate by polynucleotide kinase (53). How-
ever, other DNA glycosylases with associated AP lyase activ-
ity, such as NTH1 protein, would cleave AP sites to yield 3'-
terminal unsaturated products of deoxyribose (13), and Apel
is again required for the efficient excision of these residues.
Consequently, some problems in Apel-deficient cells might
arise from the products of AP lyase activity. Moreover, about
half of direct DSB induced by IR contain 3'-PG (54), which
requires Apel for excision (14, 15, 55, 56). Thus, Apel may
have opposing effects on IR toxicity due to the different roles
the enzyme plays in DNA repair, which would limit the effect
on cell survival of depleting Apel.

BLM generates in DNA a small subset of the types of le-
sions caused by IR. It forms 3'-PG and 4'-oxidized abasic sites
that may be clustered, and the prevalence of 3'-PG at DSB
termini is a major obstacle for repair and cell survival (5).
However, BLM does not produce oxidative base damage, and
removing 3'-PG is thought to be a limiting step for strand
break repair, because the 3'-PG diesterase activity of Apel is
about 100-fold slower than its incision of AP sites or the
BLM-induced C4'-oxidized residues (57). This somewhat nar-
rower role of Apel in repair of BLM damage is consistent
with the greater effect on toxicity of suppressing the enzyme
and with the persistence of unrepaired DSB in Apel-deficient
cells. Other enzymes have recently been identified that are
capable of removing 3'-PG at DSB lesions as follows: tyrosyl-
DNA phosphodiesterase (58) and Artemis (59). However, the
repair of BLM-induced 3'-PG in cell extracts is strongly de-
pendent on Apel (14). It is possible that some of the complex
DSB generated by BLM and some other agents (5) require
these or other proteins for their repair, and this may be fur-
ther modulated by other DSB-recognizing proteins such as Ku
and DNA-dependent protein kinase (58).

To enhance the effectiveness of DNA-damaging anti-can-
cer agents, a number of DNA repair inhibitors have been de-
veloped that target DNA-dependent protein kinase (DSB
repair by nonhomologous end joining) as follows: O°-methyl-
guanine-DNA methyltransferase, poly(ADP-ribose) polymer-
ase-1, and Apel (60). Our data indicate that these, perhaps
especially the Apel inhibitors, should be applied with caution,
and their effectiveness in co-treatment will vary with the tu-
mor type and the primary treatment agent. Beyond the

4976 JOURNAL OF BIOLOGICAL CHEMISTRY

greater role played by Apel in resistance to BLM compared
with IR, the status of the cellular p53 signaling pathway is an
important consideration. Based on our data, achieving success
in tumor cell killing by BLM may require a functional p53
DNA damage-signaling pathway in the target cells, because
p53-deficient cells were far less sensitive to Apel depletion
for BLM toxicity.
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