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Abstract

Background—The mechanism by which heat sensitizes mammalian cells to ionizing radiation
remains to be elucidated. We determined whether base excision repair (BER) is involved in heat-
radiosensitization and report novel findings that provide insight regarding the role of BER in the
radiation response of HelLa cells.

Materials and Methods—An siRNA approach was utilized to suppress expression of AP
endonuclease (Apel), a critical enzyme of BER. Clonogenic survival curves were obtained for
HeLa cells expressing normal or reduced Apel content and which had been irradiated, and these
were compared to survival curves from cells that were irradiated prior to hyperthermia treatment.

Results—The amount of heat-radiosensitization observed in Apel-suppressed cells was similar
to or slightly greater than that observed in cells expressing near-normal levels of Apel.
Interestingly, we also found that for unheated HelL a cells, suppressed expression of Apel resulted
in enhanced resistance to X-rays.

Conclusions—The data suggest that Apel, and therefore BER, is not involved in heat-
radiosensitization. However, the observation that suppressed expression of Apel results in
enhanced radioresistance supports the notion that BER may be detrimental to the survival of
irradiated cells.
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lonizing radiation (IR) induces a myriad of lesions in DNA. These lesions include various
species of oxidative base damage and single- and double-strand breaks (SSB and DSB,
respectively). While the DSB is believed to be the primary lesion responsible for radiation-
induced cell killing, the majority of lesions are clustered damaged bases (1).

Removal of damaged bases resulting from insults such as IR is effected by the base excision
repair (BER) pathway. In irradiated cells, removal of the base by DNA glycosylases results
in the formation of an AP site. Subsequent to this, AP endonuclease 1 (Apel) nicks the
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damaged DNA strand upstream of the AP site, creating a 3'-hydroxyl terminus and a
5'deoxyribose phosphate group flanking the gap. Thus, Apel is a 3-phosphodiesterase that
can initiate repair of AP sites resulting from radical damage or glycosylases (2). Apel is
associated with nearly all AP site excision activity [see (3) for a review of Apel] and may
also play a role in repairing SSBs containing 3'-8-0xoG as well as other oxidative lesions
repaired via BER (4).

The Apel protein is essential, as mice nullizygous for Apel are embryonic lethal (5) and
Apel-deficient cell lines have not been isolated (6). However, nullizygous embryo
fibroblasts have been created using a floxed Apel gene that resulted in an apoptotic response
within 24 h after removal of the Apel gene (7). Thus, Apel appears to be the central protein
involved in BER. Other functions unrelated to its role in DNA repair include redox
activation of stress-inducible transcription factors and transcriptional repression (3).

When bacteria or mammalian cells are irradiated, some sites of clustered base damage may
give rise to DSBs during BER if the sites are located within a few base pairs on opposite
strands (8, and references therein). Therefore, BER may be deleterious to the survival of the
cell after irradiation (8). However, evidence of a role for BER in the radiation response of
mammalian cells is conflicting. While some studies have demonstrated the involvement of
BER proteins in the repair of radiation damage, other studies have failed to establish a
correlation with radiosensitivity (9). In regard to the relationship between Apel expression
and sensitivity to IR, some studies have shown a positive correlation, but many have not [see
(2) for a review]. While the role of BER in the radiation response of mammalian cells is
somewhat incompletely understood, Apel is critical for BER and continued viability.

Hyperthermia sensitizes cells to IR (10). While heat-radiosensitization is often attributed to
inhibition of DNA repair, the specific repair pathway(s) or proteins involved in heat-
radiosensitization are not yet known with any certainty. Circumstantial evidence suggests
the involvement of the BER pathway in heat-radiosensitization (11), but direct evidence is
lacking. Thus, the role of BER in heat-radiosensitization remains unresolved. In this report,
we utilized an siRNA approach to lower Apel expression prior to irradiation and heat
treatments, and compared the extent of heat-radiosensitization in HeLa cells expressing
normal amounts of Apel with cells deficient in Apel.

Materials and Methods

Cell culture

HeLa CCL2 cells were grown in monolayer in McCoy's 5A media (Mediatech, Inc.,
Herndon, VA, USA) with 10% iron-supplemented calf serum (ISCS) (Hyclone, Inc., Logan,
UT, USA) and maintained in a 5% CO» atmosphere at 37°C. Twenty-four hours prior to
transfection with siRNA or sScRNA, 2 x 10° cells were plated into 25 cm? tissue culture
flasks containing 5 ml of medium supplemented with 10% ISCS.

Transfection and quantification of knockdown using Western blotting

Apel siRNA or scRNA, dissolved in water, was added to serum-free media and incubated
for 5 min at room temperature (RT). APE1 siRNAs used to decrease AP endonuclease were
obtained from Dharmacon Research, Inc. (Lafayette, CO, USA), deprotected and hybridized
according to the manufacturer's directions. Sequences of the double stranded siRNAs are
antisense (5' GUCUGGUACGACUGGAGUACC 3', 5’
UACUCCAGUCGUACCAGACCU 3) and nonsense (5’
CCAUGAGGUCAGCAUGGUCUG 3, 5" GACCAUGCUGACCUCAUGGAA 3.
Scrambled (sc) APEL siRNAs were used as negative controls. Final sSiRNA or sScCRNA
concentration in medium was 40 nM. The sequences of SCRNA were the reverse of the
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SiRNA sequences. In a separate tube, 10 pl of Oligofectamine (Invitrogen, Carlsbad, CA
USA) was incubated at RT for 5 min in serum-free media. After incubation, the aliquot of
Oligofectamine was added to the siRNA or sScRNA, and the medium was incubated for 20
min at RT before addition to monolayer cultures in 25 cm? flasks. Prior to adding
transfection reagents, monolayers were washed with serum-free media. After addition of
transfection reagents, cells were incubated at 37°C for 4 h. Media was then replaced with
McCoy's 5A with 10% ISCS and cells were incubated for 48 h. To determine levels of Apel
using Western blotting, cells were trypsinized and washed once in phosphate- buffered
saline (PBS) and Buffer A [10 mM HEPES, pH 7.9, 1.5 MgCl,, 10 mM KCI, 1 mM
(PMSF), 2 pg/ml leupeptin], and resuspended in 1x Laemmli's Buffer. After heating (10
min, 100°C), the lysates were passed thrice through a 26-gauge syringe. Protein content was
quantified and 15 pg of protein was loaded into lanes of a 10% SDS-polyacrylamide gel.
Samples were electrophoresed at 125 V for 15 min, and then at 200 V for 45 min. Proteins
were then transferred to nitrocellulose at 100 V for 1 h. Membranes were blocked at RT for
2 h with blotto [50 mM Tris (pH 7.5) 0.185 mM NaCl, 0.05% Tween-20, 3% nonfat dry
milk]. Apel monoclonal antibody developed in our laboratory (Novus Biologicals, Littleton,
CO, USA) was diluted in blotto and incubated with the membrane overnight at 4°C
(1:1000). Membranes were washed thrice in blotto and incubated with secondary antibody
(Amersham Biosciences, Piscataway, NJ, USA) (1:2000 anti-mouse-HRP in blocking
solution) for 1 h at 4°C. Finally, membranes were washed thrice with blotto and twice with
PBS before chemiluminescent detection of Apel.

Heat and radiation treatments and analysis of clonogenic survival—After
incubating for 48 h at 37°C, media were changed, flasks were placed on ice for 5 min and
cells were irradiated on ice with 250 kVp x-rays (total time on ice was 15 min). After
irradiation, media were replaced with fresh 37°C media. For some samples, cells were then
heated for 2 h at 41.5°C. Following irradiation or irradiation and heating, cells were
trypsinized, counted and plated for clonogenic survival. Cells were allowed to grow for
14-21 days at 37°C. Cells were then fixed with a 3:1 methanol/acetic acid mixture and
stained with crystal violet to allow scoring of colonies. Only colonies with >50 cells were
included in the survival analysis.

Knockdown of Apelin HeLa CCL2 cells

To determine the role of Apel in the radiation response and heat-radiosensitization of HelLa
cells, we first determined optimal parameters for lowering Apel expression. Apel protein
expression was determined by Western blotting for untransfected, SCRNA- or sSiRNA-
transfected cells (Figure 1). Maximum suppression (with only minimal concomitant toxicity)
of expression was observed after 48 h. By 48 h after transfection with Apel siRNA, Apel
expression was routinely found to be within 25-30% of levels found in cells transfected with
SCRNA. Cells transfected with sScCRNA generally showed levels of Apel that were 90-95% of
that found in cells that were not transfected with either SiRNA or sSCRNA, but were only
incubated with Oligofectamine.

Radiation response of Apel-suppressed cells

Prior to determining the role of Apel and BER in heat-radiosensitization, it was necessary to
determine the consequences of reduced Apel expression on the survival of irradiated cells.
Cells transfected with sScRNA that expressed near-normal levels of Apel, or cells transfected
with Apel siRNA that expressed greatly reduced levels of Apel were exposed to various
doses of x-rays. The resulting survival curves are shown in Figure 2. A computer program
was used to calculate parameters of the cell survival curves using the “multi-target, single-
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hit model” to fit the data sets (12). Mean lethal dose (D), extrapolation number (n), and
quasi-threshold dose (Dg)[the latter two parameters being a measure of the shoulder region
of the survival curve indicative of the ability of cells to accumulate or repair sublethal
damage (13)], were calculated. Although the Dy doses for cells transfected with SCRNA or
SiRNA were nearly identical (98.1 cGy vs. 97.5 cGy, respectively), cells with reduced Apel
content were significantly more radioresistant to low doses of x-rays, as the survival curve
had a well-defined shoulder compared to that for cells with near-normal levels of Apel.
Cells transfected with sScRNA yielded a radiation survival curve with almost no shoulder.
The Dq and n values for cells with reduced Apel content were 173 cGy and 4.7,
respectively; Dg and n values for cells with near-normal Apel content were 74 cGy and 2.1,
respectively. The survival curve for cells transfected with sSCRNA was similar to the curve
obtained for non-transfected cells, and this was also reflected by the survival curve
parameters (Dp=100 cGy, Dq= 106 cGy, n=2.9).

We were concerned that cells rendered deficient in Apel might have become abnormally
distributed throughout the cell cycle prior to irradiation. Synchronization, blockage, or
lengthening of the transit time of cells in the G; phase, if it occurred, could explain the
observed radioresistance of cells which were knocked down for Apel just prior to
irradiation, since cells in G4 are much more radioresistant compared to cells in G, (14).
However, flow cytometric analysis of cell cycle distributions of unirradiated cells which had
been transfected with siRNA or scRNA for 48 h revealed only an 8% difference in the Gy
phase content between the two populations of cells (sSiIRNA=54% G;, ScRNA=46%; average
of two experiments, data not shown). This difference cannot account for the decrease in
radiosensitivity (enhanced radioresistance) of cells with reduced Apel content.

Role of Apel in heat-radiosensitization

We next determined whether Apel content was a determinant in heat-radiosensitization.
Cells transfected with siRNA which under-expressed Apel and cells transfected with
scCRNA which expressed Apel at near-normal levels were irradiated and surviving fractions
were compared to those for siRNA- and scRNA-transfected cells that were irradiated and
then heated for 2 h at 41.5°C. Survival curves for siRNA- and scRNA-transfected cells
exposed to x-rays or x-rays and hyperthermia treatment are shown in Figure 3. Cells in
which Apel was suppressed were more resistant to the combined treatment than cells
expressing near-normal levels of Apel. This trend was similar to that obtained for x-rays
alone. Flow cytometric analysis of the G-, S- and G,/M- phase DNA content of each
population after heating indicated less than a 5% difference between each cell cycle phase of
the respective populations (SIRNA: G1=44%, S=32%, G,=24%; SCRNA: G1=46%, S=27%,
G,=27%, data not shown). Thus, again, the differences observed for Apel-suppressed cells
and cells with near-normal Apel content that were both irradiated and heated cannot be
accounted for on the basis of cell cycle perturbations.

When clonogenic survival curves obtained from irradiated vs. irradiated and heated Apel-
suppressed cells and those expressing near-normal levels of Apel are compared, the amount
of heat-radiosensitization observed in suppressed cells is similar to or slightly greater than
that observed in cells expressing near-normal levels of the protein (Figure 3). For example,
at a surviving fraction of 0.01, the thermal enhancement ratio (TER) for siRNA-transfected
cells is 1.34, while the TER for scRNA-transfected cells is 1.2. This result indicates that
Apel is not involved in heat-radiosensitization. If Apel were a target for, or played a role in
heat-radiosensitization, the survival curves of irradiated vs. irradiated and heated siRNA-
transfected cells, when compared, would be superimposable, or nearly so; that is, a
significant reduction of radiosensitization would have been observed in Apel-suppressed
cells compared to cells expressing near-normal amounts of Apel.
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Discussion

A significant proportion of the DNA damage induced by IR is repaired by BER. Several
investigators have sought to determine the relationship between Apel content and sensitivity
to IR in an attempt to examine the role of BER in the radiation response of mammalian cells.
Unfortunately, the data are conflicting and no definitive conclusion has been reached.
Several studies have shown little or no correlation between Apel expression and
radiosensitivity, while some investigators have demonstrated a relationship (15-20). For
example, tumors and cultured germ cells expressing high levels of Apel expression were
reported to be less radiosensitive (15). Additionally, we previously showed that knocking
down Apel in osteosarcoma cell lines increases sensitivity to IR (16). Chen and Olkowski
(20) used an antisense approach to reduce Apel expression in human lung carcinoma cells
to less than 50% of normal levels, and found a corresponding dramatic increase in
radiosensitivity when clonogenic survival was measured. Interestingly, while the survival
curve of control cells showed a significant shoulder, there was no shoulder for the Apel-
depleted cells; survival appeared to be an exponential function of radiation dose. Since lack
of a shoulder usually corresponds to an inability of cells to accumulate or repair sublethal
damage, the authors concluded that Apel plays a major role in the repair of IR-induced
DNA damage.

The aforementioned studies are difficult to reconcile with our current data which indicate
that cells with greatly reduced Apel levels are more resistant to IR than cells with near-
normal levels of Apel (Figure 2). In contrast to data from Chen and Olkowski (20), we
observed almost no shoulder in survival curves obtained from cells expressing near-normal
levels of the protein. It is possible that the relationship between radiosensitivity and Apel
expression may be dependent on cell type. We therefore attempted to demonstrate, using a
second cell line routinely grown in our laboratory (U-1 human melanoma), that greatly
reduced expression of Apel would result in decreased radiosensitivity. Unfortunately, we
could not suppress the level of Apel in this second cell line, even after transfection with
higher concentrations of Oligofectamine and a 10-fold greater concentration of SiRNA
compared to that which was used in our HeLa cell experiments (data not shown). However,
it is also possible that differences in the efficiency, extent or duration of knockdown of Apel
or the choice of assays used to measure radiosensititivity could account for the differences
reported. For example, use of the MTT assay or measurement of apoptotic fraction as an
indicator of cell killing (as used in other reports) could greatly underestimate the total cell
death in a population of normal or Apel-depleted cells.

While enhanced radioresistance associated with suppressed Apel expression may appear
counterintuitive, our data are not surprising when considering the nature of IR-induced
damage and how it is repaired. About 70% of DNA damage mediated by x-rays is attributed
to free radicals produced by the radiolysis of water (21). The lesions produced, which
predominantly consist of oxidized bases or apurinic/apyridimic (AP) sites, exist within
damage clusters with radii up to 4 nm (1). Most of these lesions are repaired by BER.
Weinfeld and co-workers used an in vitro system to show that DSBs may result at closely
opposed base damage sites from the action of DNA glycosylases [22]. The BER pathway
may also produce potentially lethal DSBs in vivo during the attempted repair of clustered
free radical damage (8). Escherichia coli that were devoid of DNA glycosylases formed
fewer strand breaks and were found to be more resistant to radiation-induced killing than
wild-type cells, which continued to accumulate DSBs post-irradiation as a result of ongoing
BER. Thus, at a clustered damage site containing damaged bases within a few base pairs on
opposite strands, the formation of potentially lethal DSBs may occur should there be
incision of opposite strands by enzymes recognizing the base damage. Apel nicks damaged
DNA strands upstream of the AP site. If Apel normally makes excisions in cells with
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normal amounts of the enzyme, then DSBs could be generated if the base damage sites
happen to be within a few base pairs of each other. These DSBs could be potentially lethal if
unrepaired or misrepaired, and conceivably lead to formation of lethal exchange-type
chromosome aberrations.

However, if BER were inhibited by the reduction of Apel levels resulting in a reduction of
nicks produced on opposite strands within clustered damage sites induced by IR, some cells
could be spared from killing, through reduction of DSBs produced indirectly through the
BER process. Our finding that cells lacking Apel are more radioresistant supports this idea,
as well as the notion that BER may be detrimental to the survival of mammalian cells
exposed to IR. Conversely, there is the possibility that an inhibition of BER could also
increase killing; BER may potentially generate intermediates (such as AP sites) which, if
incompletely repaired, could be genotoxic in nature. This balance between sparing and
killing of irradiated cells likely limits the extent of radioprotection that could be achieved by
inhibition of BER.

Alternatively, our finding that cells with reduced Apel levels are more radioresistant (Figure
2) could be interpreted to mean that i) BER is not involved in the radioresponse and that
several forms of base damage do not play a significant role in radiation-induced cell killing,
at least in the HeLa CCL2 cell line, or ii) there is either an Apel-independent (23) or a
redundant pathway for repair of base damage (24) that may be utilized in the absence of
BER. Either interpretation is important when considering the potential mechanisms of heat-
radiosensitization.

We previously showed that the major non-homologous end joining (NHEJ) DSB repair
pathway is not involved in heat-radiosensitization (25). In that study, we found that cells
deficient in Ku80 or DNA ligase IV (2 proteins critical for NHEJ) were heat-radiosensitized
by the same or a slightly greater amount as compared to wild-type cells. Limited data
obtained using a chicken cell model suggest that homologous recombination may also not be
involved, although this conclusion is somewhat controversial [see (11), and references
therein]. While recent data suggest the existence of alternative pathways of NHEJ, and these
pathways could potentially be involved in heat-radiosensitization (26), by deduction, some
investigators, citing biochemical and correlative evidence, have proposed that inhibition of
BER could be the critical step in thermal radiosensitization. Unfortunately, a lack of mutant
cell lines had hampered efforts to definitively establish a role for or against involvement of
BER. Using an siRNA approach, we have shown that cells deficient in Apel are
radiosensitized to hyperthermia to an extent that is similar to cells expressing normal levels
of the protein (Figure 3). A reduction in heat-radiosensitization of Apel-deficient cells
would have been suggestive of involvement of Apel in heat-radiosensitization. Our data
suggest that Apel is not involved in heat-radiosensitization. Since Apel is critically
involved in the BER pathway, by extension, then, our data also strongly suggest that Apel-
dependent BER is not involved in heat-radiosensitization (Figure 3).
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Figure 1.

Representative Western blot showing the level of expression of Apel protein 48 h after
transfection of HeLa CCL2 cells. Cells were transfected and processed for SDS-PAGE and
Western blotting as described in Materials and Methods. Membranes were probed with anti-
Apel antibody. B-actin was used as a loading control. The lane denoted as Control
represents cells that were incubated with Oligofectamine, but not transfected. Cells
transfected with SCRNA showed Apel expression that was approximately within 95% of
expression observed in untransfected control cells. Cells transfected with siRNA showed
Apel expression that was approximately only 22% of that found in untransfected control
cells, and expression in siRNA-transfected cells was reduced to 25-30% of that found in
SCRNA-transfected cells.
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Figure 2.

Role of Apel in the radiation response of HeLa cells. Cells were transfected with Apel
SiIRNA or scRNA and incubated for 48 h at 37°C. Cells were then irradiated with x-rays
prior to plating for clonogenic survival. Apel expression in siRNA-transfected cells in each
experiment was reduced to 25-30% of scRNA-transfected cells at the time of irradiation. A
survival curve is also included for non-transfected cells (Control). The average plating
efficiencies for each sample were: sSiRNA 0.11; sScRNA 0.14; siRNA+heat 0.11; sScCRNA
+heat 0.15; untransfected cells 0.36. Error bars represent the standard error of the mean
(SEM) of at least three experiments. The survival curve for irradiated cells treated only with
oligofectamine was nearly superimposable with that of untreated (untransfected) cells or
cells transfected with sScRNA (data not shown), indicating that Oligofectamine did not alter
radiosensitivity.
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Figure 3.

Role of Apel in heat-radiosensitization. HeLa cells were transfected and irradiated, or
irradiated and heated at 41.5°C for 2 h prior to plating for clonogenic survival. Apel
expression in siRNA-transfected cells in each experiment was reduced to 25-30% of
scRNA-transfected cells at the time of irradiation. Error bars represent the SEM of at least
three experiments. Survival curves for irradiated and heated untransfected control cells or
cells treated only with Oligofectamine were superimposable with the curve for sScRNA-
treated cells (data not shown).
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