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Radiosensitivity of cervical cancer cell lines: the impact
of polymorphisms in DNA repair genes
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The aim of this study was to evaluate radiosensitivity of cervical cancer cells in vitro and to assess the relationship
between genetic polymorphisms in DNA repair genes and the response of cells to ionizing radiation. The alkaline comet
assay as a predictive assay of radiosensitivity was used to examine the susceptibility of four human cervical cancer cell lines
(CaSki, C-33A, HeLa and SiHa) to radiation damages. The initial DNA damage and the residual DNA damage at 15, 30, 45
and 60 min after irradiation were assessed. Genotypes of DNA repair genes (XRCC1, hOGGI, PARP, XPD, XRCC3 and
XRCC4) were analyzed by PCR-RFLP assays. The comet data clearly indicate a variable but dose-dependent increase in the
initial DNA damage in all cell lines. The highest slope of dose response curve was observed in C-33A cells and this cell line
was assumed to be radiosensitive. All cell lines repaired DNA damage in a similar manner, the level of DNA strand breakage
has returned near the background level within 45 min after irradiation. According to the genotype we found that C-33A cells
are polymorphic in the majority of analyzed DNA repair genes. This pilot study indicated associations between polymorphisms

in DNA repair genes and cell radiosensitivity.
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Radiation therapy (RT) is common approach to the treat-
ment of malignant tumors and is often the only one possible
approach in the therapy. Nearly 70 % of all cancer patients
have to undergo RT during the treatment and despite recent
radiotherapy protocols, the cancer deaths still occurred as
a direct result of in-field treatment failure. Therefore the prob-
lem of predicting radiosensitivity is still of essential
importance for cancer patients.

Actually ionizing radiation (IR) is even an ever-present
hazard to humans primarily due to its mutagenic, carcino-
genic and cell killing ability. Biologically the most significant
lesions produced directly by IR in DNA are double-strand
breaks (DSB). Indirect effects of IR cause a broad range of
different DNA lesions through reactive species generated by

Abbreviations: BER, base excision repair; DSB, double strand breaks;
HPYV, human papilloma virus; IR, ionizing radiation; NER, nucleotide
excision repair; PCR, polymerase chain reaction; RD, percentage of residual
DNA damage; RFLP, restriction fragment length polymorphism; RT,
radiation therapy; SNP, single nucleotide polymorphism; SSB, single strand
breaks; TD, percentage of DNA in the tail
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radiation energy. In addition to causing DNA damage, irra-
diation initiates a plethora of signal transduction cascades
responsible for maintaining cellular homeostasis and promot-
ing interactions with neighboring cells.

The inter-individual variations in response to RT may be
inherited, result of alteration in gene expression induced by
epigenetic factors, or determined by the variations in genes
involved in the DNA damage recognition, DNA repair and or
in regulation of cell cycle. As the DNA repair system plays an
important role in protection against mutagenesis and carcino-
genesis, the single nucleotide polymorphisms (SNP) occurred
within functional domains of essential DNA repair proteins
may significantly contribute to patients’ inter-individual dif-
ference to the radiation treatment. SNP, when located within
the coding and/or regulating regions of the gene, can also
harm DNA repair capacity due to the diminished protein ex-
pression or amino acid substitution and consequently in
changes of enzymatic or binding activity. Several studies con-
firmed the association between clinical radiosensitivity and
polymorphisms of some genes, for instance ATM [1], XRCC1
[2, 3], XRCC3 [3, 4], XRCC5 [4] and TGFBI [5].



196

S. GURSKA, T. FARKASOVA, A. GABELOVA

Even though there are used various techniques for study-
ing radiosensitivity, the molecular mechanisms responsible
for sensitivity to IR are still not clearly understandable. Previ-
ous studies proved that the SF2 parameter (surviving fraction
of tumour cells at 2 Gy) is significantly associated with in-
trinsic radiosensitivity [6, 7]. Unfortunately, the SF2 assay
(colony-forming assay) is time-consuming what is inconsis-
tent with planning of patient’s treatment. Therefore, there is
increasing interest for the design of a rapid, noninvasive test
for measurement of radiation exposure sensitivity. There were
developed several assays using different biological endpoints,
such as DNA damage [8, 9], chromosomal aberrations [10],
DSB [11, 12], DNA repair capacity [13, 14], cell cycle and
apoptosis [15], gene expression [16], oxidative stress [17] and
others. In particular, the comet assay (single cell gel electro-
phoresis, SCGE) has been shown to be suitable for the study
of radiation-induced DNA damage [8, 18]. Since this method
is very sensitive, rapid and only a small number of cells is
required, it seems to be very suitable for clinical application.

In the present study, the comet assay was applied for the
evaluation of cervical cancer cells radiosensitivity in vitro.
Initial DNA damage as well as DNA repair kinetics was mea-
sured in irradiated human cervical cancer cell lines C-33A,
CaSki, HeLa and SiHa. The aim of this study includes the
assessment of the relation between SNP in various DNA re-
pair genes (XRCCI, PARP, hOGGI, XRCC3,XRCC4 and XPD)
and the response of cells to IR.

Material and methods

Cells and culture conditions. Cervical cancer cell lines (C-
33A, CaSki, HeLa and SiHa) were obtained from Prof.
Pastorekova (Institute of Virology, Slovakia). Cells were cul-
tured in Dulbecco‘s Modified Eagle Medium (DMEM)
supplemented with 4.5 g/l glucose, 10% fetal bovine serum
and antibiotics (penicillin 200 U/ml, streptomycin and kana-
mycin 100 pg/ml). All cell lines were cultured in glass or plastic
Petri dishes in a CO, incubator at 37 °C. Growth media and
other chemicals used for cell cultivation were purchased from
GIBCO.

Irradiation. Cells were irradiated on microscope slides with
a6 MV linear accelerator CLINAC 2300C (Varian) with doses
0.5, 1, 1.5, 2, 3 and 4 Gy. During irradiation, cells were kept
in cold Hank"s solution. For studies of initial DNA damage,
cells were lysed immediately after irradiation. For DNA re-
pair studies, cells were incubated for 15, 30, 45 and 60 min in
DMEM at 37 °C.

Single cell gel electrophoresis. For the presented study the
procedure of Singh et al. [19] with minor modifications by
Gabelova et al. [20] was used. Assayed cells were suspended
in 0.75% low-melting-point agarose and spread on a base layer
(100 ul of 1 % mormal-melting-point agarose in Ca ** and
Mg?* free PBS buffer) onto a microscope slide. The agarose
was allowed to solidify and then slides were irradiated. Im-
mediately after the irradiation or after prescribed repair the

slides were placed in a lysis mixture (2.5 mM NaCl, 100 mM
Na,EDTA, 10 mM Tris-HCl, 1% Triton X-100, pH 10) for 1 h
at 4°C to remove cellular proteins. Then the slides were
transfered to an electrophoresis solution (300 mM NaOH,
1 mM Na EDTA, pH 13), and were kept in this solution for
a 40 min. unwinding time at 4°C. A current of 25 V (300 mA)
was then applied for 30 min. The slides were removed,
neutralised with tris-HCI (0.4 mM, pH 7.5), and stained with
20 wl ethidium bromide (EtBr, 10 pug/ml). EtBr-stained nucle-
oids were evaluated with a Olympus BXS51 fluorescence
microscope by computerized image analysis (Komet 5.5, Ki-
netic Imaging, Ltd., Liverpool, UK) determining the
percentage of DNA in the tail (% tail DNA) which is linearly
related to the frequency of DNA breaks. Percentage of re-
sidual DNA damage (RD) was defined according to Aka et
al. [21]:
TD(x) — TD(c)

RD="1p0)~tD(e) * '

where TD(c) is percentage of DNA in the tail unirradiated
cells, TD(0) is percentage of DNA in the tail immediately
after irradiation, TD(x) is precentage of DNA in the tail at
anytime (15, 30, 45 and 60 min) after irradiation.

Genotyping

Genomic DNA was isolated from the cell lines using the
phenol/chloroform extraction method. The polymerase chain
reaction (PCR) and restriction fragment length polymorphism
(RFLP) techniques were used for genotyping analyses. The
components for PCR reactions were purchased from Promega,
PCR products were digested with specific restriction enzymes
obtained from Fermentas.

Polymorphisms in XRCCI exons 6 (Arg194Trp) and 10
(Arg399GIn) were analyzed according to Lunn et al. [22].
PARP genotyping was performed as described by Zhang et
al. [23]. hOGGI polymorphism was analyzed according to
Biro$ et al. [24]. Polymorphism in XPD gene exon
6 (Argl56Arg) was identified according to Biros [25], XPD
exons 10 (Asp312Asn) and 23 (Lys751GlIn) polymorphisms
were determined according to the protocol described by
Hemminki et al. [26]. XRCC3 genotyping was performed as
described by Shen et al. [27]. XRCC4 polymorphism was ana-
lyzed according to Relton et al. [28].

Statistics. Results of the comet assay are representing the
mean of nine parallel samples at least (three independent ex-
periments) + standard deviation (SD). The differences in
radiosensitivity of cell lines were tested for statistical signifi-
cance using Student ‘s t-test and one-way analysis of variance
(ANOVA). For comparing dose-response effects linear regres-
sion analysis was employed.

Results

Initial DNA damage of cervical cancer cell lines after irra-
diation (0 — 4 Gy) measured by the comet assay is illustrated
in Fig. 1. In all cell lines the evident dose — dependent in-
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Figure 1. A Initial DNA damage in C-33A, CaSki, HeL.a and SiHa cells
after irradiation measured by the comet assay. Each data point is the mean
of three independent experiments + SD, statistical significance is as follows:
+ P < 0.05 for comparison of cell lines by ANOVA analysis; * P < 0.05 for
comparison of C-33A cells with rest cell lines by the student t-test B Dose
response curves for initial DNA damage induced by irradiation and
measured by the comet assay. The lines are fitted by linear regression.

crease of initial DNA damage was observed (fig. 1A). There
were found significant differences between each cell line at 1,
2 and 3 Gy (P < 0.05) by ANOVA analysis. At 4 Gy the level
of DNA damage was significantly higher in C-33A cells than
in the rest (t-test, P < 0.05). For each cell line the data were
well described by a linear fit (correlation coefficients > 0.93)
(fig. 1B). The slopes of the fitted linear regression varied by
a factor of 1.3 (range 6.05 — 7.86). The steepest slope of the
linear regression calculated for C-33A cells classifies this cell
line as the most radiosensitive. The shallower slopes deter-
mined for HeLa and SiHa cells indicated that these two cell
lines might belong to radioresistant.

The DNA repair kinetics of the cells incubated in fresh
medium at 37 °C for 15, 30, 45 and 60 min after the irradia-
tion (1, 2 and 4 Gy) detected by the comet assay is shown in
Figure 2. In all used cell lines rapid repair of DNA damage
induced by irradiation was observed. All cell lines repaired
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Figure 2. DNA repair kinetics in C-33A, CaSki, HeLa and SiHa cells
irradiated with 1, 2 and 4 Gy. The cells were then incubated in fresh
medium and scored by the comet assay. Each data point is the mean of
three independet experiments + SD

DNA damage in the same manner; the majority of repair oc-
curs within 15 min and residual DNA damage of all cell lines
reached the same near the control level within 45 min and
remaind equal at 60 min. The percentage of residual damage
(RD) in cells irradiated with 2 and 4 Gy after a given repair
time is shown in Table 1. The highest RD was found in HeLa
cells during the whole repair time after irradiation with 2 Gy
and within 30 min after irradiation with 4 Gy. The lowest level
of RD at 45 and 60 min after irradiation (2 and 4 Gy) was
observed in radiosensitive C-33A cell line.

Genetic analysis was performed for polymorhic sites in
DNA repair genes included in various repair pathways
(XRCCI, PARP, hOGGI, XRCC3, XRCC4 and XPD) (tab. 2)
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Table 1. % of residual DNA damage (RD) 15, 30, 45 and 60 min post in vitro irradiation with 2 and 4 Gy

2 Gy 4 Gy

RD15 RD30 RD45 RD60 RD15 RD30 RD45 RD60
C-33A  4327+236  30.58 +3.85 632+0.68 0,01 +2.18 3113 £2.25 2241 £579 443 +1.07 4,39 +3.48
CaSki 3256 +221  24.41 £5.18 797 £3.03 527 +3.01 26.89 436  2242+243 19,67 £2.55  1225+282
HelLa 4763 £2.17 4337 +2.33 27284209 255+ 1.59 4505 +259 2441 +222 943 £215 13,08 + 2.64
SiHa 3718 + 0.71 18.48 + 1.69 902+207  887+119 3178 £2.24 2382661 1578+ 117 18,64 + 554

Each data point is the mean of three independent experiments + SD.

Table II. Distribution of XRCC1, PARP, hOGG1, XPD, XRCC3 and XRCC4 genotypes in the studied cell lines and comparison with slopes of dose

response curves and % of residual DNA damage 60 min after irradiation (RD 60).

C-33A CaSki HeLa SiHa
XRCCI Argl94Trp Arg/Arg Arg/Arg Arg/Arg Arg/Arg
XRCCI Arg399GIn Arg/Gln* Arg/Arg Arg/Arg Arg/Arg
PARP Val762Ala Val/Val Ala/Ala Val/Ala Val/Ala
hOGG]I Ser326Cys Cys/Cys Ser/Cys Ser/Ser Ser/Cys
XPD Argl56Arg Arg/Arg Arg/Arg Arg/Arg Arg/Arg
XPD Asp312Asn Asp/Asn Asp/Asp Asp/Asp Asp/Asp
XPD Lys751GIn GIn/GIn Lys/Lys Lys/Lys Lys/Lys
XRCC3 Thr241Met Thr/Met Thr/Met Thr/Met Thr/Met
XRCC4 11e401 Thr Ile/Ile Ile/Ile Ile/Ile Ile/lle
slope of dose response curve 7.861 7.036 6.051 5.965
RD 60 (2 Gy) 0.011 £ 2.185%* 5.271 £ 3.013 25.502 £ 1.595 8.874 £ 1.196
RD 60 (4 Gy) 4.393 + 3.479 12.254 + 2.819 13.082 + 2.638 18.644 + 5.543

* results printed in bold indicate the presence of variant allele in the gene
** each data point is the mean of three independent experiments + SD.

in all studied cell lines. No variants were found in XRCCI-
194 and XRCC4 gene, while the variant allele in gene XRCC3
was detected in all cell lines. In comparison with CaSki, HeLa
and SiHa cells, C—=33A cell line does not contain variant al-
lele in PARP gene. Apart from PARP and XRCC3 genes, HeLa
cells does not contain other variants in studied DNA repair
genes, SiHa and CaSki cells were polymorphic in hOGGI
gene. But in most radiosensitive C33—A cells the variants in
hOGG1, XPD at codons 156, 312 and 751, XRCC3 and XRCC1
gene at codon 399 were identified. To investigate whether the
found polymorphisms are associated with differences in the
level of initial and residual DNA damage of irradiated cells,
DNA repair genes genotype and the level of DNA damage
were compared (tab. 2).

Discussion

The aim of this study was to assess the relation between
cancer cell radiosensitivity and genetic polymorphisms in
various DNA repair genes (XRCC1, PARP, hOGGI, XRCC3,
XRCC4 and XPD). The comet assay was used for evaluation
of in vitro cell radiosensitivity of four cervical cancer cell
lines C-33A, CaSki, HeLLa and SiHa. This sensitive method is
able to detect single-strand breaks (SSB) and alkali labile sites

at clinically relevant doses of radiation. It is known that among
the DNA damage induced by IR mainly DSB are produced.
El-Awady et al. [29] found that tumor cell lines with a high
number of induced DSB are much more sensitive to IR than
cells with a low number of induced DSB. However induction
of DSB on measurable level requires higher radiation doses
than those used clinically. In comparison to DSB, the amount
of SSB is much higher after irradiation [30] and induction of
SSB can be considered as an indicator of DSB induction. For
this reason, the cells were irradiated with lower doses (0.5 — 4
Gy) and the comet assay was applied as a suitable method for
evaluation the cell radiosensitivity.

According to our results, the highest level of initial DNA
damage after irradiation was observed in C-33A cell line (Fig.
1). Therefore it is supposed that these cells are the most radi-
osensitive. The response of remaining cell lines to radiation
was nearly similar. Hypersensitivity of C-33A cells to IR was
already previously detected by neutral comet assay [31] and
H2AX foci [14] and confirmed by SF2 assay.

As differences in DNA repair capacity could contribute to
inter-individual differences in cells in response to IR [32], in
the next step the kinetics of DNA rejoining was studied. All
cells were allowed to repair induced DNA damage for 15, 30,
45 and 60 min. (Fig. 2) and residual DNA damage was calcu-
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lated (Tab. 1). In general, most radiosensitive cells showed
fastest repair after 4 Gy, while in HeLa cells considered as
radioresistant higher values of residual damage were detected.
Similarly to our results, no significant correlation between
the cellular radiosensitity and repair capacity was observed
by El-Awady et al. [33] in fibroblasts. It is necessary to note
that the comet assay measures rejoining but not fidelity of
DNA repair.

Results obtained by DNA repair study could be affected
by human papilloma virus (HPV). Epidemiologic studies have
established that infection by HPV is a risk factor for cervical
cancer [34]. Interestingly, the radiosensitive C-33A cell line
is the only HPV negative from studied cells. Remaining cell
lines contain an integrated HPV 16 and 18. In infected cells
the E6 and E7 proteins are expressed. These proteins bind to
and inactivate P53 and PRB and consequently cause disrup-
tion of the P53-mediated cellular response to DNA damage
[35, 36]. Inactivation and/or degradation of P53 by proteins
E6 and E7 could affect not only its role as transcription factor
and regulator of cell cycle, but also interactions with proteins
in DNA repair pathways, mainly nucleotide excision repair
(NER) [37] and homologous recombination [38]. For that
reason, HPV infection could be responsible for slower DNA
repair observed in HeLa, CaSki and SiHa cells when compar-
ing to radiosensitive C-33A cells.

It is supposed that in the response to RT could participate
genetic variations in genes and the important step is to reveal
the candidate genes and their polymorphisms responsible for
radiosensitivity/radioresistance. In our study, the polymor-
phisms in the DNA repair genes involved in base excision
repair (BER), NER and repair of DSB were analyzed.

DSB are the most important lesions induced by IR there-
fore genes (XRCC3 and XRCC4) which products are involved
in repair of such DNA damage were genotyped. There were
no differences in polymorphisms in genes playing role in the
repair of DSB between cell lines even though there are stud-
ies which confirmed association between polymorphism in
XRCC3 and sensitivity to IR [4, 21].

As IR induces broad range of DNA oxidative damage, poly-
morphisms in PARP, hOGGI and two polymorphic sites in
XRCCI gene as candidate genes for BER were analyzed. In
SiHa, HeLa and CaSki, the polymorphism was detected in
PARP only, while in C-33A cells the variants were found in
XRCCI (Arg399GIn) and hOGG1. Polymorphisms in XRCC1
gene are extensively studied in cancer epidemiology but re-
sults are often conflicting [39]. Hu et al. [40] and De Ruyck
et al. [3] found that variants of XRCC1 may contribute to IR
hypersensitivity. Similarly, variants in hOGG1 are associated
with decreased DNA repair of 8-oxoguanine [41, 42] but other
works did not prove this presumptions [43, 44]. It was found
that cysteine at the position 326 in hOGG1 causes lower abil-
ity of hOGG1 to suppress mutations than serine at this position
[45]. The interactions between products of these genes are
important for stimulation of their activities in BER and SSBs
repair [46]. The polymorphism resulted in exchange Arg to

Gln in codon 399 in XRCC1 is probably in PARP and hOGG1
binding region [2] and consequently could affect activity of
these enzymes.

Except the role of XPD protein in NER, this helicase plays
role in regulation of cell cycle and apoptosis and has struc-
tural function in transcription [47, 48]. For that reason, the
variant alleles in XPD could affect DNA repair capacity as
well as other crucial pathways in living organisms. We found
that only C-33A cells are polymorphic in all studied poly-
morphic sites of XPD. Influence of polymorphisms in XPD
gene on DNA damage induced by IR was previously found
by Rzeszowska-Wolny et al. [49]. But on the other hand, some
articles pointed out protective effects of polymorphisms in
XPD [50, 51].

The contribution of the polymorphisms in DNA repair
genes to the response of cells to IR is summarized in tab. 2.
The highest slope of dose response curve was calculated in
C-33A cells and therefore this line was assumed to be radi-
osensitive. After genotyping we found that C-33A cells are
polymorphic in the majority of analyzed DNA repair genes
but interestingly, residual damage measured 60 min after ir-
radiation with 2 and 4 Gy was the lowest. It is supposed that
there is the association between polymorphisms in some DNA
repair genes and initial DNA damage but no correlation was
detected between polymorphisms and DNA repair. Our re-
sults indicate that monitoring of polymorphism in a single
gene is not sufficient for prediction of the individual suscep-
tibility to ionizing radiation. As shown by Aka et al. [21] and
Naccarati et al. [51] an investigation of combination of geno-
types of DNA repair genes involved in several repair pathways
is more beneficial.

In conclusion, this pilot study found the association be-
tween several genetic polymorphisms in DNA repair genes
and cell radiosensitivity and may contribute to design the larger
studies of patient‘s tumor radiosensitivity and their inter-in-
dividual differences.
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