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Radiation effects on DNA content of cervical cancer cells: A rapid
evaluation of radiation sensitivity by laser scanning cytometry
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Abstract. Since uterine cervical cancer is regarded as a radio-
sensive tumor, ionizing radiation is the most frequently used
treatment modality against the disease. Although the crucial
end-point is radiation-induced cell death, the tumors are not
equally sensitive to radiation. Determining the criteria that
may be used to predict tumor radiosensitivity is of importance;
however, little success has been achieved thus far. In radioresis-
tant cases the therapeutic strategy should be changed, thereby
avoiding ineffective or unnecessary treatment. Furthermore,
identification of the underlying molecular processes leading to
radioresistance may lead to novel radiosensitising strategies.
Cervical smears were obtained from seven patients with locally
advanced cervical cancer following each radiotherapy, and the
radiation-induced damage of cancer tissue was examined by
routine cytology. Since the formation of DNA double-strand
breaks is considered critical for the cytocidal effect of
radiation therapy, the molecular changes of the neoplastic
cells were also assessed by laser scanning cytometry (LSC).
Radiation-induced morphological changes of cancer cells were
evident at a dose of 7.2 Gy, whereas increased DNA content (or
DNA index) was observed prior to the onset of morphological
changes. Molecular change was detected earlier than the
morphological change of the irradiated cancer cells, indicating
the feasibility of LSC in predicting the radiosensitivity of
cervical cancer tissue.
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Introduction

Uterine cervical cancer is the second most common type of
cancer in females globally (1). According to the Globocan
project, the disease has one of the greatest incidences of
female mortalities, despite the effective screening system (2).
Since cervical cancer is accepted as a radiosensitive tumor,
ionizing radiation is the most frequently used treatment
modality against the disease. Therefore, cellular radiosensi-
tivity is a long-term research focus in the field of radiation
oncology and biology as it has a clear effect on the outcome
of therapy (3). The tumors, however, are not equally sensitive
to radiation (4).

Traditionally, radioresistant tumors have been mainly
designated from the histopathological viewpoint (5). Glassy cell
carcinoma and small cell carcinoma, including neuroendocrine
tumors of the cervix, are generally regarded as radioresis-
tant tumors. These specific histological types, however, are
rather rare in cervical neoplasms. Furthermore, there may be
significant variation in radiosensitivity even within the same
histological type. Thus, tumor histology may not be a crucial
determinant of radiosensitivity.

The initial damage should be a major determinant of
cell radiosensitivity (6). By contrast, flow cytometry (FC)
is a technique for the rapid analysis of DNA content, pheno-
type expression and the sorting of cells for further studies.
FC allows quantitative measurements on single cells or
cellular constituents at an extremely high speed rate. It is
also feasible to monitor the effects of radiation on the cell
cycle distribution following DNA staining of mammalian
cells (7,8). Since the formation of DNA double-strand breaks
is considered to be critical for the cytocidal effect of radia-
tion therapy (9-12), identifying the underlying molecular
processes that results in radioresistance may lead to novel
radiosensitising strategies.

A newly developed microscope-based laser scanning
cytometer (LSC) offers a number of advantages over FC (13,14).
LSC can assess the DNA index (DI) in hypocellular materials,
even on cytological smear slides (15).
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Table I. Characteristics of seven patients with inoperable cervical cancer.

Patients  Age, years FIGO stage Tumor size, mm  Treatments  Clinical response ~ Prognosis  PFS, months
1 38 IIIb 59 RT PR DOD 7

2 48 IIb 68 CCRT CR AWD 24

3 57 IIb 59 CCRT PR NED -

4 53 IIb 52 CCRT CR NED -

5 45 Ib 32 CCRT PR NED -

6 70 11Ib 74 CCRT CR DOD 3

7 74 IVa 50 RT CR AWD 24

FIGO, International Federation of Gynecology and Obstetrics; RT, radiation therapy; CCRT, concurrent chemoradiation therapy; CR, complete
response; PR, partial response; DOD, died of disease; NED, no evidence of disease; AWD, alive with disease; PFS, progression-free survival.

Cell necrobiology incorporates the life processes associ-
ated with morphological, biochemical and molecular changes
that predispose, precede and accompany cell death, and assess
the consequences and tissue response to cell death (16). The
aim of the present study was to discern the radiation-induced
initial damage that leads to cancer cell death by necrobiolog-
ical observation, including cytological morphology and LSC.

Materials and methods

Patients. Seven patients with locally advanced uterine cervical
carcinoma were treated in the Kurume University Hospital
(Kurume, Fukuoka, Japan) between June 2008 and June 20009.
The patient characteristics are shown in Table I. Subsequent
to obtaining informed consent, two patients received external
beam radiotherapy alone at a dose of 1.8 Gy per day by linac
10 MeV X-ray, and the remaining five patients underwent
concurrent chemo-radiotherapy consisting of 5 mg/body of
cisplatin prior to the same dose of radiation therapy. A total
dose of 50 Gy was administered. The patient age ranged
from 38 to 74 years (mean, 58 years), and their tumors were
classified as six stage IIIb diseases and one stage [Va cancer,
according to the International Federation of Gynecology and
Obstetrics staging criteria (17). The tumor histologies were
equally non-keratinizing squamous cell carcinoma.

Preparation for the Papanicolau staining and DNA index. To
exhibit the therapeutic responses, the response criteria offered
by the UICC (Union Internationale Contre le Cancer) were
used for the evaluable lesions (18). To assess the effects of radi-
ation on tumor cells, cervical smears were obtained following
each radiation therapy using a cotton-tipped stick, rinsed into
serum-free medium (RPMI-1640) and fixed in 95% ethanol
prior to Papanicolau (Pap) staining. The radiation-induced
morphological changes were evaluated by routine cytological
examination.

For the cytometric observation, the Pap smear specimens
were decolorized and dipped in propidium iodine (PI) solution,
which was composed of 25 pyg/ml PI in phosphate-buffered
saline containing 0.1% RNase (Sigma-Aldrich, St. Louis, MO,
USA), and stained again with fluorochrome and PI. For the
cellular DNA content analysis, a laser scanning cytometer

=

Figure 1. Radiation-induced morphological damage of cancer cells with
cytoplasmic vacuolization (center). PAP stain; magnification, x400.

(%DI = 3)

(Gy)

Figure 2. Linear spline graph of the change in DNA content, with the percentage
of cells with a DI value >3 (y-axis) against the total radiation dose (x-axis).
Other than the dotted line representing case No.5, a significant increase in
DNA concentration was observed immediately following the start of irradia-
tion. ®, onset of morphological changes in cervical cancer cells. DI, DNA index.

(LSC 101; Olympus Co., Tokyo, Japan) was used. At least
500 cancer cells were measured per sample.

To determine the DI, human leucocytes from freshly
collected blood were used as a standard. A DI of 3.0 indi-
cates DNA tetraploid. In the present study, tumors that were
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3.0 < DI < 30 were classified as near-tetraploid cases and
distinguished from DNA aneuploid tumors (DI>3.0). P<0.05
was considered to indicate a statistically significant difference.
All the patients provided written informed consent according
to the institutional regulations. The study was approved by
the Ethics Committee of the Department of Gynecology, Oita
Prefecture Saiseikai Hita Hospital (Hita, Oita, Japan).

Results

Patient characteristics. Clinical responses to the radiation
therapy are demonstrated in Table I, showing a response rate
of 100% [four complete responses (CRs) and three partial
responses (PRs)]. Three CR cases remained with no evidence
of disease, and two PR cases remained with disease, showing
a disease-free survival rate of 42.7%.

Radiation-induced morphological damage of cancer cells
with cytoplasmic vacuolization. In the cytology of all cases,
a characteristic feature of the radiation effect was observed,
exhibiting intracytoplasmic vacuolization (Fig. 1). These
morphological changes emerged at cumulative doses between
7.2 and 14.4 Gy. Evidently, radiation that was <7.2 Gy did not
cause any discernible changes in cancer cell cytology.

DNA content analysis. The DNA content analysis by LSC
revealed six out of seven cases (85.7%, P<0.05), showing the
percentage of cells having a DI value >3. The increase in DNA
content was observed immediately following the start of radia-
tion therapy, although the values were varied in each case (Fig. 2).

Discussion

Although ionizing radiotherapy is a key strategy and has
>80 years history in the treatment of cervical cancer, the
crucial determinant of radiosensitivity of the tumor remains
unknown (3,4,19). Thus, understanding how to identify the
treatment-induced initial damage of cancer cells is essential
for further therapeutic plans in cancer therapy. An assay with
the ability to predict the radiosensitivity of tumors may provide
a useful tool for the further individualization of radiotherapy
of cancer patients (20). The prognostic significance of the frac-
tion of survival following 2 Gy of radiation (SF2) is crucial
in the treatment of head and neck cancer (21). However, the
methods to determine SF2 can take <4 weeks and are there-
fore not clinically practical.

To improve the treatment strategy, the early evaluation
of therapeutic responses should be performed. The current
response criteria, including that of the UICC, are only used for
the evaluation of the treatment results. Radiation damages can
be observed as cellular degeneration by cytology. However,
these are late events in the treatment course. The importance
of a more prompt evaluation is critical with regards to clinical
decision making.

The impacts of radiation on cervical cancer cells resulted
in a significant elevation of the DNA content level in six out
of seven cases. Radiation causes a division delay dominated
by G2 arrest in the cell cycle. The delay is likely a mechanism
allowing the cell to repair its DNA damage. Ionizing radia-
tion can also induce polyploidization in a cancer cell line (22).

Furthermore, radiation-induced apoptosis is morphologically
identified by an increase in cytoplasmic granularity, chromatin
condensation, membrane blebbing, cell shrinkage and the
formation of distinctive nuclear bodies. These radiation effects
should attribute to the change of DNA content.

Currently, there are a number of studies reporting on the
concern of the radiation impacts on the molecular structure
of cancer cells by novel techniques, including cytometry and
LSC, revealing the precise mechanism involved in radiation
effects. Despite the notable technical advance in elucidation of
the molecular mechanism of the radiation effects, the results
obtained remain to be utilized in clinical decision making.
Rapid analyses of radiation-induced molecular changes by
LSC are promising, although certain changes remain to be
resolved, and this can lead to the ‘real-time judgement’ of the
radiosensitivity of the tumor, and aid in making a treatment
decision in the clinical practice.
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