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in human carcinoma cells with the same tissue background

Ya-Hua Zhong 1, Zheng-Kai Liao 1, Fu-Xiang Zhou, Cong-Hua Xie, Chuang-Ying Xiao,
Dong-Feng Pan, Zhi-Guo Luo, Shi-Quan Liu, Yun-Feng Zhou *

Department of Chemo-Radiotherapy Oncology, Zhongnan Hospital, Wuhan University, Wuhan, Hubei 430071, China

Received 2 December 2007
Available online 26 December 2007
Abstract

A relationship between telomeres and radiosensitivity has been established by several studies based on non-mammalian model sys-
tems, mouse models, and few human genetic diseases. However, the relationship has not been proven in human carcinoma cells, which
have more clinical significance than these other models. The present study aims to determine whether telomere length is related to radio-
sensitivity in human carcinoma cells, and to examine the influence of tissue or genetic background. Two HEp-2 larynx squamous car-
cinoma cell lines, eight hepatocellular carcinoma cell lines, and five breast cancer cell lines were used. Telomere length was determined by
terminal restriction fragment (TRF) Southern blot analysis and cell survival was measured by a colony-forming assay. Our results indi-
cated that there was a significant negative correlation of telomere length and radiosensitivity in the same tissue-derived cell lines, with or
without the same genetic background. Thus, telomere length may be used as a promising tool to predict the radiosensitivity of human
carcinomas.
� 2007 Elsevier Inc. All rights reserved.
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Telomeres are the physical ends of eukaryotic chromo-
somes, composed of a variable number of tandem repeats
of DNA that are made up of (TTAGGG)n repeats [1].
Each round of DNA replication is accompanied by telo-
mere shortening, due to the incomplete replication of
DNA ends. In most normal human cells, the function of
telomeres appears to be a molecular counting device that
registers cell divisions and triggers a proliferative arrest
when telomeres erode to specific lengths [2]. In contrast,
telomere length is stable in immortalized cells and cancer
cells. To date, the molecular regulation of telomere length
has not been well elucidated.
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Radiation has been a well established modality for treat-
ing more than 70% of patients with cancer. Since the radio-
sensitivity of tumor cells is still unclear, the prognosis of
patients with carcinoma who received radiotherapy is
unsatisfactory. From this point of view, prediction of
radiosensitivity could be of great value in the treatment
of malignant tumors.

A link between radiosensitivity and telomere mainte-
nance is detectable in yeast and Caenorhabditis elegans, as
several proteins are involved both in telomere length regula-
tion and radiosensitivity [3,4]. More recently, studies in mice
have provided a mammalian precedent. Several mouse mod-
els, including mice deficient in Ku, DNA-PKcs (Prkdc),
Parp, and Atm, all of which are radiosensitive in vivo, also
show clear telomere alterations [5]. In humans, the evidence
that telomere shortening might lead to radiosensitivity is far
less direct, although human genetic diseases characterized by
clinical radiosensitivity, such as ataxia-telangiectasia (A-T)
and Nijmegen breakage syndrome (NBS), show alterations

mailto:yfzhouwhu@gmail.com


Y.-H. Zhong et al. / Biochemical and Biophysical Research Communications 367 (2008) 84–89 85
in telomere maintenance [6]. Moreover, an inverse correla-
tion between telomere length and chromosome radiosensi-
tivity was observed in murine lymphoma cells (L5178Y-S
and L5178Y cells) and lymphocytes from 24 breast cancer
patients and five normal individuals [7].

Nevertheless, an association between telomere length
and radiosensitivity has not been established yet in human
carcinoma cells, whose radiosensitivity determines the ther-
apeutic effect of radiotherapy. Furthermore, it is not clear
how tissue origin influences this association in human car-
cinoma cells. Therefore, the aim of this study was to inves-
tigate whether tissue or genetic differences have an impact
on the relationship between telomere length and radiosen-
sitivity in 15 human carcinoma cell lines from various tis-
sues. This model system, which affords a comparison of
cells possessing similar genetic backgrounds, the same tis-
sue background with different genetic backgrounds, and
different tissue backgrounds, is particularly relevant to
reduce influencing factors and enhance comparability.

To our knowledge, systematic in vitro studies, aimed at
testing the relationship between telomere length, radiosen-
sitivity, and influence of tissue origin in human carcinoma
cells have not been published.

Materials and methods

Cell culture. Human HEp-2 larynx squamous carcinoma cell line and five
breast cancer cell lines (ZR-75-30, MCF-7, MDA-MB-435S, T47D, 1590)
were obtained from the China Center for Type Culture Collection
(CCTCC). Eight cell strains (MHCC97-L, HMCC97-H, HCCLM1,
HCCLM2, HCCLM3, HCCLM4, HCCLM6, and HCCLM7) from human
hepatocellular carcinoma cell line MHCC97 were kindly provided by Dr. Li
(Department of Oncology, Zhongnan Hospital, Wuhan University, Wuhan,
China) [8–10]. All cells were cultured in RPMI 1640 medium (Invitrogen,
Carlsbad, CA) supplement with 10% foetal calf serum (Hyclone, Logan,
UT) at 37 �C in humidified atmosphere containing 5% CO2.

Isolation of radioresistant variant cell line. The radioresistant human
larynx squamous carcinoma cell line, HEp-2R, was isolated by repeated
radiation exposure as described [11]. Briefly, exponentially growing HEp-2
cells in 50 cm2 culture flasks were exposed to a dose of 637 cGy 60Co c-
rays (20 · 20 cm, 80 cm, 61.3 cGy/min) at room temperature, and the
culture medium was changed after radiation. When the irradiated cells
reached the end of the exponential growth phase, they were trypsinized
and appropriate numbers of cells were plated in 50 cm2 culture flasks. Re-
irradiation was performed 1 day after seeding. Designated HEp-2R, this
cell line was isolated by repeating this procedure 12 times, and has already
been maintained for >50 passages.

Measurement of telomere length. Mean telomere length was determined
by TRF analysis using the Telo TAGGG Telomere Length Assay Kit
(Roche, Basel, Switzerland). According to the manufacturer’s instructions,
isolated DNA (4 lg) was digested using a HinfI/RsaI enzyme mixture for
2 h at 37 �C. Digested DNA samples were then resolved by 0.7% agarose
gel electrophoresis for 2–4 h at 5 V/cm. Gels were denatured, neutralized,
and transferred to a positively-charged nylon membrane which was then
hybridized with a biotinylated telomere probe. Mean TRF lengths were
analyzed from a densitometric scan of the autoradiogram by the Bio-ID
gel photograph system (VL Co., France) and calculated using the formula
TRF = R(ODi)/R(ODi/Li), where ODi is the chemiluminescent signal and
Li is the length of the TRF fragment at position i. The positive control
DNA (Control-DNA, low and Control-DNA, high) supplied with the kit
were purified genomic DNA from immortal cell lines. The mean TRF
length of these cell lines has been determined to be 3.9 and 10.2 kb,
respectively.
Colony-forming assay. Cells were trypsinized at 37 �C for 5–10 min, and
pipetted eight times to keep the clumped cells as a single cell suspension. The
single cell suspension was adjusted and seeded into 25 cm2 flasks at various
densities based on our results of pre-experiments. Then, cells were left to
settle over night, and exposed to irradiation at room temperature, followed
by immediate incubation at 37 �C, 5% CO2 for 14–20 days. After fixation
and staining with 1% w/v crystal violet (Sigma, St. Louis, MO) in dehydrated
alcohol, colonies of >50 cells were scored. Surviving fractions were evalu-
ated relative to 0 Gy radiation treated controls.

Statistical analysis. All results were expressed as means ± SD. Signif-
icance tests were carried out on the date groups by independent sample t-
test. Differences between the survival fractions of groups were analyzed by
chi-squared test. The relationship between two variables was assessed by
linear regression analysis. Values of P < 0.05 were considered significant.

Results

Isolation of radioresistant HEp-2R human larynx squamous

carcinoma cell line

A radioresistant variant was isolated from the radiation-
sensitive HEp-2 human larynx squamous carcinoma cell
line as described [11]. The isolation was performed in the
HEp-2 cells using repetitive exposures 637 cGy radiation.
In order to test the stability of HEp-2R cells, evaluated
its surviving fraction in 2 and 4 Gy radiation every 4 weeks
during subculture. The results were compared with those of
untreated HEp-2R cells frozen for 4 months, and no signif-
icant differences were found between them. We did find dif-
ferences between Hep-2R and Hep-2 cells, including
morphology, chromosomes, cell growth kinetics, cell distri-
bution and gene expression. These findings suggested that a
radioresistant variant cell line, HEp-2R, was isolated [12].

Telomere length and radiosensitivity in larynx squamous

carcinoma cell lines with similar genetic backgrounds

The telomere lengths of HEp-2 and HEp-2R cell lines
were determined by restriction fragment analysis. We found
that the HEp-2 and HEp-2R cell lines had an average telo-
mere length of about 3.76 ± 0.015 and 11.12 ± 0.005 kb
(P < 0.01), respectively (Fig. 1A). The survival curves were
analyzed according to the multi-target single-hit (SHMT)
model (S = 1-(1-exp(-D/D0))N), normalizing for plating effi-
ciency of mock-irradiated cells (Fig. 1B). The extrapolation
numbers were D0 = 3.24 Gy, Dq = 1.90 Gy, and N = 1.80
for HEp-2R cells, and D0 = 2.06 Gy, Dq = 1.01 Gy, and
N = 1.64 for HEp-2 cells. The surviving fractions at 2 Gy
(SF2) for the HEp-2R cells (0.680 ± 0.031) was significantly
greater than that of the HEp-2 cells (0.415 ± 0.027) (SF2
v2 = 63.96, P < 0.01). Hence, the average telomere length
in the radioresistant HEp-2R line was greater than that in
the radiosensitive HEp-2 cell line.

Telomere length and radiosensitivity in hepatocellular

carcinoma cell lines with similar genetic backgrounds

Using a metastatic human hepatocellular carcinoma
(HCC) cell line, MHCC97 [13], as the parental cells, Li



Fig. 1. Telomere length and radiosensitivity in HEp-2 and HEp-2R cells. (A) Representative average telomere length in HEp-2 and HEp-2R cells
determined by restriction fragment analysis. (B) The clonogenic survival curves of HEp-2 and HEp-2R cells. The survival curves were analyzed according
to the SHMT model.
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et al. subsequently established eight cell lines (MHCC97-L,
HMCC97-H, HCCLM1, HCCLM2, HCCLM3, HCCLM4,
HCCLM6, and HCCLM7) with different spontaneous met-
astatic potential [8–10]. These cell lines from one origin were
grouped together because they have a similar genetic back-
ground and could be used as a human cell-culture model to
directly investigate both radiosensitivity and telomeres.
TRF length determined by Southern blot analysis was differ-
ent among these cell lines (P < 0.05), supporting the idea of
the genetic background difference (Fig. 2A).

SF2 was used as an index of clonogenic cellular radio-
sensitivity [14,15]. Fig. 2B shows the correlation between
radiosensitivity and TRF in hepatocellular carcinoma cell
lines. Linear regression analysis was used to establish a
determination coefficient (r2) of 0.8737 for the relationship
between TRF length and radiosensitivity (SF2) (P < 0.05).
It was obvious that different radiosensitivities between cell
lines depended on the length of the telomere. To surmise,
telomeres in radiosensitive cell lines were shorter than that
in radioresistant cell lines.
Telomere length and radiosensitivity in breast cancer cell

lines with different genetic backgrounds and the same tissue
background

Five cell lines, ZR-75-30, MCF-7, MDA-MB-435S,
T47D, and 1590, came from mammary glands of different
individuals. The general findings of TRF length in these cell
lines are shown in Fig. 3A. It was found that for telomere
lengths, MCF-7>T47D>1590>MDA-MB-435S>ZR-75-
30, and these differences were significantly significant
(P < 0.05). TRF length was negatively correlated with radio-
sensitivity (r2 = 0.9113, P < 0.05, Fig. 3B). These result indi-
cated there was a significant inverse correlation between
tissue-adjusted telomere length and radiosensitivity.

Telomere length and radiosensitivity in human carcinoma cell

lines with different tissue backgrounds

The correlation between radiosensitivity and TRF length
in different carcinoma cell lines is shown (Fig. 4). The tissues
chosen in this study were selected in order to represent dif-
ferent tissue types. In particular, breast cancer, hepatocellu-
lar carcinoma, and larynx squamous cell carcinoma may be
important cell lines to study in terms of telomere mainte-
nance and radiosensitivity in human carcinomas. However,
we did not find a correlation between TRF length and
radiosensitivity (r2 = 0.1793, P > 0.05). In this case, telo-
mere-related radiosensitivity reflected differences in cell
growth in the tissue types examined.
Discussion

Some studies have reported that there is a relationship
between telomere length and radiosensitivity. However,
no detailed study has been published dealing with this
relationship in human carcinoma cells. Because of its
clinical potential, we focused on investigating the rela-
tionship between telomere length and radiosensitivity.
Analysis of the origin of radiosensitivity in fifteen human
carcinoma cell lines provided new insights into the nature
of telomere maintenance. Our results indicated that telo-
mere length inversely correlated with radiosensitivity in
human carcinoma cells. Furthermore, this relationship
was dependent on not only genetic background but also
tissue background.



Fig. 2. (A) Representative average telomere length in hepatocellular carcinoma cells determined by restriction fragment analysis. 1: HMCC97-H; 2:
MHCC97-L; 3: HCCLM2; 4: HCCLM3; 5: HCCLM4; 6: HCCLM6; 7: HCCLM7; 8: HCCLM1. (B) Example of correlations between radiosensitivity
(SF2) and the TRF length in hepatocellular carcinoma cell lines.

Fig. 3. (A) Representative average telomere length in breast cancer cell lines determined by restriction fragment analysis. 1: MCF-7; 2: MDA-MB-435S; 3:
T47D; 4: ZR-75-30; 5: 1590. (B) Example of correlations between radiosensitivity (SF2) and the TRF length in breast cancer cells.
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Ionizing radiation increases DNA double strand breaks
(DSBs), which is probably the most dangerous type of
DNA damage that exists within the cell [16]. Irradiation
damage to DNA triggers the DNA repair procedure in
cells, and chromosomal stability and cellular DNA repair
ability determine the termination of these processes [edit
okay?], reflecting radiosensitivity [17]. Although telomere
length regulation in mammalian cells is complex, there is
increasing evidence that telomere maintenance and DNA
stabilization mechanisms are closely related. These studies
suggest a telomere-dependent role for radiosensitivity. The
reasons for this correlation are discussed below.
Firstly, telomeres serve to protect natural DNA ends
from being recognized as double-stranded breaks that
would otherwise activate DNA damage checkpoint
responses or participate in recombination events [18]. In
most normal human cells, telomeric DNA is progressively
lost with each round of cell division. Eventually, telomeres
are shortened to a critical limit and lose their ability to pro-
tect chromosome ends. Consequently, widespread chromo-
somal aberrations such as end-to-end fusion, aneuploidy
and degradation occur, leading to replicative senescence
triggering cell death through apoptosis [19]. A stable telo-
mere length is required at the chromosome ends of tumor



Fig. 4. Example of correlations between radiosensitivity (SF2) and the
terminal restriction fragment (TRF) length in fifteen human carcinoma
cell lines.
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cells to maintain chromosome stability and prevent chro-
mosome fusions.

In addition, since the synthesis and maintenance of telo-
meres is mainly mediated by telomerase, telomere length
can reflect the DNA repair ability of telomerase. Telome-
rase is a ribonucleoprotein complex that includes an
RNA template and a reverse transcriptase catalytic subunit
[20]. Low or undetectable levels of telomerase activity were
found in most normal somatic cells in humans. About 85%
of human tumors possess telomerase activity, whereas the
remainder maintain telomeres via a recombination-medi-
ated process termed alternative lengthening of telomeres
(ALT) [21], suggesting that telomerase is the dominant
pathway to maintain telomere length. The telomere partic-
ipates in processes of chromosomal repair, as evidenced by
the synthesis of telomere repeats at DSBs [22,23]. We have
previously shown that telomerase inhibitor Zidovudine
(AZT) could depress the activity of telomerase, shorten
telomere length and increase radiosensitivity in the human
malignant glioma cell line U251 [24]. Irradiation could up-
regulate telomerase activity in HEp-2 cells, which may be a
reaction to DNA damage [25]. It has been suggested that a
telomerase-dependent telomere maintenance mechanism
might be important in DNA repair, as is the case in the
rat mammary epithelium [26].

Furthermore, telomeres might serve as storage sites for
essential components of the DNA repair machinery [27].
Several studies demonstrate that the DNA repair proteins
such as yKu80 and Sir3p, which are found in telomeres,
are released from telomeres to DNA double-strand breaks
[28,29]. Ku proteins can bind to telomeric sequences and
prevent end-to-end fusions [30]. Thus, telomere length
reflecting the capacity of the telomere might relate to the
DNA repair ability.

Taken together, the findings presented here suggest that
telomere length may be one of the important ingredients of
chromosomal radiosensitivity in human carcinoma cells.
Further investigation will be needed to clarify the telomere
maintenance mechanisms in detail.
The length and maintenance of telomeres differ among
species [31]. Although mice provide a powerful tool for
understanding cancer progression, there are significant dif-
ferences between human and mouse telomere biology. Telo-
mere length in humans is much shorter than that in Mus
musculus, a common laboratory species [32]. In contrast
to human tissues, many somatic mouse tissues have signifi-
cantly active telomerase [33], and telomere shortening and
telomerase activation have little effect on mouse tumorigen-
esis [34]. Thus, telomere signalling pathways may be differ-
entially regulated in human and mouse [35]. In spite of these
differences, telomere shortening has been extensively stud-
ied in mice, especially in telomerase-deficient knockout mice
[36]. Since some of the most critical pathological processes
associated with human aging are not well recapitulated in
mouse, the mouse model of telomere shortening may be
of limited usefulness in understanding the role of telomere
length or telomerase activity [32]. There is a need for an
experimental animal which more closely mimics the human
situation in order to study the role of telomere shortening in
tissue and organism senescence [31]. Therefore, the data
derived from studies of mouse telomere biology need to
be interpreted very carefully.

In human, several autosomal genetic diseases such as
Nijmegen breakage syndrome (NBS) and ataxia-telangiec-
tasia (A-T) display many abnormalities, including telomere
shortening and sensitivity to ionizing radiation [6]. McIl-
rath et al. have shown that telomere length and chromo-
somal radiosensitivity are inversely correlated in
lymphocytes from 24 breast cancer patients and five nor-
mal individuals [7]. Nevertheless, these findings may not
directly extrapolate to comparable aspects of cancer biol-
ogy, since these cells significantly differ from carcinoma
cells both in genotype and phenotype. As mentioned previ-
ously, the development of various tumor cell lines allows
the direct investigation of both radiosensitivity and telo-
meres. Our results presented here suggest that telomere
length may be used as a potential diagnostic marker for
estimation of radiosensitivity in human carcinoma cells,
at least in breast cancer, hepatocellular carcinoma, and lar-
ynx squamous cell carcinoma. Although we do not have a
clear explanation for this discrepancy, the radiosensitivity
may vary among cell types or genetic backgrounds. The
present study provided the first evidence that telomere
length of cells with same tissue and genetic background
was maintained independently of other intracellular
factors.

In conclusion, we report in this study that telomere may
be used as a predictor of radiosensitivity. By extension,
these data provide a novel mechanism for tissue-related
telomere maintenance differences and suggest tissue-spe-
cific regulation of telomeres during the development and
DNA repairing in the human carcinomas. Telomere main-
tenance mechanisms therefore appear to be a promising
target for radiosensitization. Elucidation of the molecular
mechanisms may improve therapeutic regulation of radio-
therapy in human tumor cells.
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