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We examined the delayed induction of telomere instability in hTERT-immortalized normal human fibro-
blast (BJ1-hTERT) cells exposed to X-rays. BJI-hTERT cells were irradiated with 2 Gy of X-rays, and chro-
mosome aberrations were analyzed 24 hours after irradiation and in the surviving cells 14 days after X-ray
exposure. We found that the X-ray-surviving cells showed an increased frequency of chromatid gaps and
breaks and chromosome fragments compared to the control cells. Furthermore, centromere- and telomere-
FISH revealed that the frequency of telomere loss and duplication significantly increased in surviving cells
compared to the control level. Because no induction of telomere abnormality was observed in cells 24 hours
after irradiation, X-irradiation might not affect telomeres directly, but it specifically induces delayed telomere

instability in normal human fibroblast cells.

INTRODUCTION

Several recent studies have shown that various effects are
induced in cells that are not directly irradiated, but that are the
progeny of irradiated cells. These delayed effects are collec-
tively termed radiation-induced genomic instability, which
manifests itself as the appearance of delayed reproductive
death, delayed chromosomal instability, and delayed muta-
genesis.? Although DNA double-strand breaks have been
reported to be involved in the initiation of radiation-induced
genomic instability,™ the mechanisms of perpetuation and the
induction of delayed phenotypes have not yet been clarified.

Recently, we suggested that telomere instability is involved
in delayed chromosomal instability induced in normal human
diploid cells exposed to X-rays, because most of the dicen-
trics that formed more than 40 population doublings after irra-
diation were not accompanied by fragments.” It has been
shown in several studies that dysfunctional shortened telom-
eres can induce end-to-end chromosome fusions, which pro-
duce dicentric chromosomes.®” The dysfunction of telomeres
initiates a breakage-fusion-bridge cycle (BFB cycle)*” and
may promote the perpetuation and induction of delayed chro-
mosomal instability. More recently, telomere instability in-
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duced by a defect in DNA repair proteins, such as Ku86 or
DNA-PKcs, or by over expression of dominant negative
TRF2 causes chromosome aberration, indicating that telom-
ere instability, which causes chromosome fusions,'*"'* could
be one of the mechanisms of radiation-induced génomic in-
stability. In rodent cells, interstitial telomere like repeats may
be involved in delayed chromosomal instability.'”

In the present study, we examined delayed telomere insta-
bility in X-ray-surviving normal human diploid cells immor-
talized by the ATERT gene. We found that X-irradiation did
not induce telomere abnormality directly, but significant num-
bers of telomeres were destabilized in surviving cells, indicat-
ing that X-ray-induced altered chromosome organization may
affect telomere stability many generations after irradiation.

MATERIAL AND METHODS

Cell and culture

The immortalized BJ1-hTERT cells used in this study were
established by introducing the human telomerase reverse tran-
scriptase subunit (hTERT) gene into normal human foreskin
fibroblasts.' We selected this cell line so that telomere ab-
normalities might not arise by the shortened telomeres. Cells
were grown in 0-MEM (Minimum Essential Medium) sup-
plemented with 10% fetal bovine serum, 0.3% glucose, and
50 pg/ml hygromycin B at 37°C in a humidified incubator
with 5% CO..

X-irradiation
X-rays were delivered from a soft X-ray generator (SOF-
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TEX, Japan) operating at 150 kV and 5 mA with a 0.1 mm Cu
filter. The cells in the cell culture flasks were placed on an
irradiation stage 30 cm from the radiation source. The corre-
sponding dose rate was 0.46 Gy/min.

Cell survival

The frequency of surviving cells was determined by using a
colony formation test. In brief, cells in T-25 tissue culture
flasks were irradiated with X-ray doses ranging from | to 6
Gy. Immediately after irradiation, the medium was removed
and cells were washed twice with Ca*-free phosphate buff-
ered saline (PBS"). Next, they were immersed in 2 ml of 0.1%
trypsin for 1 min. Then, 10 ml of medium was added to the
flask, and the cells were collected by pipetting. The viable
cells were seeded into 100 mm¢ culture dishes at a density of
2~200 x 1072 cells for each dose and incubated for 14 days to
form colonies. After the incubation, culture dishes were
washed twice with PBS-, methanol was added, and they kept
there for 1 min for fixation. The fixed cells were stained with
5% Giemsa solution, and the colonies consisting of more than
64 cells were counted.

Isolation of survived cell after X-irradiation

Exponentially growing cells were irradiated with 2 Gy of
X-rays, and 2 x 10° cells were plated onto 100 mm dishes and
incubated for 14 days. All colonies formed were isolated and
cultured together as X-ray-surviving cells.

Preparation of metaphase samples of cells

Exponentially growing cells were treated with 0.1 pg/ml
colcemid for 1 hour, and mitotic cells were then collected
after the flask was shaken to dislodge the metaphase cells.
Mitotic cells were subsequently swollen in a hypotonic 0.075
M KCI solution for 20 min at room temperature, and then
resuspended in a 3:1 mixture of methanol to acetic acid for 30
min at room temperature. Mitotic cells were dropped onto
precleaned glass microscope slides and allowed to dry for 3
days at room temperature.

Analysis of chromosome aberration

Chromosome aberrations 24 hours after X-rays and in X-
ray-surviving cells were investigated by Giemsa staining. The
glass slides with metaphase chromosomes were dipped in 5%
Giemsa solution for 10 min at room temperature. The slides
were then washed in distilled H,O and dried with an air drier,
and metaphase chromosomes were viewed under a micro-
scope. We scored chromosome aberrations, including dicen-
trics, fragments, chromatid gaps, and chromatid breaks.
Fragments accompanied by dicentrics were not counted as
fragments.

Analysis of telomere abnormality by fluorescence in situ
hybridization (FISH)
Analysis of telomere abnormality observed 24 hours after

irradiation and in X-ray-surviving cells was performed by
centromere- and telomere-FISH. Briefly, the slides were
immersed in PBS™ at 37°C for 30 min and dipped in 4% form-
aldehyde in PBS™ at room temperature for 2 min to fix the
chromosome. After the slides were washed 3 times in PBS™ at
room temperature for 5 min, they were incubated in I mg/ml
pepsin solution (PH 2.0) at 37°C for 2 min. They were then
rinsed in PBS™ for 10 s and fixed with 4% formaldehyde in
PBS at room temperature for 2 min. The slides were washed
in PBS™ and dehydrated with a series of 1-min washes in 70%,
80%, and 100% ethanol. After a drying with an air drier, 10 pl
of the hybridization mixture containing 70% formamide
diluted with 1% blocking reagent (Boehringer Mannheim,
Gmbh, Germany) in maleic acid buffer, 0.3 pg/ml fluores-
cein-labeled telomeric peptide nucleic acid (PNA) probe (Per-
Septive Biosystems, U.S.A.), and 250 pg/ml TexasRed-
labelled centromeric PNA probe (PerSeptive Biosystems,
U.S.A)) were added to the slide, which was then covered with
a glass cover slip. The slides were then heated at 80°C for 4
min to denature the chromosome and incubated at room tem-
perature for 6 hours. After hybridization, they were washed
twice in 70% formamide diluted with 10 mM Tris (pH 7.2) at
room temperature for 15 min. After the slides were washed 3
times in a mixture solution containing 0.05 M Tris, 0.15 M
NaCl (pH 7.5), and 0.05% tween 20, they were dehydrated
again by means of the same ethanol series. After a drying at
room temperature, 15 pl of DAPI (500 ng/ml, Vysis, U.S.A.)
in Antifade (Molecular Probes, U.S.A.) were added to coun-
terstain the chromosomes, and the slides were covered with
glass cover slips. Metaphase chromosomes were viewed
under a fluorescent microscope equipped with a dual band-
pass DAPI/FITC/RHOD filter set (Olympus, Japan). We
scored telomere abnormalities, including chromatid telomere
loss, chromatid or chromosomal telomere duplication. Chro-
mosomes, in which one of the chromatids showed no telom-
ere fluorescence, were counted as chromatid telomere loss.
Chromosomes with duplicated telomere signals were counted
as telomere duplication.

Analysis of telomere intensity by NIH image software

The intensity of each telomere fluorescence in BJI-hTERT
cells was calculated with NIH image software (Wayne Ras-
band, U.S.A.). Briefly, fluorescence signals were viewed
under a fluorescent microscope and fluorescent images were
captured by using IP-Lab software (Signal Analytics, U.S.A.).
The captured images were converted to black and white
images, and the fluorescence intensity of telomere spots was
automatically analyzed quantitatively by NIH image soft-
ware.

RESULT

X-ray sensitivity and isolation of X-ray-surviving cells
Figure 1 shows the dose-response survival data for BJ1-
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Fig. 1. Surviving fraction of BJI-hTERT cell irradiated by X-rays.

The frequency of surviving cells was determined using a colony for-
mation test.

hTERT cells irradiated with X-rays. The 10% survival dose
for X-rays was 2 Gy. X-ray-surviving cells were isolated by a
collection of the survival colonies 14 days after irradiation
with 2 Gy of X-rays. The doubling time of unirradiated BJ1-
hTERT cells was approximately 50 hours, and isolated X-ray-
surviving cells were estimated to divide 7-9 times after irradi-
ation.

Chromosome aberration

Chromosome aberrations of cells 24 hours after X-ray irra-
diation were analyzed as shown in Table 1, which reveals that
31.1% of metaphase cells expressed dicentrics, fragments,
chromatid gaps, or chromatid breaks. Among the chromo-
some aberrations observed, dicentrics and fragments were the
major aberrations compared to chromatid breaks and gaps
(Fig. 2). As shown in Table I, chromosome aberrations were
observed in 13.6% of mitotic cells even at 14 days after X-
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Fig. 2. Giemsa stain analysis of chromosome aberration in BJ1-
hTERT cells 24 hours after X-irradiation. A: Dicentric; B: Fragment;
C: Chromatid gap; D: Chromatid break

irradiation. As opposed to chromosome aberration observed
24 hours after X-ray irradiation, delayed chromosome aberra-
tions, which appeared in surviving cells after the irradiation,
were mostly chromatid gaps and breaks.

Telomere abnormality

Involvements of telomere abnormality in chromosome
aberrations were examined using centromere- and telomere-
FISH and results were shown in Table 2. Twenty-four hours
after X-ray irradiation, an increased frequency of dicentric
chromosomes was detected. All dicentric chromosomes were
accompanied with fragments, and no telomere signals were
found in dicentrics. These results were in agreement with a
previous study.'> As shown in Table 3, two percent of chro-
mosomes showed telomere loss or telomere duplications 24
hours after irradiation, there were no differences in the fre-

Table 1. Chromosome aberrations after X-irradiation (Giemsa staining).
Type of aberrations (%)
Time after No. metaphase ~ No. of abnormal .
Dose (Gy) X-irradiation counted metaphase (%) Chromatid-type Chromosome-type o
Gap Break Dicentric Fragment"
0 400 7(1.8) 5(1.3) 2(0.5) 0 0
2 24 hours 122 38 (31.1)#%* 11(9.0) 54.1) 19 (15.6) 12 (9.8)
2 14 days 206 28 (13.6)** 6(2.9) 17 (8.3) 0 6(2.9)
Table 2. Chromosome aberrations after X-irradiation (Centromere & Telomere FISH).
Type of aberrations (%)
Time after No. metaphase No. of abnormal
D G o Ch 5 -t
ose (Gy) X-irradiation counted metaphase (%) romosome-type
Tricentric Dicentric Fragment
0 230 1(04) 0 0 0
2 24 hours 158 36 (22.8)%** 1(0.6) 17 (10.8) 17 (10.8)
2 14 days 233 10 (4.3)** 0 0 3(1.3)

*Hkp < 0.01, #¥p < 0.03, y>-test.
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Table 3. Telomere abnormality after X-irradiation (Centromere & Telomere FISH).

Type of aberrations (%)

Dosc (Gy) Time after No. chromosome No. of chr. with telomere - Telomere loss Telomere duplication
X-irradiation counted abnormality (%) i
Chromatid-type  Chromatid-type ~ Chromosome-type
0 270 5(1.9 4 1(0.4) 0
2 24 hours 1334 27 (2.0) 18 (1.4) 8(0.6) 1 (0.08)
2 14 days 429 22 (5.4)** 12 (2.8) 8(1.9) 2(0.5)

#%p < 0.05, y*-test.

Fig. 3. Centromere- and telomere-FISH analysis of telomere
abnormality in BJI-hTERT cells. A: Unirradiated cells, B: X-ray-
surviving cells, (a) Chromatid telomere duplication, (b) Chromo-
some telomere duplication, (¢) Chromatid telomere loss.

quency of telomere loss and telomere duplications compared
with non-irradiated groups. In contrast, an increased fre-
quency of telomere abnormality was observed significantly in
X-ray-surviving cells, and 5.4% of the chromosomes showed
that telomere loss or telomere duplications (Table 3 and Fig.
3). Most of the chromosome aberrations with telomere loss
were chromatid-type. Table 2 shows that 10.8% of abnormal
metaphase showed fragments, but all had telomeres, and
therefore they were not counted as chromosomes with telom-
ere loss in Table 3. Distributions of telomere fluorescence
intensity in unirradiated BJI-hTERT cells were presented in
Fig. 4. The intensity of each telomere fluorescence was distri-
buted in a range from 31 to 1,400. We compared the distribu-
tion of fluorescent intensity of duplicated telomeres, and
found that their intensity was relatively lower than that of all
telomeres. We also noticed that, in duplicated telomeres, the
intensity of proximal telomere, which is proximal to cen-
tromere, tended to be lower than the distal telomeres (Fig. 4).

DISCUSSION

In the present study, we analyzed telomere abnormality in
chromosomes in normal human fibroblast BJI-hTERT cells
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Fig. 4. Distribution of telomere fluorescence intensity in unirradi-
ated BJ1-hTERT cells was compared with that of duplicated telomere
in X-ray-surviving cells. Telomere fluorescence images were cap-
tured by IP-Lab image software, and fluorescence intensity was ana-
lyzed quantitatively by NIH image software. Open bars show the
distribution of telomere fluorescence intensity in unirradiated cells.
Close bars show the distribution of telomere fluorescence intensity
in duplicated telomere.

irradiated with X-rays. As we reported previously, normal
human diploid cells showed delayed chromosomal instabil-
ity.” However, it is possible that cell division-related telomere
shortening by itself affects telomere stability. To avoid that,
we have chosen the cell line, in which telomere length is
maintained stably. We found that BJI-hTERT cells were
slightly more sensitive to X-rays than normal human diploid
cells used previously.

Our results clearly showed that telomere abnormalities
were induced in X-ray-surviving cells. Because telomere dys-
function has often been associated with telomere fusions,
these observations can explain our previous results, which
showed that most of the delayed-induced dicentrics were not
accompanied by fragments.” It is interesting, as shown in
Table 3, that no significant increase in the frequency of telom-
ere abnormality was observed 24 hours after irradiation. In
consideration of the results presented in Tables 1 and 2, both
cells irradiated at G1 and G2 phases were analyzed 24 hours
after irradiation. Although it is also possible that 24 hours
after irradiation is not enough to rule out the early effects of
radiation, because the doubling time of BJ1-hTERT cells is
approximately 50 hours, it is suggested that DNA double-
strand breaks by themselves might not induce telomere abnor-
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mality directly. Telomere instability in X-ray-surviving cells
was manifested as telomere loss and telomere duplication.

DNA double-strand breaks did not induce telomere abnor-
mality directly, so there is two possible mechanisms that
might induce delayed telomere instability. The first possibil-
ity is that initial damage occurs in subtelomere regions near
the telomere site. As our previous studies suggested, DNA
double-strand breaks may create nonlethal potentially unsta-
ble chromosome regions (PUCR) at the break-rejoining sites
through DNA double-strand break repair, which are involved
in the initiation and perpetuation of radiation-induced
genomic instability.’®'” Thus, PUCR might be formed in the
subtelomere regions and might cause delayed breakage after
several cell divisions. As a recent study demonstrated, DNA
double-strand break near telomere causes telomere instabil-
ity."® If the broken telomere rejoins to another telomere, the
result may be duplicated telomeres. It should be pointed out
that most telomere abnormalities observed were chromatid-
type; therefore delayed telomere instability could occur dur-
ing DNA replication or in the G2-phase.

The second possibility is that initial damage might arise in
the interstitial chromatin regions, and it might affect the sta-
bility of the telomere. Recently, several studies have reported
that each chromosome has its own territory.'”’ Relative chro-
mosome position is regulated through telomere attachment to
the nuclear matrix as well as through the attachment of the
interstitial nuclear matrix attachment region (MAR) to the
nuclear matrix. If X-irradiation causes a large deletion of
interstitial chromatin domain or MAR, it may alter chromatin
organization in the nuclei, which in turn could induce telom-
ere reorganization. Alternatively, if an interstitial large dele-
tion causes a change in the chromosome position, it may
result in telomere reorganization.

The present findings show, for the first time, that telomeres
are destabilized several generations after X-irradiation.
Although previous reports have suggested delayed telomere
instability by showing a delayed induction of telomere
fusions,'? our results constitute direct evidence that telomeres
are destabilized indirectly. End-to-end fusions of shortened or
destabilized telomeres are often observed in human tumor
cells, ™" and these fusions have been thought to perpetuate
chromosome instability by inducing the BFB cycle, which
may be the mechanism underlying the induction of genomic
instability by ionizing radiation.
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