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We have evaluated the induction of complete (i.e., without open ends) and incomplete (i.e., with non-rejoined or
open ends) chromosomal aberrations by the radiomimetic antibiotic bleomycin (BLM) in human lymphoblastoid
cells immortalized with the Epstein-Barr virus (EBV). An EBV-induced lymphoblastoid cell line (T-37) was
exposed to BLM (10-200 ug/mL) for 2 h at 37°C, and chromosomal aberrations were analyzed 24 h after
treatment, using PNA-FISH with pan-telomeric and pan-centromeric probes. Both complete (multicentrics, rings,
compound acentric fragments, and interstitial deletions) and incomplete (incomplete chromosomes or IC, and
terminal acentric fragments or TAF) chromosomal aberrations increased significantly in BLM-exposed cells,
although the concentration-response relationship was non-linear. Of the acentric fragments (ace) induced by
BLM, 40 % were compound fragments (CF, ace +/+). TAF (ace, +/-) and interstitial fragments (IAF, ace -/-) were
induced at similar frequencies (30 %). 230 ICE were induced by BLM, of which 52 % were IC and 48 % TAF. The
average ratio between total incomplete chromosome elements (ICE) and multicentrics was 1.52. These findings
suggest that human lymphoblastoid cells exhibit less repair capacity than human lymphocytes, with respect to
BLM-induced ICE, and that chromosomal incompleteness is a common event following exposure of these cells to
BLM.

1. Introduction

Telomere instability may result from loss of chromosome end(s) or
from telomere dysfunction [1,2]. In the former case, the telomere is lost
due to chromosome breaks produced at one or both ends of one or more
chromosomes; this can give rise to genomic instability due to
breakage-fusion-bridge cycles [1-3]. In the latter case, the telomere
loses its end-capping function or becomes critically short, giving rise to a
dysfunctional telomere (see [1-3] for review). True telomere loss pro-
duces non-joined or "open" chromosome ends, giving rise to incomplete
chromosomes (IC, chromosomes lacking one or both ends) and terminal
acentric fragments (TAF, acentric fragments derived from a chromo-
some break at the terminal region of a chromosome, which may be

detected by FISH as fragments with telomeric signals at one end), which
constitute incomplete chromosome elements (ICE) [1-3] and represent
unrepaired chromosome damage. Telomere (or
telomere-plus-centromere) PNA-FISH is an effective technique for
detection of ICE in mammalian cells exposed to ionizing radiation or
chemical mutagens [4-11].

Bleomycin (BLM, CAS No. 9041-93-4) is a radiomimetic compound
with antibiotic, antitumor, and clastogenic properties, first isolated from
Streptomyces verticillus [12]. BLM is used widely for treatment of ma-
lignancies, including testicular cancer, lymphoma, lung cancer, cervical
cancer, and head-and-neck cancers [13,14]. Due to its antineoplastic
properties, analysis of chromosomal instability induced by BLM is of
clinical interest. Analysis of BLM-induced telomere instability is relevant
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to understanding genomic instability induced (short- or long-term) in
patients undergoing BLM-based chemotherapy. Previous work in our
laboratory, using FISH with a PNA pan-telomeric probe, showed that
BLM induces the formation of ICE in mammalian cells [4-6]. More
recently, we found that BLM induces persistent telomere instability in
rat cells, in the form of ICEs and telomere FISH signal loss/duplication,
and this telomere instability persists for several generations after
exposure [6]. With regard to human cells, ICE induction has only been
investigated in the peripheral human lymphocytes of one individual,
using PNA-FISH with pan-telomeric and pan-centromeric probes [7].
These authors found that this antibiotic induces ICE (with the ratio be-
tween ICE and multicentrics being 0.27), and an elevated proportion of
interstitial acentric fragments (40 %) in relation to total acentric frag-
ments [7]. Studies on the possible induction of telomere
dysfunction-related chromosomal aberrations induced by BLM have not
yet been performed in human cells.

We are carrying out experiments using a human lymphoblastoid cell
line, in order to analyze the induction by BLM (short- and long-term) of
complete and incomplete chromosomal aberrations, as well as telomere-
dysfunction-related aberrations. Lymphoblastoid cell lines, produced by
in vitro infection of human B-lymphocytic cells with Epstein-Barr virus,
are often used in medical genetics studies, because they are a valuable
tool for preserving biological material from patients possessing specific
genetic aberrations. Most of these cell lines are considered EBV-
transformed (rather than immortalized) cell lines, because only a few
cells reach the immortalization stage (with telomerase activation,
chromosomal instability, and upregulation of WRN helicase) [15-17].
EBV-transformed cells can also be used in long-term studies of muta-
genesis because, unlike normal human lymphocytes, they can be
continuously cultured in vitro for months or years [15-17].

Here, we present results concerning the short-term induction of ICE
by BLM in human lymphoblastoid cells and compare our results to those
previously reported in studies of normal human lymphocytes [7] and
non-human cells [4-6] exposed to BLM. We applied the PNA-FISH
technique with a pan-telomeric and a pan-centromeric probe to iden-
tify ICE (IC and TAF) and to distinguish between different types of
acentric fragments, multicentrics (MC), and ring chromosomes, thus
significantly improving the detection of all types of unstable chromo-
somal aberrations [1,3,18-20].

2. Materials and methods
2.1. Cell culture, drug treatments, and cell harvesting

This study was carried out using human lymphoblastoid cells (T-37
cell line, obtained from the IMBICE Cell Repository, La Plata, Buenos
Aires, Argentina) [21]. This cell line was established by in vitro infection
of human lymphocytes derived from a whole blood sample from a fe-
male donor with Epstein-Barr virus harvested from the marmoset cell
line B95-8. Previous cytogenetic analysis in our laboratory showed that
>90 % of T-37 cells contain 46 chromosomes [21].

Cells were grown in RPMI 1640 medium (Sigma Chemical Co., St.
Louis, MO) supplemented with 20 % fetal calf serum, penicillin (100 U/
mL), and streptomycin (100 pg/mL) at 37°C in 5 % CO, atmosphere.
Cells were seeded in culture medium in TC25 Corning flasks at 6 x 10°
cells/mL. During the log phase of growth, cells were treated with a 2 h
pulse of BLM (CAS 9041-93-4, Blocamicina®, Laboratorios Gador,
Argentina, dissolved in sterile 0.9 % NaCl), 10, 25, 50, 100 or 200 ug/
mlL, at 37°C in order to measure concentration-dependent effects. We
chose BLM concentrations similar to those used by Benkhaled et al. [7]
with normal human lymphocytes. Control cultures were not exposed to
BLM. Exposure time and BLM concentrations were chosen based on a
previous study with T-37 cells in our laboratory [21]. At the end of the
pulse treatment with BLM, the cells were washed twice with Hank’s
balanced salt solution and kept in culture with fresh culture medium
until harvesting. To estimate cell viability, we applied the Trypan Blue
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exclusion assay. An aliquot of cell culture (about 30 pL) stained with 0.4
% trypan blue was used for counting viable cells in a Neubauer chamber.
The remaining cells were used for cytogenetic analysis, which was
performed at 24 h (first mitosis) after BLM treatment. To analyze
chromosomal aberrations, colchicine (0.1 pg/mL; CAS 64-86-8; Sigma)
was added to cell cultures during the last 3 h of culture. Chromosome
preparations were made following standard procedures. After harvest-
ing, cells were hypotonically shocked, fixed in methanol:acetic acid
(3:1), spread onto glass slides, and processed for PNA-FISH.

2.2. Fluorescence in situ hybridization with PNA pan-telomeric and pan-
centromeric probes (PNA-FISH)

A Cy3-conjugated PNA pan-telomeric probe [Cy3-(CCCTAA)s] and a
FAM-conjugated pancentromeric probe were obtained from PNA Bio
(California, USA). FISH was performed according to the protocol pro-
vided by the supplier. Briefly, after pre-treatment for 10 min with 3.7 %
formaldehyde and 2 mg/mL proteinase K, sample DNA was denatured at
85°C for 10 min under a coverslip in the presence of the pan-telomeric
and the pan-centromeric probe. Hybridization in a moist chamber (1 h
at room temperature) was followed by two washes in 2x SSC 0.1 %
Tween 20 for 10 min at 55-60°C. Afterwards, slides were mounted on an
antifade reagent containing DAPI (4,6-diamidino-2-phenyl-indole) as
counterstain. Fluorescence microscopy was performed on a Nikon
Eclipse 50i epifluorescence microscope equipped with an HBO 100
mercury lamp, a Nikon high-resolution digital color camera (DS-Ri-U3),
and filters for DAPI, FAM and Cy3 (Chroma Technology Corp, Rock-
ingham, VT).

2.3. Scoring of aberrations

Chromosome analysis was performed on coded slides, and only
metaphases with 46 centromeric signals were scored. Centromeres were
identified using the FAM filter, whereas telomeric signals were observed
using the Cy3 filter. To obtain the final three-color FISH images, DAPI,
FAM, and Cy3 images were merged using ImageJ Software (version
1.52r). Since the position and number of centromeres could be easily
determined with the pan-centromeric probe, all types of complete and
incomplete chromosomal aberrations were scored, namely: (1) dicentric
chromosomes; (2) multicentrics (those chromosomes possessing three or
more centromeres; for quantification, the number of centromeres pre-
sent in the polycentric chromosomes minus one was used and scored as
dicentric equivalents); (3) centric rings; (4) interstitial acentric frag-
ments (IAF, ace -/-) (i.e., chromosome elements without telomeric sig-
nals); (5) ICE, both centric (IC, +/- or -/-; IC -/- were counted as two IC
+/-[71) or acentric (TAF, ace +/-, lacking telomeric signals at one end);
and (6) compound acentric fragments (CAF, ace +/+), acentric frag-
ments labeled at both ends, i.e., exhibiting four telomeric signals [1-3].
Previous evidence [22] strongly suggests that the majority of IAFs lose
the possibility of forming exchanges by the formation of a ring structure
(acentric rings). Therefore, for scoring purposes, IAFs were considered
complete aberrations. Chromosome breaks, gaps and chromatid ex-
changes (including quadriradial and triradial configurations) were
excluded from the analysis. The mitotic index (MI; expressed as the
percentage of cells in mitosis) was determined by analyzing 1000 cells
per sample. For chromosomal aberrations analysis, cell viability and
mitotic index determination, two, five, and four independent experi-
ments (each one including one culture per sample) were performed,
respectively. A total of 108-193 metaphases were analyzed for each
treatment (see Tables 1-4). In the first experiment, 100 metaphases were
analyzed per treatment (except in the case of BLM 200 pg/mL, where
only 64 metaphases could be analyzed). In the second experiment, 79
(untreated control), 80 (BLM 10 and 25 pg/mL), 88 (BLM 50 pg/mL), 93
(BLM 100 pg/mL), and 44 (BLM 200 pug/mL) metaphases were analyzed.
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Table 1

Number of the different pairs of incomplete chromosome elements (ICE)
observed in T-37 cells following BLM treatment (ug/mL). The percentage of each
type of pair is indicated between parentheses.

Treatment N Pairs of ICE Total
IC + TAF IC+IC TAF + TAF
Control 179 1 (100) 0 0 1
BLM 10 180 17 (100) 0 0 17
BLM 25 180 11 (61.1) 2(11.1) 5(27.8) 18
BLM 50 188 18%(66.7) 6 (22.2) 3(11.1) 27
BLM 100 193 31 (88.6) 2% (5.7) 2(5.7) 35
BLM 200 108 13 (86.7) 2% (13.3) 0 15

* One IC -/- was also observed.

“ Two IC -/- were also observed. N, total number of metaphases analyzed;
BLM, bleomycin; IC, incomplete chromosome; TAF, terminal acentric fragment.
Data represent pooled values from two independent experiments.

Table 2
Ratio between total incomplete chromosome elements (ICE) and multicentrics
(MC) observed in T-37 cells following BLM treatment (ug/mL).

Treatment N Ratio ICE/MC
Control 179 0.00 + 0.00
BLM 10 180 3.58 £ 0.91
BLM 25 180 1.26 + 0.26
BLM 50 188 1.84 +0.72
BLM 100 193 1.25 £ 0.08
BLM 200 108 2.14 £ 0.14

N, total number of metaphases analyzed; BLM, bleomycin. For each treatment,
the ratio ICE/MC corresponds to the average value (mean =+ S.E.) obtained from
two independent experiments.

Table 3

Number of the different types of acentric fragments observed in T-37 cells
following BLM treatment (ug/mL). The percentage of each type of fragment is
indicated between parentheses.

Treatment N TAF CAF IAF Total
Control 179 1(25.0) 0 (0.0) 3(75.0) 4
BLM 10 180 17 (43.6) 10 (25.6) 12 (30.8) 39
BLM 25 180 21 (33.3) 24 (38.1) 18 (28.6) 63
BLM 50 188 24 (24.0) 52 (52.0) 24 (24.0) 100
BLM 100 193 35(25.7) 63 (46.3) 38 (28.0) 136
BLM 200 108 13 (23.2) 22(39.3) 21 (37.5) 56

N, total number of metaphases analyzed; BLM, bleomycin; TAF, terminal
acentric fragment; CAF, compound acentric fragment; IAF, interstitial acentric
fragment.

Data represent pooled values from two independent experiments.

Table 4

Number of the different types of in excess acentric fragments observed in T-37
cells following BLM treatment (ug/mL). The percentage of each type of fragment
is indicated between parentheses.

Treatment N TAF CAF IAF Total
Control 179 1 (25.0) 0(0.0) 3(75.0) 4
BLM 10 180 17 (58.6) 0(0.0) 12 (41.4) 29
BLM 25 180 11 (35.5) 2(6.4) 18 (58.1) 31
BLM 50 188 20 (39.2) 7 (13.7) 24 (47.1) 51
BLM 100 193 31 (43.0) 3(4.2) 38 (52.8) 72
BLM 200 108 13 (34.2) 4(10.5) 21 (55.3) 38

N, total number of metaphases analyzed; BLM, bleomycin; TAF, terminal
acentric fragment; CAF, compound acentric fragment; IAF, interstitial acentric
fragment.

Data represent pooled values from two independent experiments.
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2.4. Statistical analysis of data

Statistical analysis was performed using GraphPad Prism version
9.00 software for Windows (GraphPad Software, San Diego, CA).
Because different numbers of metaphases were analyzed in each
experiment, the frequencies of aberrations per cell or metaphase were
considered for statistical comparison of data. The significance of dif-
ferences in aberration frequencies per cell among different treatments
was obtained by comparing the Z score of Poisson distributions of
observed (O) and expected (E) values with 95 % confidence intervals
[23]. The Z score was calculated applying the following formula: Z =
O-E/+/E, where O is the total number of chromosomal aberrations
observed in the corresponding treatment, and E = P x N (P = frequency
of chromosomal aberrations per cell or metaphase observed in the un-
treated culture; N = total number of metaphases analyzed in each
sample or treatment). If the Z score is >1.96, p<0.05, while if Z is >2.58,
p<0.01. One-way ANOVA with Tukey’s multiple comparison test was
used for comparisons between control and treated cultures (cell viability
and mitotic index). In both cases, the level of statistical significance was
set at p<0.05.

3. Results
3.1. Distribution pattern of telomeric sequences in untreated cells

This is the first use of a pan-telomeric PNA probe in T-37 cells.
Therefore, before scoring aberrations, we analyzed the distribution
pattern of telomeric sequences in metaphase cells from untreated cul-
tures, after applying telomere plus centromere PNA-FISH. This analysis
showed centromeric signals in all centromeres of the metaphase cells
analyzed. All telomeric signals were of terminal position (no interstitial
telomeric signals were observed). However, a few chromosomes
exhibited telomere signal loss (telomere shortening) or duplication
(telomere fragility; Fig. 1A). Thus, some telomeres in this cell line are
very short for detection by PNA-FISH. More precisely, 7.4 % (13.6 per
metaphase, on average) of the total number of telomeric signals ex-
pected for the 179 metaphases analyzed (considering a total of 184
telomeric signals per metaphase, typical of a normal human lymphocyte
metaphase, i.e., the cell type from which lymphoblastoid cells are
derived) were absent. To rule out the possibility that the lack of

Fig. 1. (A) Patterns of hybridization of the pan-telomeric and pan-centromeric
probes in a metaphase spread from untreated T-37 cells after PNA-FISH. Single
arrows indicate sites of telomere signal loss, whereas double arrows indicate
sites of telomere signal duplication. (B-D) representative examples of an
incomplete chromosome and different types of acentric fragments observed in
BLM-exposed cells: (B) incomplete chromosome (IC, lacking one end); (C) ter-
minal acentric fragment (TAF, with telomeric signals at one end); (D) intersti-
tial acentric fragment (IAF, without telomeric signals); (E) compound acentric
fragment (CAF, with telomeric signals at both ends, because it results from the
fusion of two TAF).
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telomeric signals in the metaphase cells is due to a technical failure of
the PNA-FISH technique, we performed the same procedure in slides
from metaphase spreads of human lymphocytes; we found (data not
shown) that all of the chromosomes exhibited their corresponding
telomeric signals. Most of the telomeric signal losses (80 %) in untreated
T-37 cells were of chromatid-type (i.e., a single signal loss per each
chromosome end affected). Therefore, most of the chromosomes of the
T-37 cell line exhibited their four telomeric signals (Fig. 1A). The fre-
quency of telomere signal duplications in untreated T-37 cells was very
low (0.28 per cell, on average).

Cytogenetic analysis of untreated T-37 cells showed that 95 % of the
metaphases contained 2n=46 chromosomes, as expected from previous
experiments with this cell line [21].

3.2. Cell viability and mitotic index

Analysis of the number of live cells (Fig. 2) and the mitotic index
(Fig. 3) in each culture shows that BLM decreases cell viability and
mitotic index in T-37 cells, 24 h after treatment, although these effects
were not linear. Accordingly, non-significant differences were found in
these parameters between 50, 100, and 200 pg/mL of BLM treatments
(Fig. 2 and 3).

3.3. Chromosome damage

The level of chromosome damage observed in untreated T-37 cells
was very low. We found only three IAF, one IC, and one TAF among 179
metaphases. This suggests that this cell line corresponds to EBV-
transformed cells in a “pre-crisis” state, because the crisis stage is
characterized by the presence of dicentrics and abnormal karyotypes
[15,24]. As expected from previous reports with mammalian cells [4-7],
BLM induced a significant concentration-dependent increase in the
frequency of complete (Fig. 4) and incomplete (Fig. 5) chromosomal
aberrations per metaphase compared with control cultures (p<0.01; Z
score >2.58 for all BLM treatments compared to untreated cultures, in
both experiments), although these clastogenic effects were non-linear.

The average frequency of aberrations decreased above 200 pg/mL
BLM compared to 100 pg/mL BLM (Fig. 4 and 5), but non-significant

Treatment

Number of live cells x 10° cells/mL of culture medium

Fig. 2. Variation in the number of live cells observed in T-37 cells after
treatment with increasing concentrations of BLM (ug/mL), as seen by the Try-
pan Blue assay. Data represent pooled values from five independent experi-
ments. For each treatment, mean =+ S.E. is indicated. (*) p<0.05 vs. untreated
control culture. Statistical test: One-Way ANOVA with Tukey’s multi-
ple comparison.

Mutation Research - Genetic Toxicology and Environmental Mutagenesis 899 (2024) 503823

6_

T

N
L
*

Mitotic Index
N
1
*
*

Q Q
& N P & S

N N
S

Treatment

Fig. 3. Variation in the mitotic index observed in T-37 cells after treatment
with increasing concentrations of BLM (ug/mL). Data represent pooled values
from four independent experiments. For each treatment, mean + S.E. is indi-
cated. (*) p<0.05 vs. untreated control culture. Statistical test: One-Way
ANOVA with Tukey’s multiple comparison.
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Fig. 4. Changes in the frequency of complete chromosomal aberrations (di-
centrics, centric rings, compound fragments and interstitial fragments) per cell
in T-37 cells after treatment with increasing concentrations of BLM (ug/mL).
Data represent pooled values from two independent experiments. For each
treatment, mean + S.E. is indicated. The Z score of Poisson distribution indi-
cated significant increase (*) in the frequency of aberrations induced by BLM
compared with untreated (control) cultures (p<0.01).

differences were found between these treatments (Z score <1.96,
p>0.05). As previously mentioned, almost 200 metaphase cells per
treatment were analyzed, except for the treatment with 200 pug/mL BLM
(108 metaphases), due to the elevated number of highly damaged cells
found in these cultures. Moreover, the intercellular distribution of di-
centrics was overdispersed, exhibiting a Poisson distribution, as previ-
ously reported for BLM in human lymphocytes [7,25] (data not shown).

The main forms of ICE observed in BLM-exposed T-37 cells were
those pairs consisting of an IC (+/-) and a TAF (ace +/-), which
constituted 60-100 % of the induced ICE pairs, depending on the con-
centration of BLM (Table 1 and Fig. 1B and 1C). Of the total number of
pairs of ICE induced by BLM, 80 % were IC + TAF, 11 % IC + IC (plus a
CF) and 9 % TAF + TAF (plus a dicentric or centric ring) (Table 1).
Considering those IC (-/-) as two IC (+/-), the total number of ICE
induced by BLM was 230 (52 % IC and 48 % TAF). The ratio between
total ICE and multicentrics was on average 1.52 (range = 1.25-3.58),
being much higher in BLM 10 pg/mL than at the other BLM concen-
trations (Table 2). This finding indicates that, for all concentrations of
BLM, the frequency of induced ICE was higher than the frequency of
multicentrics. The increase in both the percentage of the different forms
of ICE and the ratio ICE/multicentrics was concentration dependent but
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Fig. 5. Changes in the frequency of incomplete chromosome elements (ICE =
IC and TAF) per cell in T-37 cells after treatment with increasing concentrations
of BLM (ug/mL). Data represent pooled values from two independent experi-
ments. For each treatment, mean + S.E. is indicated. The Z score of Poisson
distribution indicated significant increase (*) in the frequency of chromosomal
aberrations induced by BLM compared with untreated (control) cul-
tures (p<0.01).

non-linear (Tables 1 and 2).

We observed 394 acentric fragments in BLM-exposed T-37 cells; TAF
(ace +/-) (Fig. 1C) and IAF (ace -/-) (Fig. 1D) were induced by BLM at
similar frequencies, each representing on average 30 % of the total
acentric fragments induced, whereas CAF (ace +/+) (Fig. 1E) were
induced at a higher frequency, representing on average 40 % of the total
number of acentric fragments induced (Table 3). However, when only
“in excess” acentric fragments (i.e., those acentric fragments not
accompanying the formation of dicentrics or rings) were considered,
clearly IAF (51 % on average) were the most frequent type of acentric
fragment induced by BLM (Table 4). The percentages of the different
types of acentric fragments induced by BLM were concentration
dependent but non-linear (Tables 3 and 4).

4. Discussion

Our findings agree with previous reports indicating the presence of
telomere aberrations (mainly telomere signal loss and duplications) in
EBV-induced human lymphoblastoid cell lines [17,24,26,27], due to
telomere dysfunction. Although telomere signal loss could affect the
scoring of the type of aberrations analyzed in the present work (and in
similar works using EBV-induced lymphoblastoid cells or other cells
lines with telomere dysfunction), this could only affect the scoring of
acentric fragments, because the scoring of dicentrics, multicentrics and
centric rings depends mainly on the presence of centromeric signals.
However, even in the case of TAFs or CAFs lacking one or more telo-
meric signals, the presence of the accompanying aberration (IC, dicen-
tric, multicentric, centric ring) allows one to elucidate the type of
acentric fragment that was induced (a true IAF cannot be the result of an
IC, a dicentric, or a centric ring). (The critical scenario could be an
apparent IAF confounded with a true TAF lacking its two telomeric
signals or a true CAF lacking its four telomeric signals).

Most of the expected telomeric signals (92.6 %) were present in the
T-37 cell line. Therefore, the lack of some telomeric signals in the T-37
cell line did not prevent us from analyzing chromosomal aberrations.

By using telomere-plus-centromere PNA-FISH, we found that BLM
induces both complete and incomplete chromosomal aberrations in
EBV-transformed human lymphoblastoid cells, which exhibit telomere
dysfunction. Our findings agree with the results of Benkhaled et al. [7] in
normal human lymphocytes exposed to BLM, indicating that this com-
pound induces ICE, and that the intercellular distribution of dicentrics is
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overdispersed. However, the increase in the frequency of both, complete
and incomplete chromosomal aberrations induced by BLM in T-37 cells
was not linear, whereas in the case of human lymphocytes [7] and
Chinese hamster embryo (CHE) cells [4] exposed to this antibiotic, this
effect was linear.

Clearly, a saturation phenomenon occurred in T-37 cells after
exposure BLM concentrations > 50 ug/mL. The non-linear response in
the frequency of chromosomal aberrations (and also in cell viability and
mitotic index) induced by BLM in T-37 cells could be due to the presence
of different subpopulations of cells with differential sensitivity to this
compound (due to differential cell repair ability) [14,28] and/or dif-
ferential ability of BLM uptake [14,29] in this cell line.

Our results differ in several aspects from data previously reported for
human lymphocytes [7] and non-human cells [4-6]. A comparison of
these data is presented in Table 5. Unfortunately, a precise comparison
cannot be made, because different treatment conditions were used for
studying the clastogenic effects of BLM in human cells and non-human
cells (Table 5). Previous studies demonstrated that, under similar
experimental conditions, human cells are more resistant than other
mammalian cells to the clastogenic effects of BLM [14].

Comparing data for various mammalian cell types exposed to BLM
allows several conclusions to be drawn. First, the ratio between total ICE
and multicentrics in T-37 cells exposed to BLM is on average 1.52, much
higher than reported by Benkhaled et al. [7] for human lymphocytes
(0.27; similar to the ratio ICE/multicentrics reported for human lym-
phocytes exposed to low-LET ionizing radiations, 0.38 [8,9]). Since ICE
represent the unrepaired chromosome damage, our results suggest that
the initial damage by BLM in EBV-induced lymphoblastoid cells can be
better compared to that induced by high-LET ionizing radiation (ratio
ICE/multicentrics = 1.00) [10], rather than low-LET radiation (as is the
case for BLM in normal human lymphocytes). Our finding regarding the
ICE/multicentrics ratio indicates that EBV-transformed cells are much
more sensitive to BLM than are normal human lymphocytes, in terms of
ICE induction (i.e., BLM produces more unrepaired damage in
EBV-transformed cells) and suggests that human lymphoblastoid cells
exhibit less repair capacity than human lymphocytes regarding ICE. The
greater sensitivity of EBV-transformed cells to BLM could be due to the
oxidative stress previously induced by the virus, as reported elsewhere
[26,30-32], although further experiments are needed to test this pos-
sibility. Despite the above findings, a ratio of ICE/multicentrics of 27.6
has been reported for BLM-treated CHE cells [5], indicating that Chinese
hamster cells are much more sensitive to this compound in terms of ICE
than both human lymphocytes and human lymphoblastoid cells. The
different sensitivity to BLM of CHE cells compared to human cells could
be attributed to various factors - particularly different cell repair ability-
as suggested by Benkhaled et al. [7]. ICE induction by BLM has also been
observed in rat adipocytes [6] and domestic rabbit embryo cells [5], but
this compound did not induce multicentrics in these cells, preventing us
from establishing an ICE/multicentrics ratio.

Second, the relative proportion of the two forms of ICE, i.e., IC and
TAF, induced by BLM in T-37 cells was 52 % IC and 48 % TAF, very
similar to those previously reported for human lymphocytes [7] and
other mammalian cells [4-6] exposed to this antibiotic (Table 5). This
indicates that BLM induces IC and TAF in a similar proportion, no matter
the cell type exposed to this compound, with a slight predominance of IC
over TAF.

Third, BLM induces a different proportion of the different types of
pairs of ICE, depending on the cell type exposed (Table 5). Whereas
Benkhaled et al. [7] reported 46 % IC + TAF, 31 % IC + IC, and 23 %
TAF + TAF for human lymphocytes, in T-37 cells we observed that pairs
of IC + TAF were almost 10 x more frequent than TAF + TAF pairs
(Table 5). Pairs of IC + TAF also predominate in rat (85 %) [6], domestic
rabbit (99 %) [5] and Chinese hamster cells (98-99 %) [4,5] exposed to
BLM (Table 5), as well as in human lymphocytes exposed to low-LET (68
%) [8] and high-LET radiations (45 %) [10]. If we assume that pairs of IC
(+/-) or TAF (+/-) originated from an incomplete exchange, whereas
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Table 5
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Relative comparison between human cells and other mammalian cells regarding their chromosomal sensitivity to BLM in terms of incomplete (represented by IC and
TAF) and complete (represented by MC) chromosomal aberrations, as evaluated by telomere (T-FISH) or telomere plus centromere (T+C-FISH) PNA-FISH.

Cell type Experimental conditions N Ratio ICE/MC % of each type of ICE % of each type of pairs of ICE % of each type of AF
Human lymphoblastoid cells (this work)*  T+C-FISH 849 1.52 52 % IC 80 % IC+TAF 40 % CAF
BLM (10-200 pg/mL) 48 % TAF 11 % IC+IC 30 % TAF
2 h treatment 9 % TAF+TAF 30 % IAF
Human lymphocytes [7]* T+C-FISH 451  0.27 54 % IC 46 % IC+TAF 55 % CAF
BLM (30-120 pg/mL) 46 % TAF 31 % IC+IC 5 % TAF
3 h treatment 23 % TAF-+TAF 40 % IAF
Rat adipocytes [6] T-FISH 133 0.00%* 57 % IC 85 % IC+TAF 4 % CAF
BLM (2.5 pg/mL) 43 % TAF 15 % IC+IC 86 % TAF
30 min treatment 10 % IAF
Chinese hamster embryo cells [5] T-FISH 201 276 50 % IC 98 % IC+TAF 0.7 % CAF
BLM (2.5 pg/mL) 50 % TAF 1.5 % IC+IC 74 % TAF
30 min treatment 0.5 % TAF+TAF 25.3 % IAF
Domestic rabbit embryo cells [5] T-FISH 273 0.00"* 51 % IC 99 % IC+TAF 1 % CAF
BLM (2.5 pg/mL) 49 % TAF 1 % IC+IC 89 % TAF
30 min treatment 10 % IAF
Chinese hamster embryo cells [4]* T-FISH 1389 ND 51 % IC 99 % IC+TAF 12 % CAF
BLM (1-7.5 pg/mL) 49 % TAF 1 % IC+IC 41 % TAF
30 min treatment 47 % IAF

" In these cases, all the parameters showed in the Table were considered taking into account the total number of chromosomal aberrations (IC+TF vs. MC) induced by

all the concentrations of BLM used in the study.

“* No multicentrics were induced in these cells. N, total number of metaphases analyzed; BLM, bleomycin; ICE, incomplete chromosome elements (i.e., IC+TAF); MC,
multicentrics; AF, acentric fragment; IC, incomplete chromosome; TAF, terminal acentric fragment; CAF, compound acentric fragment; IAF, interstitial acentric
fragment. ND, not precisely determined (however, as reported in ref. [4], the frequency of ICE was always higher than the frequency of multicentrics). In all cases, BLM
treatments were made at 37°C, and cells were harvested in their first mitosis after treatment (i.e., short-term effect).

pairs of IC + TAF originated from a terminal deletion [7,8], we can
conclude that terminal deletions predominate in EBV-transformed
human cells as well as non-human cells exposed to BLM, whereas in
normal human lymphocytes exposed to this compound incomplete ex-
changes and terminal deletions contribute equally to ICE.

Finally, we found that BLM induced more CAF (40 %) than IAF and
TAF (30 % each) in human lymphoblastoid cells. On the contrary, a
higher percentage of CAF (55 %) and IAF (40 %), and a small proportion
of TAF (5 %) was reported for human lymphocytes exposed to BLM [7].
However, our present results support those of Benkhaled et al. [7],
indicating that the elevated proportion of IAF in relation to total acentric
fragments induced by BLM could be a characteristic signature of the
clastogenic effect of this compound (y-rays induced 14 % [9], X-rays 26
% [8], and a-particles 17 % [10] of IAF). Accordingly, we found that IAF
constitutes 51 % of all the “in excess” acentric fragments induced by
BLM in T-37 cells (Table 4). In contrast, most studies with non-human
cells exposed to BLM showed that TAF are the predominant type of AF
(Table 5). Further experiments are needed to determine why mamma-
lian cells exhibit differences in their capacity to repair BLM-induced ICE
and in the proportion of the different types of BLM-induced AF.

In conclusion, our results suggest that human lymphoblastoid cells
are more sensitive to BLM and exhibits less repair capacity than normal
human lymphocytes, in terms of ICE. Therefore, the data obtained using
normal human lymphocytes should not be extrapolated to EBV-
transformed human lymphocytes. Further studies will be needed to
explore in more detail the chromosomal sensitivity of mammalian cells
to BLM. In particular, it will be important to determine whether BLM-
induced ICE (i.e., unrepaired chromosome damage) persist in the long-
term in EBV-induced lymphoblastoid cells -as previously reported in
rat adipocytes [6]-, and whether this compound induces short- and
long-term telomere dysfunction-related chromosomal aberrations in
these cells (more precisely, if BLM enhances the telomere dysfunction
already present in these cells). The study of long-term clastogenic effects
of BLM in human cells may be of medical relevance, particularly for
clinical chemotherapies based on this compound, due to the potential
risks of tumorigenesis associated with BLM-induced telomere instability.
In this context, it will be important to determine the persistence of ICE
and other forms of telomere instability in the progeny of human cells
exposed to BLM. Such experiments are currently in progress in our

laboratory.
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