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ABSTRACT

Growing monolayer COLO320 human cells having a 30- to 40-fold
amplification of a W) < domain were pulse treated for 15 min with
increasing doses of bleomycin (HIM). Cellular DNA was extracted at
the end of the HIM treatment or after an interval of 30 min, during
which the cells were allowed to repair the DNA damage at 37Â°Cin

culture medium without HIM. Damage and repair in total cellular DNA
was assessed by alkaline unwinding and by neutral and alkaline gel
electrophoresis. The response to HIM in the domain of MY C oncogene
was evaluated by Southern blotting of CcoRI-digested DNAs separated
by neutral or alkaline gel electrophoresis. We found that M YC domains
from COLO320HSR showed a higher frequency of double-strand DNA
breaks than M YC domains from COLO320DM cells. At the level of
total cellular DNA, both cell lines showed the same frequency of double-
strand nicks. No repair of double-strand breaks was observed. Total
DNA from COLO320HSR cells was more sensitive to single-strand
breakage than DNA from COLO320DM. At the gene level, the frequency
of single-strand scissions was higher in COLO320DM than in
COLO320HSR MYC domains. Both cell lines had good capability to
close single-strand scissions. However, at high HIM doses the damage
was more efficiently repaired by COLO320DM cells. We propose that
eliminatili organization in total cellular DNA and in the amplified MYC
domain probably plays an important role in the DNA response to HIM.

INTRODUCTION

The response of specific DNA sequences and individual genes
to UV light has been analyzed in several systems. The data
obtained so far indicate that UV-induced DNA lesions are
better repaired in: (a) active than silent genes (1-3), (b) the
transcribed than the nontranscribed strand of an expressed gene
(4), (c) the 5' than the 3' domain of dihydrofolate reducÃase

genes (5), (d) the immunoglobulin genes from granulocytes
than the same genes from lymphocytes (6), and (e) intron 2
than intron 1 or downstream sequences of a human amplified
M YC oncogene.3

The two main lesions induced by UV light in DNA are
cyclobutane pyrimidine dimers and 6,4-photoproducts. Both
lesions are repaired by the excision-repair system (7). On the
other hand, single-strand DNA breaks, depurinations, and de-
pyrimidations are repaired by a system which is at least partially
mediated by different enzymes than those employed to repair
bulky DNA lesions (8). In this report we analyze the base
damage and repair elicited by BLM" in the domain of human

amplified MYC oncogenes. This antitumor antibiotic com
plexes with dioxygen and divalent metal ions (mainly Fe2*), it
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intercalates in G-rich tracts of DNA, and it induces strand
breakage by preferential attacking of pyrimidine nucleotides
adjoining the guanidyl-3'-phosphate at the site of BLM-DNA

binding (5, 9).
COLO320DM and COLO320HSR cells were used in this

study. Both cell lines have a 30- to 40-fold amplification of a
large DNA domain containing the MYC gene. In
COLO320DM the amplification is cytogenetically visible as
double-minute chromosomes, while in COLO320HSR the am
plified domains are contained in a large marker chromosome
with homogeneously staining regions (10). About half of the
amplified MYC oncogenes in COLO320DM are rearranged.
The rearranged genes lack exon 1 and most of intron 1, due to
their displacement by the first exon of the PVT gene, which
normally lies 50 kilobase pairs downstream of MYC (11). These
f^T/A/VCchimeric genes are expressed, forming the predom
inant steady state mRNA, while normal MYC mRNA is also
present in COLO320DM cells. On the other hand, 95-99% of
amplified MYC copies in COLO320HSR DNA are normal and
expressed, while the remaining 1-5% are truncated. No evi
dence of expression of truncated MYC genes was found in
COL0320HSR cells (12, 13).

The digestion of human genomic DNA with Â£coRIproduces
a fragment of 13.5 kilobases encompassing the MYC oncogene.
Besides this fragment, COLO320 DNA also produces an EcoRI
fragment of 9.5 kilobases encompassing the rearranged MYC
gene (12). Both fragments hybridize with a probe homologous
to exon 3 of the MYC oncogene (Fig. 1). The induction of DNA
nicks by BLM alters the length of the 13.5- and 9.5-kilobase
fragments, inducing a decrease in the intensity of the corre
sponding bands in Southern autoradiograms. If the cells are
allowed a period of repair and the nicks are mended, the band
intensities will increase in direct correlation with the efficiency
of repair. Double-strand breakage and repair can be analyzed

by neutral gel electrophoresis. On the other hand, for single
strand breakage analysis it is necessary to separate the intact
and the broken DNA strands by using alkaline gel electropho
resis.

We have used the above approach to analyze the damage and
repair induced by BLM in cellular DNA. Our results show
differences in the DNA sensitivity to BLM and in the efficiency
of repair between COLO320HSR and DM cells.

MATERIALS AND METHODS

BLM Treatments. COLO320HSR and DM cells were grown in
RPM1 1640 medium supplemented with 1% glutamine, 20% fetal calf
serum, and antibiotics. At confluency the cells were trypsinized, washed
in Hanks' saline, and resuspended (IO6 cells/ml) in fresh culture me

dium containing BLM (Gador Laboratories, Argentina) at the dose
required. After 15 min some of the cells were harvested and processed,
and some were washed twice in Hanks' solution that was prewarmed
at 37"C, resuspended in fresh culture medium without BLM, and
allowed to repair the DNA damage at 37Â°Cfor variable periods before

harvesting.
Alkaline Unwinding. The method employed was that of Rydberg (14).
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Fig. 1. Schematic representation of the MYC gene. Striped bar P. the exon 3
probe. El and E2. position of the EcoRI sites delimiting the 13.5-kilobase
fragment encompassing normal MYC genes. E3. novel EcoRI site delimiting the
9.5-kilobase fragment of the rearranged MYC gene. Wavy line, part of the
rearranged DNA segment.

Exponentially growing COLO320 cells were labeled for 24 h with 0.1
nCi/ml [3H]thymidine (specific activity 6.7 Ci/mmol; New England
Nuclear) and chased for 3 h with 2 x 10~6 M unlabeled thymidine.

Afterwards, the cells were collected by trypsinization, washed, and
resuspended in fresh culture medium at a concentration of IO6 cells/

ml. BLM treatments were performed at this stage. At the end of the
treatments, the cells were washed twice with cold Tris buffer solution
and processed as described elsewhere (14, 22).

The amounts of single- and double-stranded DNA at each experi
mental point were determined by liquid scintillation counting and the
relative mass of dsDNA was estimated as follows:

cpm of dsDNARelative mass of dsDNA = â€”¿�;
cpm of ssDNA + cpm of dsDNA

A decrease in the mass of dsDNA indicates DNA degradation (14).
Each experiment was performed in duplicate and the two sets of samples
were run simultaneously. Moreover, three experiments (all in duplicate)
were carried out for each one of the experimental models described in
"Results."

DNA Electrophoresis and Southern Blotting. High molecular weight
DNA from control and BLM-treated cells was extracted as described
(15). Double-stranded and single-stranded DNA degradation was as
sessed by neutral and alkaline electrophoresis, respectively. Undigested
DNA samples (3 iig/ml) were separated in 0.6% agarose gels at 60 V
for 4 to 5 h. Neutral gels were stained for 20 min with 0.5 Mg/ml
ethidium bromide in H2O. Alkaline gels were stained for 2 to 3 h in 1
Mg/ml ethidium bromide in neutralization solution. Stained gels were
photographed.

DNA samples (3 ^g) to be used for Southern blotting analysis were
digested with EcoRI (GIBCO-BRL). Digested DNA samples were
electrophoresed at 40 V for 24 h in neutral or alkaline agarose gels.
Thereafter, the gels were depurinated for 10 min with 0.25 N HC1,
denatured (this step was omitted for alkaline gels), neutralized, and
capillary blotted on nitrocellulose filters (Schleicher & Schuell). Hy
bridization was performed as reported elsewhere (16). Stringency
washes were at 65"C for 20 min with 2x, Ix, and 0. Ix sodium saline

citrate (0.15 M sodium chloride. 0.015 M sodium citrate), O.lx sodium
dodecyl sulfate. Autoradiograms were exposed with enhancer screens
(Dupont Cronex) at -70Â°C for 1 to 2 days in the case of neutral

electrophoresis and for 4 to 8 days in the case of alkaline electropho
resis. The probe used was a 322-base pair Alu\-Clal fragment of MYC
exon 3. The exon 3 region homologous to the probe is indicated in Fig.
1.

Densitometric Scanning of Autoradiograms. Densitometric readings
were done with a LKB 2202 recording integrator. Filters were rehybri-
dized with a probe (Kc) homologous to the immunoglobulin Â«,-light
constant region gene (17). This probe gives a band of 2.5 kilobases
when hybridized with human DNA digested with EcoRI. The density
of this band was measured and used as reference to estimate the amount
of DNA per sample. Silent genes are known to be resistant to BLM
damage (18, 19). Moreover, DNA fragments shorter than 2 kilobases
show almost no degradation with BLM doses equivalent to those used
in this report.5 Therefore, it is assumed that the frequency of DNA
breaks induced by BLM in a 2.5-kilobase fragment corresponding to a
silent /i-gene will be negligible.

The percentage of intensity with respect to controls (DNA samples
not treated with BLM) of MYC bands from BLM-treated DNA samples
was estimated as follows:

where A = percentage of band intensity with respect to control of a
given MYC band; A, = density of a given MYC band; C, = density of
the control MYC band (COLO320HSR or COLO320DM); Kc =
density of the Â«-constantgene band in the same lane in which the
density of a given MYC band is analyzed, and C2 = density of the K-
constant gene band in the control DNA lane. The second term in the
above equation has been introduced to correct the relative densitometric
values of MYC bands arising from methodological variations (i.e.,
intersample variation in the amount of DNA or Â¡merlanevariations in
the efficiency of M YC transfer to filters). In three different experiments
the second term of the equation ranged from 0.9 to 1.1, indicating that
variations in A values of methodological origin do not exceed Â±10%.

Cell Membrane Permeabilization. The procedure for cell membrane
permeabilization was as follows (20). Cultures were washed twice with
phosphate-buffered saline and then overlaid with 10 HIMTris-HCl, pH
8, 100 muÃNaCl, 10 min EDTA. The cells were detached by one cycle
of freezing and thawing, resuspended in culture medium at a concen
tration of IO6cells/ml, and treated with BLM for 15 min. More than

90% of permeabilized cells allowed the passage of trypan blue through
the membrane.

RESULTS

BLM Damage and Repair in Total DNA Analyzed by Alkaline
Unwinding. After 15-min pulse treatment with BLM concentra
tions ranging from 0 to 160 Mg/ml, the amount of dsDNA
decreased in both cell lines in a dose-dependent manner, indi
cating a progressive accumulation of ssDNA scissions. The
shape of the dose-response curves was similar in the six exper
iments performed. Therefore, one typical curve for each cell
line is used to illustrate the BLM effect (Fig. 2). When BLM
(20 Mg/ml) was washed out and the cells were allowed to repair
the damage, the amount of dsDNA started to increase at 2.5
min, to reach values equivalent to 80 and 92% of control values
at 30 and 120 min. respectively (Fig. 3). Both cell lines showed
the same kinetics of DNA repair.

BLM Damage and Repair in Total DNA Analyzed by Neutral
and Alkaline Gel Electrophoresis. Additional information on
the induction of DNA damage by BLM and the efficiency of

0.3 -

0.2

COLO 320 HSR

COLO 320 DM

BLM >i4/ml

' N. O. Bianchi, unpublished data.

015 W

Fig. 2. Alkaline unwinding. Typical dose-response curve of DNA damage by
BLM. Ordinate, relative mass of dsDNA.
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Fig. 3. Kinetics of DNA repair in COLO320HSR (A) and in COLO320DM
(B) cells. Ordinales, relative mass of dsDNA. Abscissas, time of repair in minutes.
C and BLM. the amount of dsDNA at the beginning and at the end of the 15-
min pulse treatment with BLM, respectively.

repair was obtained by using electrophoresis of undigested
DNA.

DNA degradation produces a downward displacement of the
DNA smear in BLM-treated samples, with respect to the origin
of the smear in untreated control DNA samples. Moreover, if
the DNA nicks are repaired, the upper margin of the smears is
shifted upwards to a position closer to, or even similar to, that
of control samples.

COLO320HSR and DM cells were treated with BLM doses
ranging from 0 to 1000 Mg/ml and the total DNA was run in
neutral electrophoresis to detect double-strand breaks. At high
concentrations, BLM produced a moderate DNA degradation
in both cell lines, as indicated by the slight downward displace
ment of the smears with respect to control smears (Fig. 4, -).
The inability to repair these double-strand breaks was evidenced
by the persistence of downward shifted, DNA smears after 30
min of repair (Fig. 4 +). Fig. 4 shows a ladder of bands of low
molecular weight at the bottom of all lanes corresponding to
30-min repair. These bands have been reported to result from
BLM selective damage to internucleosomal DNA (18), with the
formation of families of fragments corresponding in size to
monomers, dimers, and multimers of the DNA wrapped in the
nucleosomes. Surprisingly, the nucleosomal bands appeared in
the samples that were pulse treated with BLM and allowed 30
min of repair but not in the DNA samples collected after 15-
min BLM damage (Fig. 4). Other authors (18, 21) have induced
nucleosomal bands with long term (0.5-2.5 h) BLM treatments.

DM
100 500 1000

+ - +

Fig. 4. Neutral electrophoresis of undigested cellular DNA. HSR and DM, the
cellular origin of DNA samples. BLM doses are in Mg/ml. - and +, no repair and
30-min repair, respectively.

B LM 0 20
HSR

1 00 500 1000 20

DM

100 500 1000

lililÃ!
Fig. 5. Alkaline gel eleclrophoresis of undigested cellular DNA. HSR and

DM, the origin of DNA samples. BLM doses are in fig/ml. - and +. no repair
and 30-min repair, respectively.

We have recently found that BLM produces extensive DNA
damage during the first 15 min of action. Thereafter, DNA
repair and inactivation of BLM prevent further damage to the
cellular DNA (22). Accordingly, our present results, as well as
those involving long term BLM treatments, seem to indicate
that the combination of DNA damage and repair is necessary
for the nucleosomal bands to be seen in neutral gel electropho
resis.

A marked DNA degradation, characterized by a progressive
downward displacement of DNA smears with high BLM doses,
was observed in alkaline gel electrophoresis. This degradation
was more evident for COLO320HSR than for COLO320DM
samples, indicating that the DNA of the former cells was more
sensitive to single-strand breakage (Fig. 5). After 30-min repair,
both cell lines showed a marked upward displacement of the
DNA smears, indicating a good capability of repairing ssDNA
scissions even at the highest BLM doses (Fig. 5).

BLM Damage and Repair in the Domain of MYC Genes
Analyzed by Southern Blotting. In Southern blots from neutral
gels, the 13.5- and 9.5-kilobase bands showed a clear decrease
of intensity (low A values) at BLM doses of 500 and 1000 ÃŸg/
ml (Fig. 6, Table 1). The sensitivity to double-strand breaks was
higher for HSR than for DM MYC domains, as evidenced by
the lower A values shown by the former MYC fragments (Fig.
6, Table 1). The persistence of low band densities after 30-min
repair (Fig. 6, Table 1) illustrates the lack of capability of
COLO320 cells to repair double-strand nicks in the MYC genes.

In Southern blotting analysis using alkaline gels, the 9.5-
kilobase band from COLO320HSR DNA samples showed a
density too low to permit reliable densitometric readings.
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HSR
BLM 0 100 500 1000 'o 100

E3

DM
500 1000 |ig/ml

Kc Â«â€¢â€¢-'"filili
Fig. 6. Southern blotting of fcoRI-digested DNA (3 >ig)electrophoresed in

neutral buffer. Hybridization was with a MYC probe (E3) homologous to exon 3
of the gene. The autoradiogram was exposed for 24 h. Filters were thereafter
reprobed with a Â«-constantprobe homologous to the immunoglobulin light Â».-
constant gene and the autoradiogram was exposed for 7 days. HSR and DM, the
origin of DNA samples. - and +, no repair and 30-min repair, respectively.

Table 1 Percentage of band density relative to control (A values) in BLM-treated
DNA samples analyzed by neutral gel electrophoresis and probed with a MYC

probe

COLO320HSRNormalRe

arrangedCOL0320DMNormalRearrangedBLM

(â€žg/ml) + + ++0

100500

1000100

100
70
621007261100

100
76
41100

7639100
100
88871008688100

100
88841008281

' â€”¿�,no repair; +, 30-min repair.

BLM 0 100
HSR
500 1000 ' 0 100 DM

500 1000 >jg/ml

*

Fig. 7. Southern blotting of Â£coRI-digested DNA (3 Mg/ml) electrophoresed
in alkaline buffer. Hybridization was with a MYC probe (E3), and autoradiogram
exposure was 7 days. HSR and DM, the origin of DNA samples. - and +, no
repair and 30-min repair, respectively. Upper bands, 13.5-kilobase; lower bands,
9.5-kilobase MYC fragment.

Table 2 Percentage of band density relative to control (A values) in BLM-treated
DNA samples analyzed by alkaline gel electrophoresis and probed with a MYC

probe

COLO320HSR,
Normal

COLO320DM

Normal Rearranged

BLM (jig/ml)

010050010001006137321009246100426g6770681009030181039889

" â€”¿�,no repair; +, 30-min repair.

Therefore, the analysis was restricted to 13.5-kilobase frag
ments from both cell lines and to 9.5-kilobase fragments from
COLO320DM samples. The density of the 13.5- and 9.5-
kilobase bands decreased in direct correlation with the BLM
dose (Fig. 7, Table 2). At doses of 500 and 1000 ^g/ml BLM,
the A value of the 13.5-kilobase bands from COLO320DM
samples was only 6 and 8%, respectively, indicating that almost
all ssDNA fragments were nicked. Fig. 7 and Table 2 also show
that at equivalent BLM doses the densities of the 13.5-kilobase
bands were lower in COLO320HSR than in COLO320DM
samples. This shows a higher sensitivity to the induction of
single-strand breaks in normal MYC domains from
COLO320DM cells. DNA samples from COLO320DM cells

also showed that the decrease of density in 13.5-kilobase frag
ments was more marked than that observed in 9.5-kilobase
fragments (Fig. 7, Table 2). This phenomenon can be ascribed
to the higher probability of longer DNA fragments to become
degraded by BLM.

After 30 min of repair, the recovery in band density was good
for both cell lines at BLM doses of 100 and 500 Â¿Â¿g/ml.At the
highest BLM dose, COLO320DM cells seemed to repair MYC
domains more efficiently than COLO320HSR cells (Fig. 7,
Table 2).

BLM Damage to the DNA of Intact and Permeabilized Cells.
Some other factors related to the cellular action of BLM should
be considered in the interpretation of our results. BLMs are
compounds of high molecular weight. Therefore, the permea
bility of the cell membrane to BLM could perhaps play a role
in the differences in drug sensitivity between COLO320 cell
lines. We explored this possibility by permeabilizing the cell
membrane by the freeze-thawing procedure (20). Intact and
permeabilized cells were treated with 20, 100, and 500 Mg/ml
BLM for 15 min and the genomic DNA was analyzed by neutral
and alkaline electrophoresis. No difference in DNA sensitivity
between the two types of cells was detected (Fig. 8), indicating
that the membrane permeability to BLM has little or no influ
ence on our results.

DISCUSSION

Our results on the response to BLM of the genomic DNA of
COLO320HSR and DM cells can be summarized as follows.
Total DNA from both cell lines showed the same frequency of
BLM-induced double-strand breakages. On the other hand, the
MYC domains from COLO320HSR cells exhibited a higher
incidence of double-strand nicks than the MYC domains from
COLO320DM cells. No repair of double-strand breaks could
be detected. Total cellular DNA from COLO320HSR was more
susceptible to single-strand breakage than COLO320DM
DNA. Conversely, at the gene level, the COLO320DM MYC
domains exhibited a higher frequency of single-strand nicks
than MYC domains from COLO320HSR cells. Although

B LM

Fig. 8. Response to BLM (doses are in Mg/ml) of COLO320HSR cells with
intact (/) or permeabilized (p) membranes. Alkaline gel electrophoresis of undi
gested DNA.
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both cell lines were able to repair the single-strand nicks, vation are poorly known. Therefore, differential kinetics of
the COLO320DM cells were more efficient than the
COLO320HSR in closing the gaps occurring in the domain of
MYC genes.

The above data suggest a poor correlation between events
such as the sensitivity to BLM of total cellular DNA relative to
that of individual MYC gene domains or the frequency of
double-strand versus single-strand breaks. This independent
occurrence of phenomena that might be expected to be related
raises the question of whether the variability found is of meth
odological origin or whether it has biological significance. Three
experiments involving BLM treatments of three different
COLO320HSR and DM cell populations produced similar
results. Such a coincidence of data is unlikely to arise at random.
Therefore, we suggest that our data reflect the cellular response
to BLM.

Several lines of evidence indicate that the organization of the
chromatin fibril influences the effect of BLM on the cellular
DNA. Thus, for instance, internucleosomal regions are more
sensitive to BLM than nucleosomal DNA (21) (Fig. 3 of this
study). Moreover, changes in the structure of the chromatin
induced by hyperthermia or by calmodulin inhibitors modify
the extent of the BLM-induced DNA degradation (23). On the
other hand, transcriptionally active genes are much more sen
sitive to BLM than silent ones (18, 19). Accordingly, variations
in the chromatin organization between COLO320HSR and
DM cells may have an important bearing on the differences in
response of the cellular DNA to BLM. This may be mainly so
for MYC domains. In the COLO320DM cells the MYC ampli-
cons are organized as double-minute chromosomes. Conversely,
in COLO320HSR cells the amplified domains occur as homo
geneously staining regions in a marker chromosome. This dif
ference at the cytogenetic level also suggests a different molec
ular architecture of the MYC amplicons that may influence the
accessibility of the BLM and repair enzymes to the DNA,
producing the variation in the DNA damage and repair we
detect in HSR and DM MYC domains. Further studies with
other cell lines having gene amplification will serve to clarify
whether the different responses to BLM of COLO320DM and
COLO320HSR chromatin are peculiar to these cell strains or
are characteristic of genes on double-minute chromosomes or
homogeneously staining regions.

We report here that BLM induces more dsDNA scissions in
HSR MYC fragments and more ssDNA nicks in DM MYC
domains. This different sensitivity to double-strand and single-
strand breaks may seem paradoxical if we assume that double-
strand breaks result from single-strand breaks close to each
other in the two complementary DNA strands. Data in the
literature, however, suggest otherwise. Lloyd et al. (24) have
found that the frequency of double-strand nicks in circular PM2
DNA treated with BLM is too high to occur by the simple
accumulation of single-strand scissions at random sites of the
genome. Moreover, these authors also found that double-strand
breaks do not appear at random but at specific sites in the DNA
molecule. To explain the DNA damage by BLM, it has been
proposed that monomer molecular species of this compound
react with the DNA to produce single-strand breaks, whereas
dinier BLM species generate double-strand scissions. A differ
ent structural organization of a gene domain in different cell
populations may influence the accessibility to the DNA of
monomer and dimer BLM moieties, thus generating the varia
tion in sensitivity to single-strand and double-strand breaks
between HSR and DM MYC domains.

The mechanisms and kinetics of intracellular BLM inacti-

intracellular BLM elimination or inactivation between
COLO320HSR and COLO320DM cells should be taken into
account in the interpretation of our repair data. The intracel
lular persistence of active BLM molecules after the elimination
of the drug from the cell environment may induce sustained
DNA damage, which could be interpreted as deficient DNA
repair. Our results with alkaline unwinding show an active
DNA repair 2.5 min after the discontinuation of BLM treat
ments and similar kinetics of repair in both cell lines. Therefore,
the poor repair observed at high BLM doses in the domain of
HSR MYC genes should probably be interpreted as (a) deficient
mending of ssDNA scissions or (b) selective persistence of
active BLM molecules intercalated in the HSR MYC domains.
The demonstration that UV lesions can be differentially re
paired in different regions of a gene domain (1,6, 25) or in the
transcribed and nontranscribed strands of an active gene (4)
favor the first assumption.

The variable sensitivity to BLM of MYC genes from
COLO320HSR and COLO320DM cells is probably a phenom
enon specific for BLM, not necessarily reflecting the gene
sensitivity to other DNA-damaging agents. Conversely, the
different efficiency of repair of HSR and DM MYC domains
very likely illustrates the cell response to any agent inducing
DNA base damage or strand scission (i.e., ionizing radiation,
BLM, neocarzinostatin, etc.). A deficient repair in a given gene
domain may be one of the causes giving rise to mutations and
gene rearrangements. Therefore, we plan to extend these studies
to other genes and to in vivo cell populations (i.e., normal and
leukemic lymphocytes and granulocytes) to gain a better under
standing of the mechanisms generating gene damage and cell
transformation.
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