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Abstract. The role of variation in susceptibility to DNA
damage induction was studied as a determinant for cellular
radiosensitivity. Comparison of the radiosensitive HX142 and
radioresistant RT112 cell lines previously revealed higher
susceptibility to X-ray-induced DNA damage in the sensitive
cell line using non-denaturing elution, but not when using
alkaline unwinding. The present data also show that no
difference in the amount of initial damage is seen when
pulsed-® eld gel electrophoresis (PFGE) or comet analysis are
used for DNA damage assessment. However, using the halo
assay or a modi® ed version of PFGE in which the higher DNA
architecture remained partially intact, the radiosensitive cells
showed steeper dose-response curves for initial DNA damage
than the radioresistant cells. Analysis of the protein composi-
tion of DNA ± nucleoid structures revealed substantial differ-
ences when isolated from HX142 or RT112 cells. From our data,
it is concluded that HX142 and RT112 differ in their structural
organization of chromatin. As no differences in the kinetics of
DNA damage rejoining were found, it is hypothesized that the
same amount of lesions have a different impact in the two cell
lines in that the p̀resentation’ of DNA damage alters the ratio of
repairable to non-repairable DNA damage.

1. Introduction

Variations in radiosensitivity amongst cell lines
have often been related to differences in the
capacity of cells to repair DNA damage caused by
ionizing radiation (Frankenberg-Schwager 1989,
Olive et al. 1994, Zdzienicka 1995). However,
these and other investigators have often observed
no difference in DNA damage rejoining among
various tumour cell types, despite large differences
in radiosensitivity (Smeets et al. 1993, Olive et al.
1994).

Variations in the susceptibility of DNA to
damage by ionizing radiation have also been pro-
posed as a determinant of cellular radiosensitivity.
Using the non-denaturing elution technique

(NDE assay) several authors showed correlations
between radiosensitivity and the amount of initial
DNA damage detected (Radford 1986, McMillan
et al. 1990). One of the explanations for the
observed variations between cell lines in detected
DNA damage may be differences in intracellular
scavenger concentration. However, this is unlikely
since it would require considerable differences in
scavenger concentration in the close vicinity of the
DNA (Ward 1990). Alternatively, variations in
chromatin structure between cell lines have been
proposed as being responsible for differences in
the induction of DNA damage (O live et al. 1986,
Jorgensen et al. 1990, Ward, 1990, Ljungman,
1991, Schwartz et al. 1993).

Differences in chromatin structure have not only
been related to differences in induction of DNA
damage but also directly to differences in cellular
radiosensitivity (Gordon et al. 1990, Lynch et al.
1991, Malyapa et al. 1994, 1996). M easuring light
scattering from individual nucleoids within a ¯ ow
cytometer, Gordon et al. (1990) and Lynch et al.
(1991) both found a decreased condensation
(increased relaxation) of supercoiled DNA from
radiosensitive cells compared to radioresistant
cells. Also a higher resistance to detergent-induced
degradation of the DNA ± protein matrix was
found for the resistant cells (Gordon et al. 1990).
Using the halo assay, Malyapa et al. (1994, 1996)
found that the degree of inhibition of loop rewind-
ing was greater in radiosensitive cells compared to
resistant cells, which inversely correlated with the
clonogenic survival of these cells after exposure to
ionizing radiation. The latter results, however, are
inconclusive in terms of whether differences in
chromatin structure have led to an altered induc-
tion of lesions in DNA or whether these have
caused an altered detectability of the same
number of lesions in the DNA.

To investigate in more detail the role of
chromatin structure as cause for differences in
cellular radiosensitivity, a radiosensitive and a
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radioresistant human tumour cell line were used
that showed variations in the rate of elution measured
with the NDE that were related to their differences
in radiosensitivity (Peacock et al. 1989, McMillan
et al. 1990). The rate of elution is presumed to be
proportional to the amount of DNA double-strand
breaks induced; therefore, these data suggest that
the difference in sensitivity to ionizing radiation
between these two cell lines is caused by a dissim-
ilar amount of initial DNA damage. However, when
alkaline unwinding (measuring strand breaks and
alkali-labile sites) was used, the same induction of
DNA damage was detected in both cell lines
(Woudstra et al. 1996). The same result was observed
with the pulsed ® eld gel electrophoresis assay,
measuring double-strand breaks only (Woudstra
et al. 1996). However, another study did reveal
differences between these two cell lines using the
same assay (Whitaker et al. 1995). Since it has been
suggested that the double-strand break measure-
ments by the NDE assay are strongly in¯ uenced
by features of chromatin structure (O live et al.
1992, 1994), we previously proposed that `DNA
damage presentation’ is different for the two cell
lines, affecting the detectibility of DNA lesions in
some assays (Woudstra et al. 1996), which can also
be related to cellular radiosensitivity. This hypoth-
esis was further explored in the current study in
which irradiation of intact cells was followed by
differential preparation of the DNA/chromatin.
These fractions were subsequently analysed in
different assays for the amount of detectable
DNA lesions.

2. Materials and methods

2.1. Cell culturing procedures

Two human tumour cell lines were used in this
study. HX142, a neuroblastoma cell line being
more sensitive to ionizing radiation than RT112,
a bladder carcinoma cell line (Peacock et al. 1989).
Surviving fraction at 2 Gy (SF2) for HX142 = 0.09
and for RT112 SF2 = 0.70. Cells were exponentially
grown at 37ÊC as a monolayer in Costar plastic ¯ asks
containing Ham’s F12 medium supplemented with
10% foetal calf serum (all Life Technologies). Cell-
cycle distribution was measured by ¯ ow cytometry
and was similar for both cell lines (the percentage
of cells in G1/S/G2M was 55/26/19%). Cells were
incubated in an atmosphere of 3% O2, 5% CO2,
and 92% N2. All our standard laboratory chemicals
were purchased from Sigma Chemical Co. (St Louis,
MO, USA) or Merck (Darmstadt, Germany).

2.2. Irradiations

Cells were trypsinized, after which the trypsin
was neutralized with medium. After centrifugation
(5 min at 150 g), the cells were resuspended in
fresh complete medium at 10

6
cells/ml for the

halo and PFGE assay or 5 ´ 10
4

cells/ml for the
comet assay. Irradiations were performed on ice
using a Philips ± Muller MG 300 X-ray machine,
operating at 200 kV and 15 mA at a dose rate of
5 Gy/min. The dosimetry was performed with an
ionization chamber (Philips 37489/10) calibrated
with a

90
Sr source (Philips XL 2011/00).

2.3. Alkaline comet assay

Fresh complete medium (5 ´ 10
4

cells/m l) were
irradiated on ice. For analysis of DNA repair,
cells were allowed to repair damage after irradia-
tion by incubation at 37ÊC. Following irradiation
and repair, cells were resuspended in ice-cold
phosphate-buffered saline (PBS; pH 7.4). Starfrost
microscope slides were pretreated with a thin layer
of 0.5% low melting point (LMP) agarose (Bio-
Rad) in PBS at 37ÊC. Of LMP agarose (1% in PBS)
at 37ÊC, 1.5 ml was added to a tube containing
0.5 ml cold cell suspension and quickly pipetted
onto the pretreated microscope slide. The slides
were covered with a thin layer of 0.5% LMP
agarose and then positioned on an ice-cold surface
for 2 min.

The slides were placed in an ice-cold high salt/
alkali lysing solution (1 M NaCl, 0.03 M NaOH,
0.1% sarkosyl) for 1 h at room temperature then
rinsed in an ice-cold solution of 0.03 M NaOH and
1 m M EDTA (1 h at room temperature), before
transfer to a horizontal gel electrophoresis apparatus.
Slides were covered with 0.03 M NaOH and 1 mM

EDTA and exposed to 1 V/cm for 20 min. Follow-
ing electrophoresis, slides were rinsed in distilled
water (20 min) and stained at room temperature
with propidium iodide (2.5 l g/ml in H2O) for
10 min in the dark. After staining, slides were
kept in a humidi® ed box to protect the gels from
shrinkage until the slides were viewed and ana-
lysed within 24 h.

Individual cells were viewed using a ¯ uorescence
microscope (Olympus IMT-2) attached to a sensitive
silicon-intensi® ed tube (SIT-66) camera (DAGE,
MTI Inc.) connected to a digital signal, remote-
control processor (DSP 100: DAGE) and a CUE II
image analysis system (Olympus). Slides were illu-
minated with green light from a 100-W mercury
source.
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Images were selected randomly (40 ± 100 images
for each dose/repair point). Overlapping comets
were excluded from analysis. Gain- and black-level
settings were held constant throughout the entire
measurement.

Using the protocol of Olive and coworkers
(1990), we found that tails appeared in non-
irradiated samples and that only a weak radiation
dose-dependency for tail formation was obtained
(data not shown). By adding 0.1% sarkosyl to
the lysis solution, tail formation in untreated
samples was reduced to a minimum, whilst
there was a good dose ± response. Furthermore,
more reproducible data were obtained when
after cell lysis the slides were rinsed in NaOH/
EDTA rather than in water. Finally, optimal electro-
phoresis conditions for comet analysis were found
at 1 V/cm for 20 min.

For quanti® cation, we used the analysis of Kent
et al. (1995). In this analysis, the total comet
moment is de® ned as the product of the amount
of DNA at distance n and the distance migrated,
summed for 100 intervals of n (where n is the
distance from the centre of mass of the head,
divided by the total amount of DNA). Thus for
this type of analysis, identi® cation of separate head
and tail regions is not required.

2.4. Halo assay

DNA loop-size was measured using the ¯ uorescent
halo technique of Roti Roti and Wright (1987).
Cells were trypsinized, neutralized, centrifuged
for 5 min at 150 g and resuspended in PBS to
a concentration of 10

6
cells/ml followed by irra-

diation on ice. Cell suspensions were diluted 10
times in PBS to yield 105 cells/ml. For repair
studies, 10

6
cells/ml medium were irradiated on

ice (12 Gy) followed by incubation at 37ÊC for 15
or 30 min. After repair cells were resuspended to a
concentration of 10

5
cells/ml PBS. Cells (100 l l)

were lysed on ice on poly-L-lysine-pretreated, four-
well Lab-Tek slides (Nunc) by dilution into the
dye-lysis solution (1:1 in 2 M NaCl, 10 mM EDTA,
2 mM TRis pH 8.0, 0.5% TRiton X-100 plus two times
the desired propidium iodide [PI] concentration).
After lysis the individual nucleoids were visualized
as halos by illumination with green light from a
100-W mercury source and halo areas were mea-
sured by the image analysis system described
above. Images (50 ± 100) were analysed per PI point
to obtain total halo areas and core areas. From these
DNA loop sizes (2 ´ radiustota l halo - radiuscore)
were calculated.

2.5. Pulsed-® eld gel electrophoresis assay

The CHEF gel electrophoresis was used described
by BloÈ cher et al. (1989) using the detection
method described by Rosemann et al. (1993).
About 2 ´ 10

7
cells/ml culture medium were

mixed with an equal volume of 1% LMP agarose
(Bio-Rad) in PBS at 37ÊC. Plugs were formed by
pipetting 35 l l of this m ixture into a Bio-Rad plug
mould. After 15 min gelation at 4ÊC, the plugs
were placed in Eppendorf vials containing fresh
medium and put on ice for irradiation. After
irradiation, the embedded cells were processed
either by standard SDS-proteinase K treatment
(protocol A) or using a triton X-100/2M NaCl
extraction procedure sim ilar to that used for the
halo assay (protocol B). Protocol A involves lysing
the cells in a solution of 2% sarkosyl, 0.5 m g/ml
proteinase K (Sigma, cat. no. P-0390) and 500 mM

EDTA (pH 7.6) in PBS (2 h 0ÊC + 16 h 37ÊC).
Next, the plugs are washed twice with PBS and
treated for 1 h with RNAse A (0.2 mg/ml in PBS;
Sigma, cat. no. R-5000) at 37ÊC. Protocol B
involves high salt lysis in 2 M NaCl, 10 m M EDTA,
2 m M tris pH 8.0, 0.5% triton X-100) for 2 h at 0ÊC.

Next, for both protocols, the plugs were washed
twice with TBE (45 m M tris ± base, 45 mM boric acid,
2 m M EDTA, pH 8.2) and inserted into the wells of
a 0.5% agarose gel (Bio-Rad, Chromosomal
Grade).

CHEF electrophoresis was carried out at 14ÊC
using a Bio-Rad DR-II system in TBE buffer at 40 V
for 25 h using a switching interval of 75 min. After
staining with ethidium bromide, the fraction of
DNA migrating from the plug into the lane
(% DNA extracted; % DNAextr) was measured
using an UV-transilluminator (312 nm) and image
analysis as previously described (Rosemann et al.
1993).

2.6. Nucleoid protein pattern

Nucleoids were prepared as previously described
(Kampinga et al. 1989). Ten million cells in 7.5 ml
PBS were 1:1 diluted with lysis buffer (2 M NaCl,
10 mM EDTA, 2 mM TRis, pH 8.0, 0.5% TRiton X-100).
After 15 min on ice the material was spun down for
20 min at 15,000 g. The resulting pellet was resus-
pended in 50 l l TNMP (10 mM tris-HCl, pH 7.4,
10 m M NaCl, 5 m M MgCl2, 0.1 mM phenylmethyl-
sulphonyl¯ uoride [PM SF]) and digested with
DNase I (stock: 5 mg/ml; 12.5 l g/106 cells) for
15 min at 37ÊC. Samples were diluted 1:1 with
SDS-gel loading buffer (2 ´ ) after which 15 l l of
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the samples were loaded on a 10% SDS-polyacryl-
amide gel. After electrophoresis at 12 mA over-
night, the gels were ® xed for 1 h (MeOH/acetic
acid/H2O [5:1:4 v/v]), stained with coomassie
brilliant blue (0.25 g coomassie brilliant blue;
0.25 g CuSO4; 50 ml acetic acid; 62.5 ml MeOH;
137.5 ml H2O) for 1 h and destained in MeOH/
H2O (1:4) for several hours.

3. Results

Neutral elution studies had revealed that the
radiosensitive HX142 cells showed higher elution
rates after irradiation compared to the radio-
resistant RT112 cells (McMillan et al. 1990). Such
differences were interpreted to suggest that
HX142 cells suffered more initial DNA damage
than RT112 cells for a given dose of X-rays. How-
ever using PFGE as well as alkaline unwinding we
were unable to detect any differences in initial
DNA damage between these two cell lines
(Woudstra et al. 1996). To obtain a better insight
in these apparent controversies we therefore
pursued these studies using two other methods
for DNA damage detection.

3.1. Comet studies

In the tumour cell lines used in our study, a
slightly modi® ed protocol described by Olive et al.
(1990) was used as described in §2. Damage after
doses as low as 2 Gy was detectable and a linear
increase in comet moment was observed up to
15 Gy for both cell lines (Figure 1a). It is clear
from Figure 1a that there are no detectable differ-
ences in the amounts of radiation-induced
damage: although the curve for HX142 lies con-
sistently above the curve for RT112, the slopes of
the induction curves were not found to differ
signi® cantly (4 .76 ±0.44 for HX142 versus
4.80 ±0.20 u/Gy for RT112).

When cells were reincubated at 37ÊC after
5 Gy of X-irradiation and before comet analysis,
70 ± 80% of the damage was found to be
repaired within 30 min (Figure 1b). Repair kinetics
were indistinguishable for HX142 and RT112 cells.
Similar data were obtained for 10 Gy of X-irradiation
(data not shown). There was no evidence for
radioresistant or sensitive subpopulations (data
not shown).

These data are in agreement with our PFGE and
alkaline unwinding data (Woudstra et al. 1996),

but again apparently contrasting to observations
with the non-denaturing elution technique, where
more DNA damage was detected in the sensitive
cell line HX142 (McMillan et al. 1990).
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Figure 1. DNA damage induction and repair as measured with the
comet assay in HX142 and RT112 cells. RT112 (triangles)
and HX142 (circles) were irradiated with graded doses
of X-rays and comets were prepared as described in §2.
Mean ±SEM of at least three independent experiments
are given. In each experiment, 50 ± 100 comets were
analysed per dose point. (A) Images were analysed and
comet moment analysis was performed immediately
after irradiation. The slopes for the induction curves
are: HX142 4.76 ±0.44; and RT112 4.80 ±0.20 u/Gy.
(B) Im ages were analysed and comet moment analysis
was performed after 5 Gy X-rays followed by 0 ± 60 min
at 37ÊC. The percentage of DNA dam age remaining
(as tail moment) is expressed relative to the percen-
tage dam age without repair (100%) after subtraction
of the unirradiated control level and plotted versus the
repair time (min).



3.2. Halo studies

The halo assay, as developed by Roti Roti and
Wright (1987), is based on the ability of the
intercalating dye (propidium iodide) to cause
dose-dependent unwinding and rewinding of
DNA loops attached to a residual nuclear protein
network, often referred to as the nuclear matrix.
In eukaryotic cells DNA is packed via nucleosomes
and solenoids in supercoiled loops attached to the
nuclear protein matrix (Berezney 1991, Jackson
et al. 1992). Using triton X-100/high salt extrac-
tion procedures and adding the intercalating dye
propidium iodide, the unwound DNA supercoiled
loops extruding from the nuclear matrix become
visible as a ¯ uorescent halo (Vogelstein et al. 1980,
Roti Roti and Wright 1987). Figure 2A and B shows
that increasing PI concentrations (causing the
DNA loops to unwind) lead to larger halo sizes
up to 5 l g PI/ml, when the nucleoids of both cell
lines showed maximum loop sizes (relaxation
point). Above 5 l g PI/ml the loop sizes of both
cell lines decreased due to the rewinding of the
DNA loops. Figure 2 reveals, moreover, that HX142
cells have larger loop sizes compared to RT112 cells.

Radiation-induced DNA strand breaks were
shown to interfere with DNA rewinding in a
dose-dependent manner (Roti Roti and Wright
1987, Kampinga et al. 1989). For each dose of
radiation (3 ± 12 Gy; Figure 2A and B) loss of
rewinding was more extensive in HX142 cells
than in RT112 cells. To quantify this effect, the
parameter of excess halo size (calculated by adding
up the halo areas of non-irradiated cells of the PI
concentrations >5 l g/ml and subtracting this
number from the overall halo area >5 l g PI/ml of
the irradiated cells) was used (Roti Roti and Wright
1987). Plotting this parameter as a function of the
radiation dose reveals that the slope of the induction
curve is steeper for HX142 cells (143.2 ±15.2 than
for RT112 cells (85.9± 7.9 l m

2
/Gy), p < 0.0001)

(Figure 2C).
Following repair of the DNA damage after irra-

diation of 12 Gy of X-rays (30-min incubation at
37ÊC), roughly 10% of the initial damage remained
in both cell lines (Figure 2D). No differences
could be observed in the repair kinetics of the
two cell lines by means of this assay.

3.3. PFGE studies: effect of cell lysis conditions

Thus far three assays (PFGE, alkaline unwinding
[Woudstra et al. 1996] and comet [this study]) do

not reveal differences between HX142 and RT112
cells in the amount of DNA damage detected
immediately after ionizing radiation and two
assays (non-denaturing elution [McMillan et al.
1990] and halo [this study]) do show a difference.
Both the non-denaturing elution and the halo
assay have been shown to be substantially
in¯ uenced by residual chromatin structure after
cell lysis (Kampinga et al. 1989, Olive et al. 1992,
1994). It can be speculated that detected differ-
ences in some assays in the induction of DNA
damage between the two cell lines are due to
chromatin structure differences between the cell
lines.

To investigate this, we modi® ed the cell lysis
procedure for the PFGE assay and compared two
lysis conditions. Cells were irradiated followed by
lysis with either conventional PFGE lysis procedures
(sarkosyl-proteinase K; protocol A) or with the halo
lysis procedure (triton X-100, 2 M NaCl, 2 h 0ÊC;
protocol B), leaving residual DNA ± matrix struc-
tures intact (Figure 3). In contrast to the conven-
tional PFGE lysis (insert) showing identical slopes
for DNA damage induction, the high salt lysis
revealed a higher percentage of DNA extracted
from the radiosensitive HX142 cells compared to
the RT112 cells. The data obtained with this lysis
method had a large scattering in the absolute
percentage of DNA extracted as only a minor
fraction (<2%) of the DNA was extracted at
doses as high as 100 Gy² . However, all individual
experiments revealed a higher percentage of
DNA extracted for HX142 compared to RT112 cells.
To be able to compare the different experiments,
the percentage DNA extracted after 400 Gy X-rays
(HX142 cells) in every test was adjusted to 100%
and the data were plotted relative to the 400 Gy
data. The slopes of the induction curves are sig-
ni® cantly different (0.24 ±0.03 u/Gy for HX142
and 0.08 ±0.01 u/Gy for RT112, p < 0.01).

These data again indicate that the cell lines
might be different in their chromatin structures
and that these structure differences affect the
detectability of the damage.
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DNA ± matrix-loop interactions remain completely intact and
that there are indeed about 100,000 loops per cell with a
mean loop size of 100 kb (as suggested in the literature), one
can calculate that in order to release 1% of DNA (1000 of such
loops, each loop requiring two double-strand breaks for its
release) 2000 double-strand breaks are needed. As the
assumed double-strand break frequency is around 20/Gy/
cell, this means 100 Gy is needed to release only 1% DNA.



3.4. Nucleoid protein isolation

The DNA is bound to the nuclear protein matrix
via as yet unknown proteins. One possible expla-
nation for the differences in chromatin structures
between the two cell lines could be a variation in
the stability of matrix-proteins ± DNA interactions.
Therefore the protein compositions of the halos
(nucleoids) of both human tumour cell lines were

compared using protocols previously described
(Kampinga et al. 1989). The nucleoid proteins
were isolated by lysing the cells with the same
high salt lysis buffer as used in the halo assay and
the `modi® ed’ PFGE, which showed differences in
DNA damage induction between the two cell lines.

Figure 4 shows the coomassie brilliant blue
staining of the protein gel. A difference in the
pattern of proteins was seen between the nucleoids
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Figure 2. Full PI, DNA damage induction and DNA repair curves from HX142 and RT112 nucleoids as measured with the halo assay. RT112
(triangles) and HX142 (circles) cells were lysed in dye-lysis solution. Individual nucleoids were visualized as halos and
measured by image analysis. Fifty to 100 images were analysed per PI point to obtain total halo areas and core areas. Halo
sizes (halo radius) and DNA loop sizes (2 ´ (radiustotal halo - radiuscore ) were calculated from the halo areas. Mean ±SEM of
at least three independent experiments are given. (A) Full PI curves for RT112 cells irradiated with increasing dose
(0 ± 12 Gy) of X-rays. Halo sizes are plotted as a function of propidium iodide (PI) concentration. (B) The same as (A) for
HX142 cells. (C) Excess halo area of both cell lines plotted against increasing dose (0 ± 12 Gy) of X-rays. The initial slopes
for the induction curves are: HX142 143.2 ±15.2; and RT112 85.9 ±7 .9 l m

2
/Gy. (D) DNA damage remaining after HX142

and RT112 cells were irradiated with 12 Gy and allowed for 15 and 30-min repair at 37ÊC. The percentage of DNA damage
remaining (as excess halo size) is expressed relative to the percentage damage without repair (100%) and plotted versus the
repair time (min).



isolated from the two cell lines. Several protein
bands found in nucleoids isolated from RT112
cells were not found in those isolated from HX142
cells; these include proteins with a molecular weight
of 61, 58, 52 and 38 kD. There was no change in the
overall pattern of proteins of nucleoids from HX142
and RT112 cells following irradiation. No obvious
differences were seen in the overall protein compo-
sition of whole cell lysates of the two cell lines (data
not shown).

4. Discussion

4.1. DNA damage induction

Comparison of the current data with those

previously published on initial DNA damage
reveals that the alkaline unwinding, PFGE and
comet showed no variations in dose ± response
between the RT112 and HX142 cells, whereas the
NDE, halo and modi® ed PFGE did show a signi® -
cant difference in the dose ± response curves for
initial damage (Table 1).

These combined data, together with the obser-
vation that HX142 cells lack several nucleoid pro-
teins compared to RT112 cells (Figure 4), led us to
propose that not the number of double-strand
breaks per Gy per dalton DNA but rather the
`presentation’ of damage differs between the two
cell lines. The following arguments further sup-
port this hypothesis. In the halo assay, DNA
damage is measured in a residual DNA structure
(loops attached to a protein matrix). The protein
composition of this structure signi® cantly differed
between HX142 cells and RT112 cells. Work of
others also has revealed that for cell lines with
different DNA damage induction curves detected
with the halo assay, a nucleoid protein pattern was
observed in which certain proteins seemed missing
in the radiosensitive cell nucleoids (Malyapa et al.
1994, 1996). Furthermore, when nuclear struc-
tures were preserved in another assay (PFGE) a
steeper DNA damage induction curve was found
for the radiosensitive HX142 cells, while the per-
centages DNA extracted remained the same when
the conventional (more vigorous) lysis procedure
was used in which chromatin structure is not
preserved (Figure 3). So, the extent of cell lysis
may have drastic impact on the outcome of the
PFGE analysis and may (in part) explain why ear-
lier investigations using the same two cell lines did
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Figure 3. Effect of lysis procedures on the dose ± response curve for
initial radiation-induced DNA damag e for HX142 and
RT112 cells measured with the PFGE assay. RT112
(triangles) and HX142 (circles) cells were irradiated
in situ (0 ± 400 Gy). Subsequently they were processed
by conventional lysis/DNA isolation procedures
(insert) or treated with triton X-100, 2 M NaCl for 2 h
to preserve the DNA ± loop-matrix structure. Hereafte r,
the percentage of extracted DNA was analysed as
previously described (Rosemann et al. 1993, Woudstra
et al. 1996). Data are the mean ±SEM of 4 ± 6 indepen-
dent experiments . For the triton X-100/high salt
method, the % extracted DNA was quite low even
after 100 Gy (<1 ± 2%) resulting in a rather large scatter
between individual experiments for the absolute frac-
tion DNA extracted. This low fraction of extracted
DNA is consistent with the induction of 20 double-
strand breaks/Gy in each cell containing a mean total
number of ±100,000 loops of about 100 kb each. For
reasons of comparison we plotted therefore the data
relative to the percentage DNA extracted from HX142
cells after 400 Gy (= 100%). To be consistent, the same
was done for the conventional method in which the data
were plotted relative to the % extracted after 150 Gy in
HX142 cells (data re-analysed from Woudstra et al. 1996).

Figure 4. Protein composition of high salt-insoluble nucleoid
structures isolated from HX142 and RT112. Nucleoids
were isolated according to §2 and nucleoid proteins
were analysed by electrophoresis through a 10% SDS-
polyacrylamide gel. Arrows indicate major protein
bands present in halos prepared from RT112 but
absent in those isolated from HX142. The indicated
numbers represent molecular weight markers.



reveal differences in initial DNA damage (Whitaker
et al. 1995), while we did not (Woudstra et al. 1996,
this study).

Our results should not be confused with those
data showing that chromatin proteins protect
against the induction of lesions, as, for example,
found by step-wise removal of these proteins
before irradiation of these remaining structures
(Ljungman 1991, Warters and Lyons 1992, Oleinick
et al. 1994). In our experiments cells were irra-
diated in situ and the amount of lesions induced in
the DNA (with most [all] proteins removed: PFGE,
AU, comet) was found to be the same.

4.2. Possible causes for the fragile chromatin structure of
HX142

The halo assay revealed a greater inhibition of
DNA loop rewinding in the radiosensitive cell line
after the cells were treated with ionizing radiation.
This loss of DNA supercoiling ability could be due
to differences in the anchorage of the DNA loops
to the nuclear matrix. In case of unstable DNA ±
matrix protein interactions, loss of superhelical
density may not be con ® ned to the radiation
damaged loop only, but may affect neighbouring
loops as well. So, the same amount of DNA damage
may lead to a differen t `presentation’ of the
damage, which is measurable only in some assays
(NDE, halo) which are sensitive to DNA structure.
Similar hypothetical models have been proposed
before (Olive 1992, Schwartz and Vaughan 1993,
Malyapa et al. 1994, 1996).

The proteins involved in DNA ± matrix inter-
actions and responsible for con® nement of
supercoiling within one loop domain are yet
unidenti® ed (Baskin 1995). Only a few proteins
like topoisomerase II (Adachi et al. 1989), attach-
ment region binding protein (ARBP; von Kries
et al. 1991), lam in B1 (LudeÂ rus et al. 1992), and the

120-kD protein SP120 (Tsutsui et al. 1993) have
been proposed but not proven to play a role in
loop ± matrix interaction. Moreover, it is as yet
unclear whether, upon DNA strand breakage,
additional proteins are recruited for possible
stabilization of the damaged loop. It is hard to
determine, therefore, what may have caused the
instability of such interactions after DNA strand
breakage in HX142 cells. Various proteins that
remained in the triton X-100/high salt isolated
nucleoids from RT112 cells were absent in those
isolated from HX142 cells. It is tempting to spec-
ulate that (one of) these proteins are the cause for
differences in stability of the nuclear architecture
of HX142.

In preliminary experiments, we focused on the
~ 38 kD protein that was absent in HX142 nucleoids.
Recently a ~ 37 kD protein was identi® ed as a
nuclear matrix protein involved in binding DNA
via Cu

++
(Oleinick, personnal communication). A

likely candidate for this ~ 38 kD protein could have
been the ~ 37 kD hRad51, the human hom ologue
of E. coli RecA and yeast Rad51, involved in homo-
logous recombination (Benson et al. 1994). How-
ever, hRad51 was not found in nucleoids isolated
from either HX142 or RT112 cells (data not
shown). Cellular extracts of both cell lines did
contain the protein and it seems to be functioning
normally in both our cell lines as its amount was
found to increase with time after irradiation and as
it appeared in distinct foci in nuclei of both
irradiated HX142 and RT112 cells (data not
shown). So, unfortunately the identity of the pro-
teins lacking in nucleoids from HX142 cells and
possible causes for the more fragile chromatin
structure of HX142 cells as yet remain obscure.

4.3. Damage presentation and radiosensitivity

As with all assays used so far no differences in
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Table 1. Sensitivity of HX142 and RT112 to induction of DNA damage by radiation: a comparison of several assays. Indicated are
the surviving fractions after 2 Gy X-rays (SF2), the slopes of induction curves (in relative retention/Gy for NDE; % double-
stranded DNA/Gy for alkaline unwinding (AU); tailmoment/Gy for comet; % DNA extracted/Gy for PFGE and PFGE
(high salt) and the initial slopes of induction curves (in l m

2
excess halo area/Gy for halo, using Y = a + bX + cX

2
).

Assay HX142 (sensitive) RT112 (resistant) p

SF2
[2]

0.1 ± 0.03 0.7 ±0 .1 p < 0 .05
NDE

[1]
8.5 ±0 .7 4.4 ±0 .4 p < 0 .05

AU
[2] - 0.058 ±0 .018 - 0.061 ±0 .009 n.s.

Comet
[3]

4.76 ±0 .44 4.8 ±0 .2 n.s.
PFGE

[2]
1.6 ±0 .2 1.6 ±0 .2 n.s.

PFGE (high salt)
[3]

0.24 ±0 .03 0.08 ±0 .01 p < 0 .01
Halo

[3]
143.2 ±15.2 85.9 ± 7.9 p < 0.0001

[1] McMillan et al. (1990); [2] Woudstra et al. (1996); [3] this study.



repair rates nor in the amounts of residual DNA
strand breaks could be detected (Woudstra et al.
1996, this study). Prelim inary data further revealed
that hyperthermia can cause substantial radio-
sensitization in HX142 cells (Woudstra et al.
unpublished data). Also, repair ® delity as revealed
by the plasmid reconstitution assay was not
signi® cantly different for HX142 and RT112 cells
(Powell and McMillan 1994). At the cellular level,
previous data already showed pro® cient split-dose
recovery in HX142, also suggesting no major
repair defect (Peacock et al. 1989). Finally, the
pattern of chromosomal aberrations seen in
HX142 is distinct from that seen in a clear
double-strand break repair de ® cient cell like xrs-5
(Jones et al. 1994) indicating that the radiosensi-
tivity of HX142 is not related to double-strand
break rejoining. The question remains, therefore,
how putative differences in chromatin structure
and in `presentation’ of the damage can lead to
differences in cellular radiosensitivity.

Here, we like to hypothesize that the ratio
between lethal lesions (irreparable) and potentially
lethal lesions (repairable) is elevated in HX142
cells. When comparing the number of initial DNA
double-strand breaks/Gy/cell with the number of
initial breaks found with the PCC technique, a
mean ratio of far above 1 has been observed
(Bedford 1991 for a review). This indicates that,
without (biochemical) DNA repair, only few
double-strand breaks give rise to a (lethal) chro-
mosome break. Apparently, the chromatin struc-
ture around the majority of the double-strand
breaks is such that they do not appear as a break
in the PCC technique. The latter double-strand
breaks might be those that are potentially repairable.

Support for such a hypothesis may come from
data obtained with the radiosensitive ataxia-
telangiectasia (A-T) cells. These cells also show
no differences in the number of initial double-
strand breaks (Pandita and Hittelman 1992,
Hittelman and Pandita 1994, Wurm et al. 1994;
our unpublished data). Yet, the amount of initial
damage detected by the halo assay is higher in A-T
® broblasts than in normal human ® broblasts
(Taylor et al. 1991). Intriguingly, also the number
of initial PCC fragm ents for a given dose is higher
in A-T cells than in norm al ® broblasts (Hittelman
and Pandita 1994) and inadequate `stabilization ’
of DNA damage was proposed as a tentative cause
for these ® ndings (Thacker 1994). So far, accu -
rate assessm ent of PCCs in RT112 and HX142 has
been unsuccessfu l due to technical problems.
Yet, it is speculated that the ratio of double-
strand breaks to PCC fragments may be higher

in HX142 cells due to their fragile chrom atin
structure.

In summary, X-irradiation leads to the induction
of an equal number of strand breaks per Gy per
dalton DNA in the radiosensitive HX142 and
radioresistant RT112 cells. HX142 cells seem to
have a more fragile chromatin structure compared
to RT112 cells, leading to an altered `presentation’
(and detectability) of the DNA lesions. This fragi-
lity might be due to a lack of functional nuclear
matrix proteins involved in DNA attachment. The
higher fragility of the nuclear structure does not
affect DNA repair rates nor ® delity, but might
`convert’ potentially repairable strand breaks into
non-repairable (lethal) breaks, leading to the
higher cellular radiosensitivity of HX142 cells.
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