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ABSTRACT

Lithocholic acid (l,(\) is a promoting agent in colon carcinogenesis.
In this work we have tried to characterize the DNA alteration induced
by LCA in cells grown in vitro and in nuclei. Confirming previous findings,
a clear increase in elution rate was observed at both alkaline and neutral
P11 The extent of the increase was very similar at the two pHs. However,
an increased elution rate could be observed only when lysing the nuclei
at high ionic strength and low detergent concentration (2 M NaCI + 0.2%
AMauroylsarcosine sodium salt). No effect could be observed when the
nuclei were lysed with a high detergent concentration (2% sodium dodecyl
sulfate). In addition, a slight effect could be observed using a method for
the evaluation of DNA unwinding in alkali. After termination of the
incubation with LCA, the DNA alteration observed with DNA elution
disappeared very rapidly both in intact cells and nuclei, even when the
incubation buffer was totally unsuitable for the repair of the type of DNA
damage induced by typical genotoxic agents. The effect of LCA on DNA
was apparently not mediated through an inhibition of topoisomerase II.
Only the intact chromatin of nuclei was responsive, not the quasinaked
DNA of nuclei lysed at high ionic strength.

We advance the hypothesis that the increased alkaline and neutral
elution rate observed with LCA could be independent of DNA fragmen
tation and related to changes in chromatin structure.

INTRODUCTION

Carcinogenesis is generally considered to be a multistep
process. In many experimental models two different steps have
been distinguished in the early phases of carcinogenesis, initi
ation and promotion. Long term in vivo experiments have
shown that LCA3 is capable of promoting the carcinogenic
activity of jY-methyl-A''-nitro-jV-nitrosoguanidine on the colon

of treated rats, while it is inactive when given alone. Narisawa
et al. (1), Reddy and Watanabe (2), and Reddy et al. (3) have
interpreted this activity as a typical promoting effect. In vitro
studies have also demonstrated a promoter-like effect of LCA.
Kaibara et ai. (4) have shown that LCA is capable of promoting
the chemical transformation of C3H/10TVÃ• fibroblasts pre-
treated with A'-methyl-yV'-nitro-JV-nitrosoguanidine. In their

study LCA was inactive when given alone or before the initiating
agent. LCA has also been shown to inhibit cell-to-cell metabolic
cooperation in the hypoxanthine-guanine phosphoribosyltrans-
ferase system (5). The inhibition of metabolic cooperation has
been proposed as a screening test for tumor promoters (5-8).

LCA was not a mutagen in the Salmonella mammalian
microsomes test (9, 10). LCA is capable of either enhancing or
inhibiting the mutagenicity of several chemicals, but these ac-
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tivities are probably more closely related to modulations of
metabolism than to promoting effects (9, 10). LCA did not
induce chromosomal aberrations up to the toxic dose in Chinese
hamster ovary cells, while for instance ursodeoxycholic acid
induced high levels of chromosomal damage even at nontoxic
doses (11).

The data mentioned above, taken as a whole, strongly support
the notion of a promoting activity of LCA and substantially
refute an initiating activity of the same chemical.

Classically the ability to produce DNA damage was consid
ered typical of initiating agents, yet, recently, DNA damage has
also been suggested as an effect of some promoting agents. A
possible DNA damage has been observed not only as a result
of some promoting agents of skin carcinogenesis, such as 12-
O-tetradecanoylphorbol-13-acetate (12, 13), mezerein (13), and
benzoyl peroxide (13), but also, more recently, of a diet supple
mented with 1% orotic acid (14), a promotional treatment in
rat liver carcinogenesis.

DNA alterations have also been observed with LCA. Kulkarni
et al. (15, 16) have shown that, after incubation with 2.5 x 10~4

M LCA for 30-60 min, a decreased sedimentation rate of
nucleoids in "neutral" (pH 8) sucrose gradients and a faster

alkaline elution rate can be observed in treated LI210 cells or
nuclei.

In this work, we have investigated the DNA damage induced
by lithocholic acid in vitro on V79 cells, LI210 cells, and nuclei
of LI210 cells utilizing the alkaline and neutral elution tech
niques (17, 18) in a series of different experimental conditions,
and a fluorometric assay of DNA unwinding (19, 20). The
purpose of the experiments was to achieve a better characteri
zation of the type of DNA alterations observed.

The results obtained suggest that the type of "DNA damage"

induced by lithocholic acid is very different from the type of
DNA damage induced by typical alkylating agents, from the
free radical damage induced by H2O2, and from the type of
"damage" induced by topoisomerase II inhibitors. It is probably

important to achieve a more precise understanding of the types
of DNA alterations induced by different promoting agents,
since this could be relevant to their mechanism of action.

MATERIALS AND METHODS

Cells. 1.1210 mouse leukemia cells were grown in suspension culture
in RPMI1640 supplemented with 10% heat inactivated fetal calf serum,
1% L-glutamine (200 HIM), 1% nonessential amino acids (lOOx), 10
ftM 2-mercaptoethanol, and 50 Mg/ml gentamicin (Gibco, Grand Island,
NY).

V79 Chinese hamster lung fibroblasts were cultured in monolayers
in DMEM supplemented with 5% fetal calf serum and 50 ng/ml
gentamicin (40 mg/kg) (Gibco).

All tissue culture plastics were purchased from Nunc (Roskilde,
Denmark). LI210 and V79 cells are maintained routinely in our labo
ratory.

Cells used for experiments were in exponential growth with a dou
bling time of 12 to 14 h for L1210 and 11 to 12 h for V79 cells.

Cell Treatment. Lithocholic acid was obtained from Sigma Chemical
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Co., St. Louis, MO. Dimethyl sulfoxide was the solvent for LCA and
was always present (in all control and treated samples) at a final
concentration of 1%. LI210 and V79 cells were incubated with LCA
in a dosage range of 2.5 x 10~4-3.16 x 10"'M, at a cell concentration
of 1 x 10* cells/ml for the LI 210 line, or at a density of about 2 x 10s
cells/cm2 for the V79 line. Flasks (75 cm2) were used for L1210 cells

and 10-cm-diameter dishes with an incubation volume of 10 ml were
used for V79 cells. The incubation medium was DMEM without fetal
calf serum, for the evaluation of cloning efficiency in toxicity experi
ments. Hanks' buffer (pH 7.3) was used in all other experiments. Cells
were incubated at 37Â°Cor 22'C for 30 or 60 min, as specified in Table

3 for alkaline elution experiments. For unwinding experiments the
incubation temperature was always 22'C and the time of incubation

was always 30 min. At the end of the incubation period, the medium
containing LCA was removed, and cells were washed 3 times with
calcium and magnesium free Hanks' balanced salt solution (Gibco).

Five Nunc 60-mm dishes were plated at 100 cells/dish to evaluate
cell survival in treated V79 cells. Survival plates were stained with
mÃ©thylÃ¨neblue for colony counting after 7 days of incubation.

DMS was obtained from Merck, Darmstadt, West Germany, and
dissolved in 20 mM Tris-75 mM NaCl-24 mM disodium EDTA, pH
7.5, immediately before use. Cells were incubated with DMS in the
dosage range 9.4 x 10"' to 2.4 x IO"3M, at a cell concentration of 7 x
IO6cells/ml, for 30 min at 22Â°C.At the end of the incubation period

the buffer containing DMS was removed, and cells were washed twice
in the same buffer and then resuspended.

11:().-.was obtained from Merck and dissolved in phosphate buffered
saline immediately before use. Cells were incubated with 11;(); in the
dosage range 0.8 x 10~"-6.2 x 10~6M, at a cell concentration of 1 x
10"cells/ml, for 60 min at 0-4"( ' in the dark; then the I I.O, containing

buffer was removed, and cells were washed once in the same buffer,
resuspended, and utilized immediately for elution or unwinding exper
iments.

Isolation of 1.1210 Nuclei. Nuclei were isolated according to the
methods of Filipski and Kohn (21) and Pommier et al. (22). Briefly,
11210 mouse leukemia cells were centrifuged and resuspended in
nuclear buffer [150 mM NaCl, 1 mM KH2PO4, 5 HIM MgCl2, 1 mM
ethyleneglycol bis(/3-aminoethyI ether)-./VyvyV",A"-tetraacetic acid, and
0.1 mM dithiothreitol, pH 6.4] at 4Â°C,at a concentration of IO6cells/

ml. These cells were centrifuged again and resuspended in one-tenth of
the previous volume of ice-cold nuclear buffer. The cell suspension was
brought back to the initial volume by adding cold nuclear buffer
containing 0.3% Triton X-100. The cell suspension was incubated for
10 min at 4Â°C.The incubation of LI210 cells with detergent gives

rather pure nuclei (21). The nuclei were pelleted by centrifugation ( 1200
rpm for 5 min) and resuspended in nuclear buffer at 4Â°Cor in Mer
chant's solution (0.14 M NaCl-1.47 mM KH2PO4-2.7 HIMKC1-0.53 mM

disodium EDTA, pH 7.4).
Treatment of LI 210 Nuclei. Ellipticine was dissolved in 10 mM HC1

at a concentration of 2.5 mM. Stock solutions were kept refrigerated in
plastic tubes. LCA was initially dissolved in pure DMSO. When
brought to the appropriate final concentrations it was dissolved in
nuclear buffer or in Merchant's solution containing 1% DMSO. H2O2

was prepared at the desired concentration in nuclear buffer. ATP
(Sigma) and novobiocin (Sigma) were dissolved in nuclear buffer im
mediately before use, at a concentration of 2.5 mM. DMS was dissolved
in nuclear buffer or Merchant's solution immediately before use. For
each drug treatment the nuclei were incubated for 30 min at 22Â°C.

When ATP or novobiocin was used, nuclei were preincubated in
nuclear buffer at 22Â°Cfor 5 min. The incubation continued for an

additional 30 min with ATP or novobiocin plus the chemicals under
test.

Alkaline Elution Assays. The alkaline elution method has been de
scribed in detail in previous publications (17, 18, 23).

Elution of Single-stranded DNA. Nuclei or cells (IO6) were deposited

on a Millipore mixed esters cellulose filter (25 mm diameter, 1.2 Â¿im
pore size) and lysed with 4.5 ml of a lysing solution (0.2% /V-lauroyl-
sarcosine sodium sail 2 M NaCl-20 mM disodium EDTA, pH 10). In
the experiments performed using L1210 nuclei 0.5 mg/ml of proteinase
K was added to the lysing solution and nuclei were incubated for 30

min at 22Â°C.The filter was washed with 2.5 ml of 20 mM disodium

EDTA (pH 10). Elution was performed with 13 ml of 60 mM tetraeth-
ylammonium hydroxide-10 mM disodium EDTA (pH 12.3), using a
peristaltic pump (Microperpex; LKB, Bromma, Sweden) to control the
flow rate. Elution was carried out at a pump speed of 0.2 ml/min and
five fractions were collected at 12-min intervals for 60 min with a
SuperRak fraction collector (LKB). Treated and control samples were
run in parallel.

Elution of Double-stranded DNA. Approximately 1 x 10" LI210

nuclei were deposited on a Millipore mixed esters cellulose filter (25
mm diameter, 1.2 iim pore size). Nuclei were lysed with 4.5 ml of lysing
solution (0.2% W-lauroylsarcosine sodium salt-2 M NaCl-20 mM diso
dium EDTA-proteinase K, 0.5 mg/ml, pH 10) for 30 min at 22Â°C.The

filter was then washed with 2.5 ml of 20 mM disodium EDTA, pH 10.
Elution was performed with 13 ml of 9.5 mM tetraethylammonium
hydroxide, 10 mM disodium EDTA, pH 9.6, using a peristaltic pump
to control the flow rate. Elution was carried out at a pump speed of 0.2
ml/min and five fractions were collected at 12-min intervals for 60 min.

In an alternative procedure nuclei were lysed with a different lysing
solution (2% SDS-20 mM disodium EDTA-proteinase K, 0.5 mg/ml).
The eluting solution was also slightly different (as the above eluting
solution plus 0.2% SDS). When this alternative procedure was used in
some cases Nucleopore polycarbonate filters were also used, as specif
ically indicated in Table 7. Treated and control samples were run in
parallel.

DNA Dosage. At the end of elution, the DNA remaining on the filter
was recovered by breaking up the filter in 4 ml of eluting solution. The
eluted DNA and the filter were assayed for DNA content by the
following modification of the microfluorimetric technique of Rissane
and Robins (24). To each 1 nil aliquot of the collected fractions 0.1 ml
of bovine serum albumin (2 mg/ml) and 0.1 ml of 100% (w/v) iridilo-
roacetic acid were added. The samples were then refrigerated for several
h and the precipitated DNA was pelleted by centrifuging at 3000 rpm
for 30 min at 4"( ". Supernatants were carefully decanted and 1 ml of

80% ethanol was layered on each pellet. After a second centrifugation,
the pellets were air-dried for about 3 h at 40Â°C.A 40% (w/v) aqueous

solution of DABA (30 ni) was added to each sample, and the tubes
were incubated for 30 min at 70V. Owing to the addition of bovine
serum albumin as a carrier, a good pellet was formed at the bottom of
the tube. The recovery and dosage of comparable amounts of added
DNA were always 80% or greater, even though the pellet at the bottom
of the tube was covered with only 30 n\ of DABA. After cooling, 1.5
ml of 0.6 N perchloric acid were added to each tube. Fluorescence was
read at 500 nm with an excitation wavelength of 400 nm in a Perkin-
Elmer model 3000 fluorimeter. The blank readings were taken from
tubes containing 1 ml of eluting solution subjected to the same proce
dure. DABA is fluorescent by itself, and the measurement is that of
differences in fluorescence between samples containing DNA and cor
responding blanks. For the first fractions (richer in DNA), DABA
represents 25-33% of fluorescence. At our wavelengths, no other sig
nificant contribution to fluorescence could be found.

All the results obtained with the alkaline elution assay were expressed
as K values. K is given by the formula

_ â€”In(fraction of DNA retained on filter)
* ~V~

where K is the average elution rate constant (ml"1) of DNA and V is

the eluted volume in ml. The formula reflects the assumption of a first
order kinetics for DNA elution, as a first approximation (23).

Fluorometric Assay of DNA Unwinding. The assay was performed on
0.125-ml aliquots of cell suspensions containing 105-106 cells in the

appropriate buffer (solution A). Treated and control samples were run
in parallel. The samples were tested with the fluorometric assay of
DNA unwinding, according to the method of Birnboim and Jevcak
(19).

For the assay, aliquots of cell suspensions were processed as: (a)
native DNA samples; (b) unwound DNA samples; and (<â€¢)denatured

DNA samples.
The three types of samples involve the following procedures, (a)

Native DNA is double stranded DNA which is not sheared and not
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exposed to the denaturing pH. Of the three types of samples, this
sample is the one that gives the maximal fluorescence yield, when in
the presence of ethidium bromide, (b) The unwound DNA samples
contain double stranded DNA left to unwind in alkali (pH 13 or pH
12.4 according to the experiments) without shearing. In order to detect
the fraction of double stranded DNA remaining during the unwinding
process, at fixed times (0.5, 1.0, and 1.5 h) after the beginning of the
unwinding itself, the pH of these samples is lowered below the dena
turing level. (<â€¢)The denatured DNA samples contain sheared DNA.

They are exposed to the denaturing pH (pH 13 or 12.4) and are
processed in the same way as the unwound DNA samples. Nevertheless,
because of the previous shearing, they contain only denatured DNA.
Of the three types of samples, these are the ones which give the minimal
fluorescence yield, when in the presence of ethidium bromide.

Operatively, the solutions used and the carrying out of the assay are
the following.

The solutions used are: 20 HIMdisodium EDTA-6 M urea-40 HIM
NaOH-0.07% SDS, pH 11.6 (solution B); 10 mM disodium EDTA-3
M urea-0.22 MNaOH-0.035% SDS, pH 13.5 (solution C); I M glucose-
14 mM mercaptoethanol (solution D); 1.7 x 10"5M ethidium bromide

in NaOH, pH 10.8-11.0 (solution E). The assay was carried out as
follows. For both the native DNA samples and the unwound DNA
samples 3 volumes of solution B were layered onto the 0.125-mI aliquots
of cell suspensions in solution A. The final pH was approximately 10.5.
The samples were allowed to stand for 30 min, in order to obtain
nuclear lysis and loss of chromatin structure. After this time, 2 volumes
of solution C plus 6 volumes of solution D mixed together were added
to the native DNA samples. The final pH was 10.5-10.8. These samples
represent the reference for completely renatured DNA. However, to
unwound DNA samples only 2 volumes of solution C (final pH 13)
were added and, at fixed times during the DNA unwinding process, 6
volumes of solution D (final pH 10.5-10.8) were added. When a final
pH of 12.4 instead of 13 was required, NaOH in solution C was reduced
to 0.07 M and mercaptoethanol in solution D was reduced to 3 mM.
The denatured DNA samples were obtained by forcing the cell suspen
sions (with 3 volumes of solution B added) 5 times through a 25-gauge
needle. They were subsequently processed in parallel with the unwound
DNA samples. These last samples represent the reference for com
pletely denatured DNA.

All the samples were finally mixed with 1.5 volumes of solution E
and read in a Perkin-Elmer model 3000 fluorimeter, with an excitation
wavelength of 520 nm and an emission wavelength of 590 nm, against
appropriate blanks and standards.

RESULTS

The DNA alteration induced by LCA was evaluated with the
alkaline and neutral elution method and with a fluorometric
assay of DNA unwinding, as described in "Materials and Meth
ods." In order to calibrate the two methods L1210 cells were
incubated with DMS at 22"C for 30 min at pH 7.5 or with
H2O2 at 4Â°Cfor 60 min at pH 7.5. The observed DNA damage,

as evaluated with the two methods, is shown in Tables 1 and 2.
In Table 1 we have also reported the effect of DMS on V79
cells. The average time of incubation in alkali for DNA from
DMS treated cells is 30 min with the alkaline elution technique
and 60 min with the unwinding method. During incubation in
alkali, apurinic sites (from unstable /V-7-methylguanines) are
progressively transformed into single stranded breaks. As a
consequence, we have also performed the alkaline elution tech
nique after 30 min of alkaline preincubation in eluting solution
(Table 1). The decay of apurinic sites is faster at pH 13 than at
pH 12.3-12.4. As a consequence, DNA unwinding of DMS
treated cells was also performed at pH 12.4 (Table 2). In our
experimental conditions, with reference to the two standards
used (DMS and H2O2), the two techniques seemed to have a
similar sensitivity. At the same pH (12.3-12.4) the smallest
detectable concentration of H2O2 was 1.55 x 10~6M for both

Table 1 Calibration curve of DNA single stranded breaks using DMS or HÂ¡O2,
evaluated with the alkaline elution assay, in LI2IO and V79 cells

[K x IO1 (mean Â±SE)J

In parentheses is reported the number of elutions; the number of independent
experiments was between 2 and 5 for each DMS or IM)., concentration.

Concentration(M)L1210DMS9.4

xKT63.7
xIO"51.5
x10-*6.0
xIO"12.4
xIO"3ControlsH2020.78

xIO"*1.55
xIO-66.20
xIO-6ControlsV79DMS3.7

x10-*1.5
xIO-16.0
xIO-42.4
xIO-3ControlsElution

rate after
0 min incubation

inalkali2.79

Â±0.38(8y3.54
Â±0.53(13)'6.45

Â±0.31(lOX9.62
Â±0.60(3)'16.95

Â±2.46(7r2.62
Â±0.22(17)2.29

Â±0.11(16C5.03
Â±0.41(12)'9.39

Â±0.82(\df1.88
Â±0.12(28)2.65

Â±0.25(3)-5.53
Â±0.54(4)'7.50
Â±0.50(4)'9.43

Â±0.48(3Y1.58
Â±0.27 (8)Elution

rate after
30 min incubation

inalkali2.98

Â±0.50(6r5.01
+ 0.24(6)Â»11.22
Â±0.43(10)'19.41

Â±0.71(10y2.68

+ 0.31 (16).

* Not significant (/' > 0.05) according to the nonparametric Mann-Whitney
test (two tailed) against /' controls (57).

*P < 0.05 by Mann-Whitney test.
' P < 0.01 by Mann-Whitney test.

Table 2 Effect of LCA, DMS, and H,O2 on DNA unwinding rate evaluated with
the fluorometric analysis of DNA unwinding at pH 13.0 and 12.4

Chemicals
Concen

tration (M)

No. of
experi
ments'

% of double
stranded

DNA
(mean Â±SE)'

Ratio
over

controls

pH 13.0
l x IO9cells in the assay mixture (125 (/l)

LCA 2.5 x IO-1 5 28.8 Â±7.30 NS

Controls 5 41.84 Â±4.64

1 x to' cells in the assay mixture (125
LCA 1.25 XIO"4 8
LCA 2.5 x 10-" 9

Controls 15

DMS
DMS
DMS
DMS
DMS
Controls

9.4 x 10-*
1.9 x 10-'
3.7 x 10-'
7.5 x 10-*
1.5 x IO"1

4
S
4
7
4

10

45.4 Â±2.653
1.7Â±4.7943.3

Â±2.7039.5

Â±2.3326.0
Â±4.7720.0
Â±3.2115.0Â±

1.727.25
Â±3.2345.9
Â±3.53NS<0.05NS<O.OOI<0.001<0.001<0.001

0.69

1.05
0.73

0.86
0.57
0.44
0.33
0.16

pH 12.4
1 x 10*cells in the assay mixture (125 >il)

LCADMSDMSDMSControlsHAH202H202Controls2.5xIO-41.9
xIO'53.7
xIO'51.5
xIO"40.78

xIO-61.55
x10-Â«6.20
x 10-*866586451071.5

Â±5.2774.0
Â±7.3052.0
Â±6.0635.6
Â±6.5575.0+5.1366.7

Â±7.2543.3
Â±5.6931.6
+9.2472.5
Â±5.54NSNS<0.01<0.001NS<0.005<0.0050.950.990.690.470.920.600.44

* Each experiment was performed in triplicate.
' Results are expressed as the percentage of double stranded DNA (%DS DNA)

present l h after the beginning of the unwinding process. This value is obtained
by the regression analysis of the values at 3 different times (0.5, 1.0, and 1.5 h)
during the DNA unwinding. The ', I)S DNA is obtained by the ratio:

Unwound DNA sample fluorescence â€”denatured DNA sample fluorescence
Native DNA sample fluorescence â€”denatured DNA sample fluorescence

according to the method of Birnboim and Jevcak (19).
'Two tailed, according to Student's t test (58). NS, not significant (P > 0.10

against controls).
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methods. Always at pH 12.3-12.4 but allowing an additional
30 min of incubation in alkali for alkaline elution (in order to
make the average residence time in alkali for the two methods
similar), again the smallest detectable concentration was the
same for the two methods, i.e., DMS, 3.7 x 10~5M.

With the alkaline elution technique 2.5 x 10~4M and 1.25 x
10~4M LCA induced a very significant effect, with both LI210

and V79 cells (Table 3). The effect of the higher LCA concen
tration fell between the effects of DMS 3.7 x 10~5M and DMS
1.5 x 10"4M (effect of DMS after 30 min incubation in alkali).

With the fluorometric unwinding method a much smaller effect
of LCA was observed (Table 2). LCA (1.25 X 10-" M) was
completely inactive and LCA (2.5 x 10~4M) induced an effect
between 9.4 x IO"6 M and 1.9 x IO"5 M DMS (unwinding

performed at pH 13). When the unwinding was performed at
pH 12.4 (the only pH at which a direct comparison of the two
methods is possible) LCA was completely inactive. Alkaline
elution is not very sensitive at pH 13, as a consequence of a
relatively high elution rate in control DNA (23, 25). As ex
pected, DNA from cells treated with LCA, unlike DMS, is not
affected by 30 min of incubation in alkali (Table 3, Footnote
d).

Table 3 also shows the results obtained with the alkaline
elution technique when the same cells were incubated with
lithocholic acid for l h at 37Â°Cor for 30 min at 22Â°Cin Hanks'

buffer. LCA concentration seems to be the most important
variable; we obtained unchanged results by reducing the incu
bation time from 60 to 30 min and by reducing the temperature
from 37Â°Cto 22'C.

For reasons inherent in the two methods, the cells incubated
for alkaline elution were 10 in 10 ml Hanks' solution (contain

ing lithocholic acid). In the case of the fluorometric unwinding
method, with the standard procedure, IO6 cells were incubated

in 125 n\ of the solution. Obviously for the same LCA concen
tration the cell/LCA ratio is 8 times higher than in alkaline
elution. In order to verify the possibility that LCA was "con
sumed" by the high density of cells, we repeated the experiment
with 10s cells. The results were substantially the same as before

(Table 2).
In Fig. 1 the elution profiles of two DMS experiments and

two LCA experiments are shown. Especially in the first frac
tions 1.5 x 10~4M DMS (not followed by 30 min of incubation
in alkali) has a smaller elution rate than 1.25 x IO"4 M LCA

Table 3 DNA alterations produced by LCA in LI210 and V79 cells: results
obtained after incubation at 37'Cfor 60 min or at 22'C for 30 min (K x 10')

L1210â€¢V79LCAconcentration

(M)2.50
x10-"2.50
x10-"2.50
xIO""1.25X

IO-16.25
x10-*ControlsControls'Controls'2.50

xIO-11.25
x10-*6.25
xIO-5ControlsElution

rate
(mean Â±SE)*7.29

Â±1.598.05
Â±0.308.19

Â±2.116.26
Â±0.792.76
Â±0.172.36
Â±0.251.90
+0.332.70
Â±0.236.49

Â±0.304.22
Â±0.741.19
+0.291.22
Â±0.19P"<0.002<0.002<0.02<0.002NS<0.0020.002NS

â€¢Average of at least four experiments; no proteinase K was present in the

lysing solution.
' According to the nonparametric Mann-Whitney test (two tailed); NS, not

significant (/' > 0.05 against controls) (57).
' Incubation at 22'C for 30 min; in all the other experiments incubation was

at 37'C for 60 min.
' Incubation at 22'C for 30 min; after lysis 30 min of incubation in eluting

solution (pH 12.3).

2345
fraction number

Fig. 1. Alkaline elution protiIcs of DNA of V79 cells treated with LCA and
DMS (see "Materials and Methods"). A, controls; A, controls + 30 min incubation
in alkali before elution;â€¢,1.50 x IO-'M DMS; D, 1.50 x 10~*MDMS + 30 min
incubation in alkali before elution; O, 1.25 x 10-*M LCA; â€¢,2.50 x 10~*MLCA.
Each profile represents the mean value of 4-6 experiments; bars, SE.

and 2.5 x 10~4M LCA. DMS, 1.5 x \Q~* M, followed by 30

min of incubation in alkali shows a convexity of the elution
curve directed upward instead of downward, as for DMS with
out alkaline incubation. The difference could be related to the
kinetics of alkaline decay of apurinic sites. The LCA curves are
probably to some extent different from both DMS curves. It is
difficult at this point to answer the question whether this
difference is merely experimental variability or if it has biolog
ical significance.

The reversibility with time of this type of DNA alteration is
shown in Fig. 2. The disappearance of the effect on the cells is
practically complete within 1 h, for both LI210 and V79 cells.

More than 95% of control cells were negative as evaluated
by try pa n blue dye staining, in the cases of both LI 210 and
V79 cells. The same was true for cells incubated for l h with
1.25 x 10-" M LCA. However, when incubated with 2.5 X 10~4

M LCA, for 1 h, both LI210 and V79 cells were trypan blue
positive at a percentage of approximately 30%.

This toxicity does not seem to be related to the alteration
observed in DNA. After LCA was washed out and after 1 h
incubation in LCA free medium the percentage of trypan blue
positive cells remained unchanged at around 30%, and at the
same time the DNA alteration had completely disappeared (Fig.
2).

We have studied the toxicity of LCA on V79 cells in more
detail. Cells were incubated with LCA in DMEM without
serum, for 1 h at 37Â°C.LCA was washed out after 1 h incubation

and cells were tested for their cloning efficiency as described in
"Materials and Methods." The cloning efficiency had already
clearly decreased at a LCA concentration of IO"5 M and was
reduced to about one-third for a LCA concentration of IO"4 M

(Fig. 3).
In a second set of experiments (Table 4) LI 210 nuclei were

utilized. The effect of LCA on the DNA of these nuclei was
compared with the effect of 1.5 x 10~4M DMS [a well known
methylating agent], the effect of 10"5M ellipticine [a well known

inducer of DNA breaks mediated by topoisomerase II (26)],
2869

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/11/2866/2427245/cr0470112866.pdf by guest on 19 M

ay 2023



EFFECTS OF LITHOCHOLIC ACID ON DNA

e 9

30
Im

Fig. 2. Dependence of alkaline elution rale constant on time interval after
washing out LCA (2.5 x 1(T4M for 60 min at 37'C). A. V79 cells; B, L1210 cells.

Each point represents the mean value of at least 6 experiments; bars, SE. ,
control levels; , SE.
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Fig. 3. Effect of LCA on colony-forming ability of V79 cells (see "Materials
and Methods"). Points, mean value of at least 3 experiments corrected for survival
of control cells; bars, SE. Colony-forming efficiency of untreated cells was 80 to
95%. Numbers in brackets, cloning efficiency against controls.

and the effect of 6.2 x IO"6 M H2O2 (a well known inducer of

OH radicals).
LCA, DMS, and H2O2 are not Mg2+ dependent but ellipticine

is strongly Mg2+ dependent. There is little difference between
Merchant's buffer (pH 7.4) and nuclear buffer without Mg2+

(pH 6.4).
In Table 4 the effect of the above four agents after four

washings with control buffer is shown; the four washings require
about 10 min. The effects of ellipticine and LCA have largely

disappeared, while on the contrary, the effects of DMS and
H2O2 are completely unchanged. Typically H2O2 damage is
rapidly repaired only in intact cells at 37Â°Cand with complete
medium (27). Considering the rapid "repair" of LCA and

ellipticine, the following hypothesis could be made. A com
pletely fragmented DNA affecting 50% of nuclei (together with
a control DNA in the other 50% of nuclei) could be eluted
during the four washings and given the appearance of a com
plete repair, concerning a half-amount of DNA (for this reason
ing applied to LCA see also Fig. 1). However, with total DNA
dosages (fractions plus filter), the amount of DNA was always
the same Â±15%. No differences could be observed comparing
these DNA dosages with DNA dosages concerning the corre
sponding controls.

The rapid repair of the DNA damage induced by ellipticine
and other inhibitors of topoisomerase II, as well as the induction
of both single and double stranded breaks, were the major
reasons that prompted us to investigate if LCA was acting with
a similar mechanism.

Also exogenous ATP is not essential for either the breaking
or the resealing reaction of topoisomerase II, ATP enhances
breaks production by topoisomerase II inhibitors (26). In the
presence of 5.0 x 10~3 M Mg2+ and 5.0 x 10~" M ATP the

alkaline elution rate of ellipticine was increased by approxi
mately 130%; on the contrary for LCA a slight decrease was
observed (data not reported).

Novobiocin is a well known inhibitor of the formation of
DNA breaks induced by ellipticine and other inhibitors of
topoisomerase II (26, 28). In the presence of 5.0 x 10~3M Mg2+
and 5.0 x 10~4M novobiocin the alkaline elution rate of ellip

ticine was decreased by approximately 45%; on the contrary no
effect was observed for LCA (data not reported).

Table 5 shows the results obtained by treating nuclei lysed
with lysing buffer (see "Materials and Methods") with 2.5 x
IO"4 M LCA or 1.5 x 10~4M DMS (in Merchant's solution).

LCA appears practically inactive, while DMS is active to the
same extent as on the nuclear preparations. The quasinaked
DNA of lysed nuclei is much more sensitive to repeated wash
ings than DNA of intact nuclei; however, even after repeated
washings of small amounts of detergent possibly left over from
the lysing solution, no effect whatsoever of LCA (over controls)
could be detected. If small concentrations of detergent were
inhibiting the activity of LCA after zero washings, then after
four washings the expected effect should be about twice that of
controls. The reason for this expectation is the following. In
reference to the effect of LCA on nuclei (Table 4), an elution
rate K = 6-7 x 10~2 over controls was observed. Real breaks

are expected to be additive and the elution rate is considered to
be proportional to the breaks (23).

Table 6 shows the results obtained by testing ellipticine, LCA,
and DMS with neutral and alkaline elution. The topoisomerase
II dependent breaks induced by ellipticine are double stranded
breaks (21) and, as expected, they were well detected even when
eluting double stranded DNA at pH 9.6. These results are
clearly in agreement with results already reported (21). DMS
is known to induce essentially only single stranded alkali labile
sites (29, 30). The probability of coincident labile sites in the
two strands is extremely low, and, as expected, no double
stranded breaks were detected. The not yet well characterized
DNA alteration induced by LCA was detectable to similar
extents at both neutral and alkaline pH.

For the lysis of cells or nuclei, in order to obtain quasinaked
DNA before elution, two different methods are currently used
in the literature. With one method, originally proposed by Kohn
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Table 4 Increased alkaline elation rate induced by LCA (2.5 x 10'* M), ellipticine (ÃŒ0~!M), DMS (ÃŒ.Sx It)-* in), or /Y2O2(6.2 x IO'6 M) in isolated LI2JO nuclei in
different experimental conditions (K x IO1 Â±SE)

Nuclei were incubated for 30 min at 22"C (LCA, ellipticine, DMS) or for 60 min at 4'C (H2O2); washings were performed in all cases with corresponding incubation
buffer at 22'C; each experiment was repeated at least four times. Statistical significance according to the nonparametric Mann-Whitney test (two tailed); NS, not
significant I/' > 0.05) (57). A. nuclear buffer containing 0.5 m\i spermidine and either 5 HIMMgCI2 or no MgCI2 (pH 6.4); B, Merchant's solution without MgCl2

(PH 7.4).

ExperimentalconditionsNo
Mg2* A

No Mg2*B5

mM Mg2+ A
No Mg2* A + 4 washings
5 mM Mg2* A + 4 washingsLCA8.30

Â±0.17'
8.66 Â±0.97Â°
7.38 Â±0.43* '
8.81 Â±0.22-
3.26Â±0.70*-'
3.10ÃŒ0.16*'Ellipticine0.61

Â±0.14Â»
3.75 Â±0.3(r-9.74

Â±0.83-
1.61 Â±0.24'
4.12Â±0.23/DMS6.53

Â±0.62-
6.45 Â±0.31'6.81

Â±0.28-
6.35 Â±0.52-H2028.93

Â±1.00"

9.25 Â±0.03* â€¢Controls1.41

Â±0.29
2.55 Â±0.36
1.94 + 0.37'

2.47 Â±0.04
2.40 Â±0.49
2.69 Â±0.12

â€¢P < 0.005 against corresponding controls.
" NS against corresponding controls.
' P = 0.021 against corresponding controls.
* Same experiment as above, but without proteinase K in the lysing buffer.
' P < 0.01 versus corresponding LCA treatments without washing.
' /' â€¢(i.o I versus corresponding ellipticine treatment without washing.
' Without proteinase K in the lysing buffer, NS when H2O2 values with and without washing are compared.

Table 5 Alkaline elulion rate induced by LCA and DMS in LI2JO lysed nuclei
(K x ;02 Â±SE)

Nuclei were lysed as in 'Materials and Methods" and then incubated with the
chemical under testing for 30 min at 22'C in nuclear buffer. Each experiment

was performed at least four times. Statistical significance according to the
nonparametric Mann-Whitney test (two tailed). NS, not significant ( /' > 0.05)

(57).

Table 7 Double stranded breaks induced by LCA on DNA of LI 210 nuclei,
evaluated with neutral elation under different experimental conditions

Washings
after
lysis02

4LCA

(2.5 x 10~*M)1.45

Â±0.23'
4.36 Â±0.54-
6.84 Â±0.78'DMS

(1.5 xIO"4!Â«8.21

Â±1.23*Controls2.38Â±0.32
3.89 Â±0.49
7.92 Â±0.01

1NS versus controls.
' P = 0.002 versus controls.

Table 6 Increased elution rate at pH 9.6 and pH I2.3, induced by LCA,
ellipticine, and DMS in LI210 isolated nuclei (K x JO2Â±SE)

Nuclei were incubated with chemical under testing for 30 min at 22*C in
nuclear buffer with 5 mM Mg2*. Elution was performed at pH 9.6 (double stranded

DNA) or at pH 12.3 (single stranded DNA). Some results of experiments at pH
12.3 (for LCA and DMS) were already reported in Table 4. Each experiment was
performed at least six times. Statistical significance according to the nonpara
metric Mann-Whitney test (two tailed). NS, not significant (P > 0.05) (57).

PH9.612.3LCA(2.5 x 10-*M)7.59

Â±0.45'
8.81 Â±0.22'Ellipticine(1.0

X IO'5M)6.11

Â±0.23*
8.82 Â±0.86'DMS(1.5

x10-*M)1.99

Â±0.16'
6.81 Â±0.28/Controls1.15

Â±0.24
1.80 Â±0.13

*P< 0.002 versus controls; NS versus LCA at pH 12.3.
*P < 0.002 versus controls; NS versus ellipticine at pH 12.3.
' NS versus controls; P < 0.002 versus DMS at pH 12.3.
'P < 0.002 versus controls.
' P < 0.002 versus controls.
'P < 0.002 versus controls.

et al. (23), chromatin proteins are detached from DNA using
essentially the effect of high ionic strength (2 M NaCl). This
method is the one that we have continuously used throughout
this work and it is also the method utilized originally by
Kulkarni et al. (15) in their study on LCA. More recently
Zwelling et al. (31) have proposed a different method for
obtaining quasinaked DNA. With this method the stripping of
proteins from chromatin is obtained with a high concentration
of detergent (2% SDS). According to the authors the cleaning
of DNA from proteins is more complete, even after incubation
with proteinase K (31). From literature data (32) it appears that
with 2 M NaCl what is obtained is a DNA multiloop structure
linked by proteins of the nuclear matrix. This structure, which
some authors have called "nucleoids" (33, 34), is not only break

sensitive but also conformation sensitive. Because 2 M NaCl
and only 0.2% of detergent were present in the first lysis method
(see Table 7) we suspected that we were dealing at least partially
with a nucleoid-like structure, even at alkaline pH. It is known

Treatment
No. of

elutions

Elution rate
[K x IO2

(mean Â±SE)]

Lysing solution, 2% SDS, 20 mM disodium EOT A, 0.5 mg/tnl proteinase K (pH
10); eluting solution, 9.5 mM TEA-OH,' 10 mM disodium EDTA, 0.2%

SDS (pH 9.6)
Polycarbonate filters

LCA, 2.5 x 10-* M 12 1.55 Â±0.27 NS

6 10.78 Â±0.41 <0.002
16 1.53 Â±0.33

Ellipticine, 1 x IO'5 M

Controls
Mixed esters of cellulose filters

LCA, 2.5 x IO'4 M

Controls
2.18 Â±0.20
2.02 Â±0.17

NS

Lysing solution, 2 M NaCl, 0.2% Sarkosyl, 20 mM disodium EDTA, 0.5 mg/ml
proteinase K (pH 10); eluting solution, 9.5 mM TEA-OH, 10 mM disodium
EDTA (pH 9.6)

Polycarbonate filters
LCA, 2.5 x IO'4 M 4 5.92 Â±0.68 <0.02

Controls 4 1.53 Â±0.10
Mixed esters of cellulose filtersLCA, 2.5 x 10-"M 4

Controls
10.85 Â±0.40
2.81 Â±0.14

<0.02

â€¢Accordingto the nonparametric Mann-Whitney test (two tailed); NS, not
significant (P > 0.05 against controls) (57).

* TEA-OH, tetraethylammonium hydroxide.

that many proteins of the nuclear matrix are not detached from
DNA by alkaline pH (35, 36). On the contrary a much more
complete solubilization of the proteins of the nuclear matrix is
obtained with 2% SDS (31). We suspected that perhaps with
this recipe the nucleoid structure could be extensively destroyed,
and as a consequence the effect of LCA would be abolished.

The results of Table 7 seem to suggest that this was indeed
the case. No effect of LCA could be observed using 2% SDS as
lysing agent. We have also checked if different results could be
obtained using polycarbonate filters [less affinity for proteins
(37)] instead of mixed esters of cellulose filters, but the lysing
solution seems to be the only factor responsible for the different
qualitative behavior of LCA.

DISCUSSION

All the literature data that we have already cited in the
introduction seem to suggest that the biological behavior of
LCA is the typical behavior of a promoting agent. Yet, Kulkarni
et al. (15) had suggested an induction of DNA damage by LCA.
We tried, first of all, to confirm their results.

We were able to confirm the observations of Kulkarni on
both LI210 cells and nuclei, utilizing the alkaline elution tech
nique (Tables 3 and 4). We also observed an increased elution
rate working at "neutral" pH [the actual pH is 9.6 but DNA
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remains double stranded up to pH 11.3 at 25Â°C(38)] (Table 6).

We consider this result similar to the results obtained by
Ktilkam i et al. (15, 16), who sed imen leti nucleoids in neutral
sucrose gradients.

We were also able to confirm the rapid repair of the DNA
alteration (15). The effect does not seem to be specific for
LI210 cells, because very similar results were also obtained
with V79 cells (Fig. 2).

We may ask whether the observed effect on DNA is very
relevant in terms of DNA cytotoxicity. This does not seem to
be the case. Within l h there is almost complete recovery of
the DNA alterations induced by LCA 2.5 x 10~" M, but the

cells already reveal long lasting toxic effects at much lower
concentrations, as suggested by our cloning efficiency experi
ment (Fig. 3). This differs from common observations of DNA
damage induced by alkylating agents.

We tried to confirm the DNA alteration observed with the
alkaline elution technique using the fluorometric unwinding
method of Birnboim and Jevcak (19). Surprisingly the effect
observed with this method was about 20% of the effect observed
with the alkaline elution technique (Tables 1-3) working at pH
13. Working at the same pH as alkaline elution (pH 12.3-12.4)
LCA was completely inactive.

As a standard reference for the two methods we used dimethyl
sulfate, a typical direct methylating agent for which the mech
anism of induction of DNA fragmentation is well known. It is
known that for DMS the most common adduct is yV-V-methyl-
guanine (29). At neutral pH this adduct is subjected to depuri-
nation. The apurinic sites become labile sites in alkali and are
rapidly transformed in breaks (30). For our comparative stan
dards, when using DMS, we worked at the same pH (12.3-
12.4) with both alkaline elution and the unwinding method; in
addition, in order to allow a similar time and rate of decay for
both methods, alkaline elution was preceded by a 30-min incu
bation in alkali. When using IM) (for which we do not have a
similar problem of alkali labile sites) we worked again at the
same pH for both methods. The global conclusion is that, tested
against both standards, the two methods have a very similar
overall sensitivity (Tables 1 and 2).

LCA is directly active on LI210 nuclei (Table 4). The DNA
alteration induced by LCA on L1210 nuclei is "repaired" at a

very fast rate. It is practically impossible to find a moment at
which LCA is no longer present and at the same time a
significant amount of DNA alteration can be observed (Table
4). In addition, this so-called "repair" can take place perfectly
well, even in the absence of Mg2+, in the presence of ethylene-
glycol bis(/3-aminoethyl etherHVyvyV'^'-tetraacetic acid or
EDTA and at 22Â°C.Under the same conditions no repair at all

of the damage induced by DMS or H2O2 was observed (Table
4). This is not surprising, considering that Ciarrocchi and Linn
(39) had found that much more restrictive conditions are re
quired to observe repair of the DNA damage induced by typical
genotoxic chemicals such as: 4-nitroquinoline 1-oxide, methyl
methanesulfonate and ./V-acetoxy-2-acetylaminofluorene in per-
meabilized cells and nuclei. The required conditions include the
presence, in the reaction mixture, of the four deoxyribonucleo-
tides, ATP and Mg2+ ions. Moreover, the reaction has been

shown to be inhibited by EDTA. None of these conditions are
satisfied in our preparations. This is another strong differentia
tion between the usual DNA damage induced by alkylating
agents and the effect induced by LCA. Repair of an H2O2
damage (OH* radical) seems also to be different. This damage

can be repaired very rapidly, but it seems to require a complete
medium, intact cells, and 37Â°C(27).

We favor the idea of a direct action of LCA on nuclear

chromatin. It is highly unlikely that enzymes will remain suffi
ciently functional to cause a hypothetical metabolic activation
of LCA in the harsh conditions of our experiments with nuclei.
There was no reduction in sensitivity to LCA over a range of
conditions from intact cells incubated at 37Â°Cto intact cells
incubated at 22Â°C,and finally to nuclei incubated at 22Â°C(Table

3 and Table 4). On the contrary, an intact structure of nuclear
chromatin was apparently required. LCA was completely inac
tive when incubated with lysed nuclei, even after careful washing
of the quasinaked DNA from residual detergents. This is again
different from the effect of the direct alkylating agent DMS
(Table 5).

A few years ago it was demonstrated by Pommier et al. (26,
40, 41), Nelson et al. (42), and Ross et al. (43) that some
intercalating agents such as 4'-(9-acridinylamino)methane-
sulfon-m-anisidide, ellipticine, and 5-iminodaunorubicin are
capable of inducing single and double stranded breaks, related
to a partial inhibition of the activity of topoisomerase II. The
breaks are not really present in DNA; the two ends are joined
together by topoisomerase II; the breaks do appear after diges
tion of topoisomerase II with proteinase K (21). This effect is
rapidly reversible after removal of the topoisomerase II inhibi
tor. Recently it was also described that other chemicals such as
epipodophyllotoxins, nonintercalating into DNA, are capable
of inhibiting topoisomerase II (43).

Considering the very rapid disappearance of the DNA alter
ation induced by LCA and also its capability of inducing at a
similar extent both single and double stranded breaks, we
examined the possibility that, at the relatively high LCA con
centrations used, the compound might act by inhibiting the
activity of topoisomerase II.

As a reference compound in our experiments we used ellip
ticine, an intercalating agent, for which the induced DNA
breaks are mediated by inhibition of the activity of topoisom
erase II (21). The results that we obtained were completely
against the hypothesis that LCA could act through a mechanism
of inhibition of topoisomerase II. Ellipticine is completely
inactive in the absence of proteinase K in the lysing buffer (21).
Our LCA elution experiments performed with intact cells gave
positive results in the absence of proteinase K (Table 3). After
incubation of LI210 nuclei with LCA we found substantially
no difference between working in the presence or in the absence
of proteinase K in the lysing buffer (Table 4). The induction of
breaks dependent on topoisomerase II is inhibited by novobio-
cin (26). We regularly found this inhibition by using ellipticine,
but not using LCA. Topoisomerase II is both Mg2+ and ATP

dependent (26). We confirmed the dependence of ellipticine
activity on both Mg2+ and ATP. The effect of LCA was not
reduced in the absence of Mg2+ (Table 4). The effect of LCA

was not increased in the presence of ATP; on the contrary we
observed a paradoxical, small reduction in the alkaline elution
rate.

Because the lysing buffer utilized throughout this work con
tains a high ionic strength (2 M NaCl) and relatively little
detergent (0.2% Sarkosyl) we suspected that DNA loops linked
to proteins of the nuclear matrix could be generated. Many of
these proteins cannot be detached from DNA even at alkaline
pH (35, 36) and some are relatively resistant to proteinase K
(36), as already mentioned under "Results." On the other hand

2% SDS can extensively detach from DNA not only chromatin
proteins but also almost all the proteins of the nuclear matrix,
except a few tightly bound proteins that are minor constituents
of the nuclear matrix (44). The results of Table 7 seem to
suggest clearly that the activity of LCA requires a nucleoid-like
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structure, a DNA detached from proteins of the nuclear matrix
no longer shows an effect.

Finally we will try to give our interpretation of the observed
results. In our opinion the main findings that we must try to
reconcile are: (a) literature data strongly suggest that LCA is
not a genotoxic agent but that it is endowed with promoting
but not initiating properties; (b) the DNA alteration induced
by LCA is peculiar in that it is very easily detected with alkaline
and neutral edition, but not with the fluorometric method for
evaluating DNA unwinding; (c) the alteration is rapidly revers
ible in conditions unsuitable for the repair of a genotoxic
damage; (d) the elution rate is increased to similar extents at
both neutral and alkaline pH; (e) the effect is similar for
incubations at 37Â°Cor 22Â°C,for intact cells, or for nuclei, with
or without Mg2+, making the involvement of a metabolic acti

vation of LCA unlikely; (/) the effect is not mediated through
topoisomerase II; (g) an elution effect is detectable only if by
stripping proteins from chromatin we generate DNA loops
linked to residual proteins of the nuclear matrix (nucleoids),
and removal of these proteins causes any elution effect to
disappear; (//) only the intact chromatin of nuclei is responsive,
not the quasinaked DNA of lysed nuclei. Also Kulkarni et al.
(16) had already observed that nucleoids are unresponsive to
LCA.

In our view, a revision of the current interpretation of the
results obtained with alkaline elution is required to reconcile
all the findings mentioned above. In a standard view of the
alkaline elution process, the DNA eluting through the cali
brated pores of a filter is considered as a single stranded,
completely clean and random coil at the equilibrium. According
to this simplified hypothesis, at a given temperature and ionic
strength, the molecular weight of DNA is the only parameter
that can affect the size of the DNA coil and, as a consequence,
modify the elution rate. Within this conceptual framework any
increase in elution rate will be interpreted as a DNA fragmen
tation. It was already recognized that working at neutral pH
and high ionic strength, lysed nuclei do not produce clean and
unconstrained random coils of native DNA, but rather nucleoid
structures containing supercoiled loops (33, 34, 45). Proteins
of the nuclear matrix strongly bound to DNA generate a point
of constraint and anchorage for the loops of these structures
(46,47). Under these conditions it had already been recognized
that changes in chromatin conformation could affect the sedi
mentation rate of these nucleoids in neutral sucrose gradients
(48). We have found that many of these tightly bound proteins
of the nuclear matrix remain linked even in the DNA left on
top of the filter at the end of an alkaline elution.4 Moreover,

many independent methods measuring DNA unwinding in al
kali, like the method used in this work, have shown that DNA
unwinding is a very slow process, taking several h (19, 38, 49,
50). As a consequence, during the hour of our elution experi
ment DNA was far from a single stranded random coil. In
addition to the data reported above, we think that the knowledge
of the structures of chromatin of an order higher than that of
the nucleosome is so scanty that the hypothesis of an instanta
neous complete disappearance of chromatin dependent nu
cleoid structures going from pH 10 (lysed nuclei) to pH 12.3
(beginning of alkaline elution) cannot be taken for granted. As
a matter of fact proteins of the nuclear matrix remain attached
to DNA even at alkaline pH (35, 36).

If we accept the idea that indirect methods of evaluating
DNA damage such as alkaline and neutral sucrose gradients,
alkaline and neutral elution, and alkaline DNA unwinding
methods can reflect (to different extents) not only the conse-

4 Manuscript in preparation.

quences of DNA fragmentation but also changes in chromatin
structure, then our data are much more readily understandable
in their globality. For instance, it is not unreasonable that a
method like fluorometric DNA unwinding would be much less
sensitive than alkaline elution to changes in chromatin confor
mation. The radius of gyration of the nonrandom coil, which
probably determines the elution rate (51), could be affected
much more than the unwinding rate.

In our view, as long as chromatin is intact the effect of LCA
is rapidly reversible. Going from intact chromatin to lysed
nuclei (high ionic strength) the alteration is frozen, or at least
it fades more slowly, and this partially naked DNA now be
comes insensitive to LCA.

This is not the first time that we have reported similar
discrepancies between alkaline elution and unwinding methods
(20, 52, 53). Working in vitro with LI210 nuclei we have
observed rapidly reversible effects similar to the ones observed
with LCA using 1 mM CuSO4 or 10% DMSO. We have already
reported preliminary results for these two chemicals (54).

In conclusion, when using indirect methods of the type dis
cussed above for evaluating DNA alterations induced by pro
moting agents and probably also other types of agents, there is
a serious possibility that part of the observed effects could also
be due to changes in chromatin conformation, at least in specific
cases. An integrated use of different methods and suitable
modifications of some methods can allow a discrimination
between real fragmentations and changes in chromatin confor
mation. We would also like to add the consideration that the
capability of detecting changes in chromatin conformation after
treatments of promotion, or perhaps also manipulations leading
to modulation of differentiation, in some cases could be not
without biological significance.

We think that the considerations made above are not in
contradiction with the fact that many data in the literature (23,
37) including the experience of our own group (25, 55, 56)
(related to the use of 2 M NaCl plus 0.2% Sarkosyl as lysing
agent before alkaline elution) suggest that the nucleoid-like
structure, probably left over by the above lysing treatment,
allows for the regular detection of single stranded breaks in
duced by X-rays and many alkylating agents. Our guess is that
when the break frequency is small (molecular weight on the
order of IO9)an effect is detected essentially because the breaks
induce some changes in the conformation of the nucleoid-like
structure, even at alkaline pH (e.g., a rapid unwinding in a loop
affected from a single stranded break). Nucleoids at neutral pH
have already been shown to be sensitive to the effect of single
stranded breaks (34). When the break frequency is larger (mo
lecular weight on the order of 10"), then fragments of liberated

single stranded DNA will start to fall out of the loops, further
increasing the elution rate. In conclusion, nucleoid-like struc
tures in alkali need not display an abnormal behavior in the
presence of increasing numbers of real fragmentation points.
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