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SUMMARY

Immature (50 g, 25-day-old) rats were given injections of
thymidine-methyl-14C for labeling of their hepatic DNA.

When the animals reached 200 g (53 days old), they were
placed on a diet containing 0.05% (w/w) of the hepatic
carcinogen 3'-methyl-4-dimethylaminoazobenzene. Groups

of animals were sacrificed at weekly intervals over a period of
5 weeks. Two hr prior to sacrifice, each animal was given an
injection of thymidine-methyl-3H. The radioactivity in total

hepatic DNA, in the DNA of suspensions of hepatic cells, and
in different classes of hepatic nuclei was determined. Over the
course of the experiment, there was a marked and progressive
loss of DNA (tui = 13 days) from the livers of the animals on

the carcinogen diet, accompanied by an increase in the rate of
thymidine-methyl-3H incorporation. Total liver weight, as well

as mg of DNA per liver, remained constant over the course of
the experiment. These studies were confirmed in a series of
experiments in which hepatic DNA was labeled with
thymidine-methyl-3H during liver regeneration following

partial hepatectomy, and the animals were allowed 4 weeks to
recover from the operation before being placed on the
3'-methyl-4-dimethylaminoazobenzene diet. The degree of

necrosis seen in histological sections appeared insufficient to
account for the loss of DNA observed. Studies involving the
sedimentation of DNA in alkaline sucrose gradients indicated
that repair synthesis of hepatic DNA is an early consequence
of 3'-methyl-4-dimethylaminoazobenzene ingestion and

accounts for some of the increased DNA turnover. The
possible relationship between DNA repair synthesis and
alterations in gene expression is discussed.

INTRODUCTION

In normal rat liver, there occurs both formation and
retention of cells throughout most of the adult life of the
animal (24). In 1956, Hecht and Potter (20) used orotic
acid-6-14C as a precursor of DNA in regenerating rat liver and
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demonstrated that the ' " C in DNA increased during the 1st 24

hr after administration of the precursor and remained about
constant throughout the subsequent 100-day period. These
studies were confirmed by Fresco and Bendich (11), who used
TdR-3H3 as a DNA precursor in rat liver following partial

hepatectomy and found little reduction of radioactivity in
DNA during the following 3 months. Somewhat later, Pele
(31, 32) reported that the fraction of cells that are labeled in
mouse liver after an injection of TdR-3 H is greater than would

be expected on the basis of the fraction of cells that actually
divide. From this he concluded (31, 32) that the incorporation
of TdR-3 H occurs as a result of both DNA synthesis in

preparation for mitosis and DNA turnover.
Therefore, it would appear that the bulk of the DNA in

normal liver is not being continuously renewed, while a small
amount of DNA turnover may be occurring.

The progressive microscopic alterations in the livers of rats
fed hepatocarcinogenic azo dyes have been documented by
Price et al. (38), who reported that bile duct proliferation was
one of the most prominent changes. Concomitant with
changing liver morphology, there are alterations in the
distribution and synthesis of DNA in 2 main classes of liver
nuclei (43), which have been further studied by autoradio-
graphie methods (39). The level of activity of several liver
enzymes involved in deoxyribonucleotide metabolism is
altered during ingestion of the hepatocarcinogenic azo dye
3'-MeDAB (46). That this alteration in enzyme activity was

not due to bile duct proliferation per se was demonstrated by
Sneider et al. (44). They showed that the pattern of enzyme
activity seen in the livers of rats fed a diet containing the
biliary hyperplastic agent a-naphthylisothiocyanate is
qualitatively different from that seen in the livers of animals
fed a diet containing 3'-MeDAB. Walker and Potter (50) have
examined isozyme changes in livers of rats fed 3'-MeDAB and

demonstrated the presence of fetal type isozymes in these
precancerous livers.

The blocked ontogeny hypothesis (34,35,37) suggests that,
during hepatocarcinogenesis, populations of cells exhibiting
fetal or embryonic characteristics are generated and that
within these populations there are a few cells that give rise to
the cancer.

The alterations in liver cell populations and the changes in
isozyme pattern in precancerous liver suggest that the

3The abbreviations used aie: TdR-3H, thymidine-methyl-3H;
3'-MeDAB, 3'-methyl-4-dimethylaminoazobenzene; TdR-"C, thymi-
dine-methyl-1 4C; TdR, thymidine.
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availability of various parts of the genotype may be altered. In
this report, we shall present evidence indicating that an
increase in hepatic DNA turnover is an early effect of
3'-MeDAB ingestion and that this is due in part to DNA repair

synthesis in addition to the cell death and replacement that
may occur. The data are discussed in terms of the possible
relationship between DNA repair synthesis and the alterations
in gene expression observed in precancerous liver.

MATERIALS AND METHODS

Animals and Dye Diet

Experiments with precancerous livers by use of a new
protocol were begun in 1968 (46). Male Sprague-Dawley rats
obtained from the Holtzman Co., Madison, Wis., were used for
these studies. A control basal diet and a diet containing 0.05%
(w/v) 3'-MeDAB were provided by Drs. J. A. and E. C. Miller.

Although the rats were allowed water ad libitum, access to
both basal and dye-containing diets was restricted to one 8-hr
period (8:30 a.m. to 4:30 p.m.) each day by use of the
controled feeding and lighting schedule described as "8 + 16"

(36, 52). Animals were maintained on the basal diet for 5 days
prior to being switched to the 3'-MeDAB diet. The
composition of the basal and 3'-MeDAB diets has been

described previously (38,46).

Radioactive Precursors

TdR-3H and TdR-14C, with a specific radioactivity of 6.7

and 24.5 mCi/mmole, respectively, were purchased from New
England Nuclear, Boston, Mass.

Studies on Rats in Which Hepatic DNA was Prelabeled with
TdR-14C

In these studies, we examined the DNA of liver
homogenates, hepatic cell preparations, and different classes of
nuclei isolated from liver homogenates and hepatic cell
preparations. Livers were minced and a homogenate was
prepared from a portion of the mince while a hepatic cell
preparation was prepared from the remaining portion. In this
manner, we made comparisons between hepatic cell
preparations and a sample of the same liver from which they
were derived. A sample of each liver was saved for histological
and autoradiographic examination.

Immature (50 g, 25-day-old) rats were given i.p. injections
of TdR-14C (0.2 mCi, 8.1 Mmoles/kg) for labeling of their

hepatic DNA. When the animals reached 200 g (53 days old),
they were placed on the 3'-MeDAB diet. Groups of animals

were killed at weekly intervals over a period of 5 weeks (1
group of animals was maintained on the basal diet for 6
weeks). Two hr prior to sacrifice, each animal was given an
injection of TdR-3H (0.5 mCi, 0.07 ^mole/kg). The protocol

of this experiment is illustrated in Chart 1. The animals were
not fed on the morning of the experiment and were killed at
10a.m.

Preparation of Hepatic Cell Suspensions. The following
procedure, which is a combination of those previously

reported by Jacob and Bhargava (23) and Howard and Pesch
(22), was devised for the preparation of hepatic cell
suspensions. Rats were decapitated and their livers were
perfused through the inferior vena cava with ice-cold, glucose-
and calcium-free Hanks' solution (18) containing 0.05% (w/v)

Pluronic F68 (a nonionic detergent manufactured by
Wyandotte Chemicals Corp., Wyandotte, Mich.) and 10.0%
(v/v) ethylene glycol. This solution will be referred to as
Medium A. The livers were then removed and finely minced
with scissors. The hepatic mince was added to an enzyme
solution (0.05% collagenase and 0.10% hyaluronidase, from
Sigma Chemical Co., St. Louis, Mo., dissolved in Medium A)
and incubated, with shaking, at 37Â°for 20 min. Ten ml of

enzyme solution were used for each 5 g of liver. The
preparation was then gently homogenized in a Potter-Elvehjem
homogenizer with 3 strokes from a loosely fitting, soft rubber
pestle made from a rubber stopper attached to a glass rod. The
suspension was filtered once through a layer of cheesecloth
and chilled on ice. The suspension was centrifuged at 50 X g
for 1.5 min, the supernatant was removed, and the sedimented
cells were resuspended in ice-cold Medium A; this procedure
was repeated twice.

Isolation of 2 Classes of Nuclei from Rat Liver and from
Suspensions of Hepatic Cells. Nuclei from homogenates of
livers and homogenates of hepatic cell suspensions were
separated into Class N-l (hepatocyte) nuclei and Class N-2
(nonhepatocyte, "stromal") nuclei by the technique of

Bushnell et al. (7).
Quantitation of Radioactivity in the DNA of Liver

Homogenates, Homogenates of Hepatic Cell Suspensions, and
N-l and N-2 Nuclei. The preparations were treated with
trichloracetic acid, 10% (final concentration). The precipitate
was washed once with 10% trichloroacetic acid and extracted
with 95% ethanol containing 10% potassium acetate (47),
100% ethanol, chloroform : methanol (1:2), and ether. DNA
was extracted from the lipid-extracted, nucleic acid-protein
precipitates as previously described for nuclei (45). The
amount of DNA in the extract was determined as previously
described (4), while the radioactivity in the DNA was
determined by liquid scintillation techniques. Scintisol-
Complete, purchased from Isolab, Inc., Akron, Ohio, was used
as the liquid scintillation counting medium.

Studies on Rats in Which Hepatic DNA was Prelabeled with
TdR-3 H during Liver Regeneration

Rats weighing about 80 g, maintained on a 30% protein diet
(52), and adapted to the feeding and lighting schedule
described above for 7 days were used for these experiments.
Partial hepatectomies were performed under ether anesthesia,
with removal of the main lobes (66 to 72% of the liver was
excised) as described by Iliggins and Anderson (21). The
operations were performed at 11:30 a.m. Â±90 min. The
animals received an i.p. injection of TdR-3 H (0.1 mCi, 0.01

/imole/kg) at 22,23, 24,45,46, and 47 hr after the operation.
These times for injection were chosen to correspond to the 2
peak periods of TdR incorporation following partial
hepatectomy (3). One group of rats was killed at 90 min after
the 6th TdR-3 H injection (48.5 hr after the operation); the

rest of the animals were allowed to recover from the
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?60 67 74 8l 88 95 AGE(DAYS)

7 14 21 28 35 Qâ€¢¿�"G
t

DAYSON 3-MeDAB DIET

INJECT TdR-"C INJECT TdR^H; KILL RATS

INTO 25 DAY 2 HOURSAFTER THE
OLD RATS INJECTION

Chart 1. Experimental protocol for studies on rats in which hepatic
DNA was prelabeled with TdR-14 C. The rats weighed about 200 g at
the start of the experiment (zero-time controls, 53 days old). Animals
fed the 3'-MeDAB diet maintained this weight, and liver weight

remained constant as a % of body weight over the course of the
experiment. The control rats that were fed the basal diet for 6 weeks
(killed at 95 days of age, 0 days on 3'-MeDAB diet) gained about 120 g

during this period.

operation. They were maintained on the 30% protein diet for
3 weeks and then on the basal diet for 1 week. At the end of
this time, 1 group of rats was killed and the others were placed
on the 3'-MeDAB diet; groups of rats were killed at weekly

intervals over a period of 3 weeks. The radioactivity in the
DNA of the livers of these animals was quantitated as
described above.

Sucrose Gradient Sedimentation of DNA

In these experiments, the rats were killed at either 7 p.m.
(2.5 hr after the withdrawal of food) or at 8 a.m. (15.5 hr
after the withdrawal of food, 0.5 hr prior to the next
scheduled feeding period).

Isolation of Liver Nuclei. A total liver nuclei fraction, as
opposed to fractionation into subclasses (Refs. 7,43, and this
paper), was prepared essentially according to the procedure of
Bushnell and Potter (D. E. Bushnell and V. R. Potter, personal
communication). Livers were minced with scissors in 2
volumes of ice-cold, sucrose Tris buffer (0.25 M sucrose:0.05
M Tris-HCl, pH 7.5) and homogenized in a Potter-Elvehjem
homogenizer with a motor-driven Teflon pestle. The
homogenate was filtered through a layer of cheesecloth, and a
concentrated solution of Triton X-100 was added to the
filtrate so that the final concentration of detergent was 2.0%
(w/v). Nuclei were collected by centrifugation at 1000 X g for
10 min and were washed once by resuspension in 0.25 M
sucrose and centrifugation at 1000 X^ for 10 min. Recovery
of homogenate DNA in this nuclear fraction was greater than
95%.

Extraction of DNA from Liver Nuclei. DNA was isolated by
a modification of the methods described by Haut and Taylor
(19) and Fujiwara et al. (12). Nuclei were lysed in a 2.0%
solution of sodium lauryl sulfate containing 0.15 M NaCl,
0.015 M sodium citrate, and 0.015 M EDTA, pH 7.3, at 60Â°
for 10 min. All other operations were carried out at 0â€”4Â°.

Cold 5.0 M NaClO4 was added to make the final concentration
1.0 M. Several extractions with chloroform : isoamyl alcohol
(24:1) were followed by precipitation with 2 volumes of ethyl
alcohol. The precipitated nucleic acids were collected by
spooling on a glass rod and dissolved in 0.15 M NaCl
containing 0.015 M sodium citrate. The RNA and protein in
this solution were hydrolyzed with heat-treated RNase and

Pronase as previously described (19). The preparation was
deproteinized with chloroform : isoamyl alcohol (24:1), and
the DNA was precipitated with 2 volumes of ethyl alcohol.

The precipitated DNA was collected by spooling on a glass rod
and dissolved in 0.15 M NaCl containing 0.015 M sodium
citrate. The DNA concentration was determined as previously
described (4).

Alkaline Sucrose Gradient Sedimentation of DNA. The
DNA was denatured by dropwise additon of 0.4 N NaOH until
the pH of the solution reached 12. The denatured DNA (0.1 to
0.2 ml) was layered on top of a 5 to 20% linear gradient of
sucrose (10.3 ml) containing 0.8 M NaCl solution,
0.2 M NaOH, and 0.001 M EDTA (12). Centrifugation was
carried out at 30,000 rpm (108,000 X g) for 7 hr at 15Â°in the

SW41 rotor (Beckman Instruments, Inc., Spinco Div., Palo
Alto, Calif.).

Neutral Sucrose Gradient Sedimentation of DNA. For
neutral sucrose gradient sedimentation, the DNA sample was
not denatured, and a 5 to 20% linear sucrose gradient
containing 0.15 M NaCl, 0.015 M sodium citrate, and
0.001 M EDTA (pH 7.0) was used (12). Centrifugation was
carried out at 35,000 rpm (148,000 X g) for 2 hr at 15Â°in the

SW41 rotor.
Internal Marker. Tritiated X phage DNA was used as an

internal marker for all sucrose gradient sedimentation studies.
The molecular weight of X phage DNA is 32.6 X IO6
(S2o,w = 35.1) under neutral conditions and 16.3 X IO6

(szo.w =40.1) under alkaline conditions (49). When alkaline

gradients were used, the phage DNA was denatured by the
additon of NaOH until the pH of the solution reached 12.

Determination of the Distance That the DNA Sedimented.
After centrifugation, a density gradient fractionator (Instru
mentation Specialties Co., Lincoln, Neb.) was used to pump
heavy sucrose into the bottom of the centrifuge tube at a
constant rate (0.6 ml/min), and fractions were collected from
the top of the gradient. Hepatic DNA was monitored at 260
nm by passing the gradient through a Gilford recording
spectrophotometer equipped with a Gilford flow-through cell;
0.15-ml fractions were collected, and the location of the
tritiated marker DNA was determined by liquid scintillation
techniques.

Estimation of the Sedimentation Coefficients and Molecular
Weights of Hepatic DNA Preparations. Sedimentation
coefficients were estimated by comparison of the distance that
the hepatic DNA preparation sedimented with the distance
that the marker DNA sedimented, as described by Burgi and
Hershey (6). The molecular weights were calculated from the
sedimentation coefficients as described by Studier (49).

RESULTS

DNA Turnover in Precancerous Rat Liver. Studies were
undertaken to determine the stability of prelabeled DNA in
the liver of rats that were maintained on a diet containing
0.05% of the hepatic carcinogen 3'-MeDAB. Rat liver DNA
was prelabeled with TdR-14C, and the rate of DNA synthesis

was estimated by measurement of the incorporation of
TdR-3 H into DNA during a 2-hr pulse (see Chart 1). There was
a marked and progressive decrease in DNA-14 C from the
beginning, and after 5 weeks on the 3'-MeDAB diet, the rats

had lost 80% of their prelabeled DNA. The incorporation of
TdR-3 H into hepatic DNA during a 2-hr pulse was always
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greater in the animals on the carcinogenic diet than in the
zero-time and 6-week controls (Chart 2). The data on TdR-3H
incorporation indicate that the administration of 3'-MeDAB

results in an increased rate of DNA synthesis, especially at the
end of the 2nd week, and are similar to results previously
obtained (43).

The fact that there was a loss in prelabeled DNA
accompanied by an increase in the rate of DNA synthesis and
that mg of DNA per liver remained constant over the course of
the experiment (Chart 2, inset) demonstrates that an initial
effect of 3'-MeDAB is to cause a profound increase in turnover

of hepatic DNA. From the data in Chart 2, it was calculated
that the half-life of the labeled hepatic DNA in the animals
that were on the 3'-MeDAB diet was 13 days. The degree of

necrosis seen in histological sections appears insufficient to
account for the loss of DNA observed.

Chart 3 shows that prelabeled DNA is lost from the
preparation of hepatic cells at the same rate as from the total
liver homogenate DNA. Therefore, the differences in the
3H:14C ratio of the DNA that was isolated from liver

homogenates, as compared to that from hepatic cell
suspensions, may be attributed to a difference in TdR-3H
incorporation during the 2-hr pulse. These data are presented
in Chart 4 and indicate a marked heterogeneity of cell
populations in the livers of animals fed 3'-MeDAB. For
example, after 2 weeks on the carcinogen diet, the 3H:14C in
the DNA of the N-l nuclei of the homogenate is 15, while the
ratio in the N-l nuclei of the hepatic cell preparation is 5.5
(Chart 4). It should also be noted (Chart 4) that the 3H:14C
ratio in the DNA of the N-l nuclei derived from the hepatic
cell preparation is virtually the same as that of the DNA
extracted from a homogenate of the cell preparation. This
indicates that most of the cells in this preparation contain N-l
nuclei, and thus these cells are mainly hepatocytes (7).

Taking into account the fact that 3'-MeDAB is a hepatic

carcinogen (28), we examined the DNA of the kidneys of rats
that received TdR-14C prior to being placed on the 3'-MeDAB

diet in order to ascertain whether or not ingestion of
3'-MeDAB results in an increased DNA turnover in a tissue

other than liver. The results of these studies are presented in
Table 1, in which it can be seen that there was no loss of
prelabeled DNA in the kidneys of rats that were maintained on
the 3'-MeDAB diet for 5 weeks, a time during which there was

an 80% loss of prelabeled hepatic DNA (Chart 2). The animals
used for the study described in Table 1 are the same as those
used for the 5-week 3'-MeDAB-fed animals and 6-week

controls reported in Chart 2.
These experiments on DNA turnover in precancerous rat

liver were confirmed by use of a different procedure to
prelabel rat liver DNA. When the DNA of young rats is
prelabeled, only a low percentage (about 6%)4 of the liver cells

will contain labeled DNA, and because of this, a change in the
amount of prelabeled DNA may not be an accurate reflection
of what is happening in the whole liver. This problem was
resolved by administering TdR-3H to rats after a partial

hepatectomy. The protocol of this experiment is described in
"Materials and Methods." This experiment results in labeling

of the DNA over 30% of the liver cells.4

Chart 5 shows that, from the beginning, there was a marked
and progressive loss of hepatic DNA that was prelabeled with
TdR-3H during liver regeneration, at which time the rats were
placed on the 3'-MeDAB diet. Transient hepatic littoral cells

that were labeled initially were given a chance to leave the liver
during the 4-week period between the last TdR-3H injection
and the time at which the rats were placed on the 3'-MeDAB

diet; this probably accounts for part of the slight loss of

012345WEEKS ON 3'-MÂ«DABDIET
9
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Chart 2. Turnover of hepatic DNA in rats fed 3'-MeDAB. â€¢¿�,the
amount of DNA prelabeled with TdR-'4C remaining; o, the
incorporation of TdR-3H into DNA during a 2-hi pulse. The amount of

DNA per liver (inset) remained constant over the course of the
experiment, and thus it is valid to express the data as radioactivity in
DNA per liver and to make comparisons from week to week. Each
point represents the mean value obtained from 3 rats.

HEPATIC CELL
HOMOGENATE

"J. I. Goodman, H. Rabes, and V. R. Potter, manuscript in
preparation.

WHOLE LIVER
X HOMOGENATE

12345
WEEKS ON 3'-MeDAB DIET

Chart 3. Loss of prelabeled DNA from homogenates of whole-liver
and hepatic cell preparations, o. amount of prelabeled DNA in
whole-liver homogenates; each point represents the mean value
obtained from 3 rats. A portion of the livers of these 3 rats was pooled;
Â»,amount of prelabeled DNA in homogenates of cell suspensions
prepared from this pool of liver.
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Chart 4. Comparison of newly synthesized to pielabeled DNA. The
radioactivity (dpm) in DNA after a 2-hr pulse of TdR-3H (newly
synthesized DNA) is compared to the amount of prelabeled DNA (' 4C
in DNA). Left, data from whole-liver homogenates and Fractions N,
and N2 derived therefrom; each point represents the mean value
obtained from 3 rats. A portion of the livers of these 3 rats was pooled
and used to prepare a suspension of hepatic cells. Right, values for the
hepatic cell suspensions and Fractions N, and N2 derived therefrom.
The data are presented as the ratio of dpm of 3H to '"C in DNA of

homogenates (homog.), Class N! nuclei (JV,), and Class N2 nuclei (Nt).

Table 1
Effect of 5 weeks of 3'-MeDAB ingestion on the stability of kidney DNA

dpm14C in DNA/kidney"

Control6
3'-MeDABb

14,501 Â±536C
15,233 Â±2,706

" Kidneys were obtained from the same animals as those used for the
5-week 3'-MeDAB-fed animals and 6-week controls in the study

presented in Chart 2.
b DNA was extracted from the kidneys of rats that had been

pretreated with TdR-14C as described in "Materials and Methods."
c Mean Â±S.E.; each value is the result of data obtained from

individual determinations on the kidneys of 3 rats.

prelabeled DNA during the 4 weeks following the last TdR-3 H

injection (Chart 5). From the data in Chart 5, it was calculated
that the half-life of the labeled hepatic DNA in the animals on
the 3'-MeDAB diet was 10 days.

A comparison of the data on stability of prelabeled hepatic
DNA in rats that were fed 3'-MeDAB, presented in Charts 2

and 5, is shown in Chart 6. It can be seen (Chart 6) that the 2
different methods of prelabeling hepatic DNA gave essentially
the same results.

Sedimentation of DNA in Neutral Sucrose Gradients. Under
neutral conditions, DNA exists as a double-stranded helix, and
due to base pairing, single-strand breaks will not alter the
molecular weight of the molecule.

DNA isolated from control animals and from those that

were fed 3'-MeDAB for 4 days and killed at either 7 p.m. (2.5

hr after the withdrawal of food) or at 8 a.m. (15.5 hr after the
withdrawal of food) sedimented at the same rate in neutral
sucrose gradients (Chart 7). Rather large amounts (more than
34 Â¿/g)of DNA had to be used in these experiments in order to
be detected by UV absorption. Under these conditions, the
sedimentation rate increases as the DNA concentration is

35
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U
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O.
o

tf-

o

t
48.5 HR AFTER
PARTIAL HEPATECTOMY

3 4 5 t
WEEKS

t
START
3-kteDAB DIET

Chart 5. Disappearance of prelabeled hepatic DNA in rats fed
3'-MeDAB. Hepatic DNA was labeled with TdR-3 H during liver

regeneration following partial hepatectomy at the time indicated. The
data are expressed as radioactivity in DNA per liver; each point
represents 1 rat. The livers of the rats killed at 48.5 hr after the
operation (zero time) weighed 1.3 and 1.4 g, respectively, while the
livers of the other rats 4 to 7 weeks later weighed 6.4 Â±0.4 g; they all
contained 2.5 Â±0.2 mg DNA per g liver, indicating quantitative
replacement of the prelabeled DNA.

100

8O

Â°8 60

t Â£ 40
> u
t- O
O (T
< ÃœJO o. 20
o ~

PRELABELED
Â¿ WITH TdR-3H

PRELABELED
WITH TdR-l4C

_L J_ I
012345

WEEKS ON 3'-MeDAB DIET

Chart 6. Disappearance of prelabeled hepatic DNA in rats fed
3'-MeDAB, comparison of 2 different methods of prelabeling the DNA.
The control value for the DNA prelabeled with TdR-14 C is given in
Chart 2 (zero weeks on 3'-MeDAB diet), and the control value for DNA
prelabeled with TdR-3 H is given in Chart 5 (the mean of the values at 4

weeks).

770 CANCER RESEARCH VOL. 32

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2389262/cr0320040766.pdf by guest on 19 M

ay 2023



DNA Repair and Turnover in Precancerous Rat Liver

NEUTRAL GRADIENTS

74 -80 jugDNA/GRADIENT

CONTROL
Â°Â°Â°3'-MÂ»DAB(7RM.)

â€”¿�S'-MeOAB(8A.M.)

Q05

0.04

0.03

0.02

0.01

_ 35-40jugDNA/GRADIENT

CONTROL
Â°Â°Â°Â°3'-MeDAB(7P.M.)3'-MÂ«DAB(8A.M.)

8O I23456

CM FROM MENISCUS

Chart 7. Sedimentation of DNA in neutral sucrose gradients. DNA
was isolated from control animals and those fed 3'-MeDAB for 4 days

and killed at either 7 p.m. (2.5 hr after the withdrawal of food) or at 8
a.m. (15.5 hr after the withdrawal of food). Centrifugation was carried
out at 35,000 rpm (148,000 X g) for 2 hr at 15Â°in the SW41 rotor.

Arrow, position of the trillateci \ phage DNA; 90 to 95% of the
radioactivity was recovered in 6 fractions (0.15 ml each).

decreased; this is due to the decreased frictional force
opposing the sedimentation of the more dilute DNA sample
(1). Because of this concentration effect, an accurate estimate
of the molecular weight would require determinations at
several concentrations in order to extrapolate the
sedimentation coefficient to zero concentration. However, the
fact that DNA samples that were isolated from control and
3'-MeDAB fed rats sedimented at the same rate when 35 to 40

Mg and 74 to 80 jug of DNA were used indicates that the
molecular weight of these samples was the same. From the
data in Chart 7 (lower tracing, 35 to 40 pg of DNA per
gradient), the molecular weight of the DNA that was isolated
from control and 3'-MeDAB fed animals can be estimated at
12.5 X IO6.

Sedimentation of DNA in Alkaline Sucrose Gradients. At an
alkaline pH, DNA base pairing is abolished and the molecule
separates into single strands. Under this condition,
single-strand breaks in DNA will result in a decreased
molecular weight. This procedure has been used to detect
X-ray-induced single-strand breaks in Escherichia coli DNA
(26) and methyl methanesulfonate-induced single-strand
breaks in mouse lymphoma cells in tissue culture (10).

The results from experiments in which DNA isolated from
control animals and from those fed 3'-MeDAB for 4 days and

killed at either 7 p.m. (2.5 hr after the withdrawal of food) or
at 8 a.m. (15.5 hr after the withdrawal of food) are shown in
Chart 8. The sedimentation coefficient of the DNA isolated
from control animals was estimated at 27.2, which
corresponds to a molecular weight of 6.2 X IO6 (Chart 8). The

same results were obtained when control animals were
sacrificed at 7 p.m. or at 8 a.m. However, DNA isolated from
the 3'-MeDAB-fed animals that were sacrificed at 7 p.m.

sedimented at a lower rate in alkaline sucrose gradients than
the DNA obtained from control animals (Chart 8). The
sedimentation coefficient of the DNA of these animals was
estimated at 25.5, which corresponds to a molecular weight of
5.2 X IO6 (Chart 8). This is in contrast to the results obtained

with DNA samples isolated from rats fed the carcinogen for 4
days and sacrificed 15.5 hr after the withdrawal of food that
sediments at about the same rate as DNA obtained from
control animals (Chart 8).

Due to the hyperchromicity exhibited by DNA at alkaline
pH, less DNA per gradient was required for these experiments
than for the neutral sucrose gradient sedimentation studies.
When the amount of DNA per gradient used in the studies
presented in Chart 8 was doubled or decreased by 50%, there
was no effect on the sedimentation rates. These results are
presented in Table 2, in which it can be seen that the data are
reproducible, although we are working at the lower limit of
sensitivity of this method.

ALKALINE GRADIENTS

S20j*-27.2
MW-6.2XI06

I 2345678
CM FROM MENISCUS

Chart 8. Sedimentation of DNA in alkaline sucrose gradients. DNA
was isolated from control animals and those fed 3'-MeDAB for 4 days

and killed at either 7 p.m. (2.5 hr after the withdrawal of food) or at 8
a.m. (15.5 hr after the withdrawal of food). Centrifugation was carried
out at 30,000 rpm (108,000 X g) for 7 hr at 15Â°in the SW41 rotor.

Arrow, position of the tritiated X phage DNA; 90 to 95% of the
radioactivity was recovered in 6 fractions (0.15 ml each).
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Table 2
DNA sedimentation in alkaline sucrose gradients

ExperimentTreatment"1

Control3'-MeDAB

(7p.m.)3'-MeDAB

(8a.m.)Marker

DNAalone2
Control3'-MeDAB

(7p.m.)3'-MeDAB

(8a.m.)Marker

DNA aloneDNA/gradient

(ng)7.615.230.48.116.132.28.3116.633.27.314.729.48.416.833.67.515.130.2Distancesedimentedb4.054.054.103.703.803.654.153.954.054.104.104.053.753.603.603.954.054.10Distance
marker

DNA sedimented65.905.905.855.955.905.905.255.905.855.905.905.855.855.905.855.855.855.855.905.85

" Livers from 3 animals were pooled.
b Distance sedimented is measured as cm from the meniscus; each value represents the average of 2 or 3

determinations.

DISCUSSION

Our data are consistent with the current literature on the
interaction between carcinogens and DNA and suggest that
repair synthesis of hepatic DNA is an early consequence of
3'-MeDAB ingestion. Since we might expect gene transcription

not to occur or be altered during DNA repair, in addition to
the possibility of its being altered as a result of not repairing a
modified DNA segment (30, 42), it is possible that this is one
of the molecular mechanisms underlying the change in gene
expression observed in precancerous livers.

Two different methods were used for prelabeling rat liver
DNA. In the 1st series of experiments, rats were given
injections of TdR-14C when they were 25 days old for labeling

of their DNA and were allowed to mature for 28 days prior to
the beginning of the experiment (Chart 1). In the 2nd series of
experiments, hepatic DNA was labeled with TdR-3 H during

liver regeneration following partial hepatectomy. These rats
were allowed 4 weeks to recover from the operation before
being placed on the 3'-MeDAB diet (Chart 5). Transient

hepatic littoral cells that may have been labeled initially were
given a chance to leave the liver during these 4-week periods.
In addition, most of the mitochondrial DNA that was initially
labeled was not present at the beginning of the experiment
because the half-life of hepatic mitochondrial DNA is 9.4 days
(16).

During the course of this experiment, there was very little
turnover of DNA in the livers of normal rats, as evidenced by
the similarity of the 14C in the DNA of the zero-time and
6-week control rats (Chart 2) and the similarity of the 3H in

the hepatic DNA at 48.5 hr and 4 weeks after partial
hepatectomy (Chart 5). The slight loss of labeled DNA that
occurred between 48.5 hr and 4 weeks after partial

hepatectomy (Chart 5) may be due in part to turnover of
mitochondrial DNA and transient hepatic littoral cells.
However, there was a marked and progressive loss of
prelabeled DNA from the livers (Charts 2 and 5), but not from
the kidneys (Table 1), of rats fed the hepatic carcinogen
3'-MeDAB.

The fact that the loss in prelabeled DNA was accompanied
by an increase in the rate of DNA synthesis, as estimated by
TdR incorporation during a 2-hr pulse, while total liver weight
and mg of DNA per liver remained constant over the course of
the experiment (Chart 2, inset) demonstrates that an initial
effect of 3'-MeDAB is to cause a marked increase in turnover

of hepatic DNA due to a combination of cell death and
replacement plus an unknown proportion of DNA repair. The
results shown in Chart 2 were confirmed by use of rats in
which hepatic DNA was labeled with TdR-3 H during liver

regeneration (Chart 5). In this experiment (Chart 5), the
method used to label the hepatic DNA results in the labeling
of the DNA in a far higher percentage of liver cells than could
be obtained when the DNA of young rats was labeled with
TdR-14C (Charts 1 and 2); because of this, changes in the

amount of labeled DNA should give an accurate indication of
what is happening in the whole liver. From the data in Chart 5,
it was calculated that the half-life of hepatic DNA in the
animals on the carcinogen diet was 10 days. This is slightly less
than the half-life of 13 days that was calculated from the data
in Chart 2. These values are close enough probably to be
within experimental error. However, it is possible that there
was a faster turnover of hepatic DNA in the animals in which
DNA was prelabeled with TdR-3H, due to radiation damage in

addition to the effect of the carcinogen.
Histological sections prepared from the livers of the animals

on the 3'-MeDAB diet were examined, and the degree of
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necrosis observed appeared insufficient to account for the loss
of DNA observed. While it cannot be denied that cell death
and replacement was occurring in these precancerous livers and
that this may account for a significant amount of the DNA
turnover observed, further experiments indicated the
possibility that additional mechanisms may have been
involved. During DNA repair, an altered DNA segment is
excised and replaced with a newly synthesized segment (13),
and this process is probably catalyzed in part by DNA
polymerase (8). A continual excision and replacement of
deoxyribonucleotide segments could account for part of the
hepatic DNA turnover observed in the 3'-MeDAB fed animals.

Accordingly, we addressed ourselves to the question of
whether DNA repair synthesis was occurring in these
precancerous livers. The extent of DNA breakage was
monitored by examination of the occurrence of single-strand
breaks in DNA as revealed by sedimentation in sucrose density
gradients at alkaline pH. Rats that were fed 3'-MeDAB for 4

days were used for this study because it was felt that, at this
early time period, the degree of necrosis would be minimal and
would not interfere with our molecular weight determinations.

The decrease in molecular weight (determined at alkaline
pH) of DNA isolated from 3'-MeDAB fed rats that were killed

2.5 hr after withdrawal of food, and the return of the
molecular weight to control values after the animals on the
carcinogen diet were without food for 15.5 hr (Chart 8),
indicates that hepatic DNA repair synthesis was occurring in
these animals. It seems that some of the ingested 3'-MeDAB is

absorbed from the gastrointestinal tract, goes to the liver
where it is metabolized to the active carcinogen (27), and
initiates DNA repair synthesis that is completed during the
fasting period. The next day, the animal ingests more
3'-MeDAB with its food, and the process begins again.

These data are consistent with the current literature on the
interaction between carcinogens and DNA. Radioactive
metabolites of azo dye carcinogens have been found to bind
covalently to rat liver DNA (51). Miller et al. (29) have
demonstrated that DNA-guanine is a site of interaction. In
addition, the covalent interaction of 2-acetylaminofluorene
with DNA has been reported to cause a denaturation localized
in the modified region (9). 2-Acetylaminofluorene and
3'-MeDAB are approximately the same size, and therefore it is

reasonable to suppose that the covalent interaction of
3'-MeDAB with DNA would result in the same type of

alteration in secondary structure. Roberts et al. (40) have
shown that nonsemiconservative DNA synthesis (repair
synthesis) occurs in cultured HeLa cells after treatment with
mono- and difunctional alkylating agents. Studies on
lymphoma cells (2, 10) have yielded the same results.
Recently, Stich Ã©tal.(48) have obtained a correlation between
the oncogenicity of derivatives of 4-nitroquinoline-l-oxide and
the capacity of the compounds to provoke DNA repair
synthesis (as measured by autoradiographic demonstration of
unscheduled incorporation of TdR-3H) in Syrian hamster cells

in tissue culture. The amount of azo dye carcinogen that was
covalently bound to liver DNA was decreased by 50% 1 week
after a single i.p. injection of the carcinogen (51). It has also
been shown that, after a single i.p. injection of
2-acetyaminofluorene, the binding to hepatic DNA was
decreased by 75% in 11 days (53). Taken together, these

observations lend further support to the proposition, set forth
in this paper, that the administration of hepatic carcinogens
results in repair synthesis of liver DNA.

The data presented in Chart 8 indicate that the molecular
weight of DNA from 3'-MeDAB fed animals that were killed at
7 p.m. was 5.2 X IO6, whereas the molecular weight of DNA
from control animals was 6.2 X IO6. It is reasonable to raise
the question as to how many single-strand breaks would be
required to cause this decrease in molecular weight. The
number of strand breaks per g of DNA was calculated as
described by Lett et al. (25) and was 1.8X IO16. The livers of

the rats on the carcinogen diet contain about 20 mg of DNA
(Fig. 2, inset), and this would correspond to 3.6 X IO14 strand

breaks per liver. If we assume that as many as 25 nucleotides
are excised and replaced per strand break and that 300 is the
average molecular weight of a nucleotide, this would represent
the replacement of 9 X IO15 nucleotides or 4.5 Mg DNA,

which is only 0.02% of the hepatic DNA. Another question
along this same line is, "Do the animals ingest enough
3'-MeDAB during the day to account for the number of strand
breaks per liver (3.6 X IO14) that we estimate to be present at
the time the animals are sacrificed?" Our 3'-MeDAB fed animals

weighed about 200 g, and if we assume that they ate
approximately 10 g of food [containing 0.05% (w/w)
3'-MeDAB] per day, they would have ingested 5 mg of the
carcinogen daily. This corresponds to 2X 10~5 mole or
1.2X IO19 molecules of 3'-MeDAB per day. Therefore, the

observed number of strand breaks could be accounted for by
only 1/30,000 of the daily dose of 3'-MeDAB interacting with

DNA in a manner that provokes repair synthesis.
A large amount of DNA repair synthesis occurring day after

day in precancerous liver provides several possible explanations
for some of the altered enzyme patterns observed. While the
isozyme changes seen during this time (50) may be due to
hyperplasia in response to necrosis, the "fixing" of the

aberrant gene expression observed in hepatomas requires
additional mechanisms. Mutations may arise from inaccurate
replacement of excised nucleotide segments or during cell
division if DNA repair synthesis is occurring at the same time
that the molecule is replicating. In addition, there is no reason
to assume that altered gene expression must be the result of a
mutation (33). During the DNA repair process, single strand
breaks occur as the damaged segment is being excised and
replaced (13). Thus it is possible that, if a portion of the
genome is called on to be transcribed at the same time that it
is undergoing repair synthesis, RNA synthesis may be delayed
or a faulty RNA molecule may be synthesized. The induction
of 0-galactosidase in E. coli was impaired after the in vivo
alkylation of the cellular DNA by mono- and difunctional
alkylating agents (5). It has been postulated that genetic
markers on DNA can be inactivated by a single-strand break
(41). Therefore, it is possible that this impairment in enzyme
induction was a result of the attempt of the cell to repair the
damage rather than of the alkylation per se.

The sedimentation coefficient of mammalian DNA,
determined in alkaline sucrose gradients, has been estimated at
from 24 to 450, depending on the isolation technique, and this
matter is discussed by Fujiwara et al. (12). In our alkaline
sucrose gradient studies, the sedimentation coefficient of the
DNA isolated from control animals was estimated at 27.2.
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DNA isolated from calf thymus nuclei was fractionated by
zonal centrifugation (17), and the molecular weight
(determined at pH 7.2) of the bulk of the DNA was
approximately 1 X IO7. In our neutral sucrose gradient

studies, the molecular weight of DNA was estimated at
1.2 X 107. We believe that our sucrose gradient studies are

valid, although the native DNA molecule is probably far larger
than that which we were measuring, and we recognize the need
to use alternative experimental approaches in the pursuit of
this problem.

In addition, these studies indicate that animals with
prelabeled DNA may serve as useful experimental tools in
studies on toxicity and carcinogenesis.
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