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SUMMARY

DNA synthesis in host liver and Morris hepatomas 7800 and
7777 has been compared in a nuclear system. The isolated
nuclei serve as the source of enzyme and template DNA and
incorporate TTP-3H into DNA linearly for 5 min. The nuclear

system is compared with in vivo incorporation of
thymidine-3H. The incorporation with hepatoma 7800 is

about 6 times increased over that with host liver in both
systems, and incorporation with hepatoma 7777 is about 10
times that with host liver in both the in vivo and in vitro
systems.

Addition of sucrose to the incubation mixture (0.8 M final
concentration) increases incorporation in host liver nuclei two-
to threefold but has no effect on hepatoma nuclei. This
difference in response to a more dense incubation medium
between host and hepatoma nuclei might be due to differences
in the nuclear membranes. With about equal amounts of RNA
and protein per mg DNA in the three different nuclear
preparations, hepatoma nuclei contain two to three times
more phospholipid per mg DNA than do host liver nuclei.

INTRODUCTION

Several papers comparing the DNA polymerase (DNA
nucleotidyl transferase EC 2.7.7.7) activity in extracts from
host liver and Morris hepatomas have appeared (9, 14, 21, 26).
The findings indicate increased DNA polymerase activity with
increased growth rate of the hepatomas. Furthermore, there is
an increased preference for denatured DNA primer with
increased growth rate, whereas DNA polymerase from normal
and host liver shows a preference for native primer (21). The 2
activities have been partially separated on Sephadex G-200
(19, 20) and differential centrifugation (1). In all these
investigations, the starting material was an extract from whole
cells.

Several reports have appeared in which a nuclear system was
used to measure incorporation of a labeled precursor into
DNA (5, 10, 11, 13, 16, 25). Such a system should be more
meaningful, since it is generally assumed that most DNA
synthesis occurs in the nucleus. Recently, Lynch et al. (16)
developed a system utilizing whole nuclei to measure DNA
synthesis and compared the ability of nuclei from normal and
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regenerating rat liver to incorporate TTP-3H into DNA. They

provided evidence that the incorporation into nuclei is a
continuation of the in vivo process by prelabeling DNA in vivo
with 5-bromodeoxyuridine, isolating nuclei for incorporation
of TTP-3H in vitro, and analyzing sheared denatured DNA

from the nuclei on CsCl gradients. They further showed by
radioautography that only nuclei incorporating thymidine-3H
in vivo were able to incorporate TTP-3H in vitro.

We have utilized the nuclear system of Lynch et al. (16) to
compare the nuclei from host liver and 2 different Morris
hepatomas for their ability to incorporate TTP-3H into DNA.

MATERIALS AND METHODS

Materials and Animals. 3H-Labeled materials were obtained

from New England Nuclear, Boston, Mass.; calf thymus DNA
and pancreatic DNase were obtained from Sigma Chemical
Company, St. Louis, Mo.; and the unlabeled deoxynucleotides
were obtained from Schwarz BioResearch, Inc., Orangeburg,
N. Y. Tumor-bearing female rats of the Buffalo strain were
shipped by air express from Howard University, Washington,
D. C., to Pittsburgh, Pa., soon after transplantation. Animals
received food and water ad libitum and were used when
tumors had grown to two-thirds of the size normally used for
transplantation. At this time, there was a minimum of necrotic
tissue in the tumors. For minimizing diurnal variations,
animals were killed between 8 and 12 a.m. Morris hepatoma
7800, which had gone through 52 to 55 generations, and
Morris hepatoma 7777, which had gone through 62 to 70
generations, were used for this investigation. The biology and
growth properties of these hepatomas have previously been
described (18).

Isolation of Nuclei. All steps were carried out as rapidly as
possible at 0â€”4Â°as previously described (16). The nuclei were

suspended in 2 to 3 ml 0.3 M sucrose and used immediately
for assay. Comparative purity of nuclei was determined by
measuring DNA (2), RNA (17), and protein (15) in the nuclear
suspensions. Attempts to prepare nuclei by the method of
Gurr et al. (6) yielded good nuclei from host liver, but
hepatoma nuclei were heavily contaminated with cytoplasmic
material as judged by microscopic observation.

Estimation of DNA Synthesis with Whole Nuclei. The
reaction mixture containing 50 AmÃ³les Tris-HCl, pH 7.4; 2
AmÃ³lesMgCl2 ; 4 AmÃ³les2-mercaptoethanol; 80 Â¿miÃ³lesKC1; 1
Aimole ATP; 0.04 //mole each dATP, dCTP, and dGTP; and
0.02 limole TTP-3H (50 fiCi/f/mole) was preincubated for 5
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min before nuclei were added (50 to 100 Â¿/gDNA). The final
volume was 0.5 ml. The reaction was stopped by the addition
of 1 ml l M NaOH. After the addition of 100 pig calf thymus
DNA as carrier, the DNA was precipitated by the addition of
0.5 ml 50% trichloroacetic acid and 5 ml 5% trichloroacetic
acid and was centrifuged, and the pellet was heated to 80Â°for

10 min in 1 ml l M NaOH. After precipitation with
trichloroacetic acid and centrifugation, the heating step was
repeated. The final pellet was suspended in 6 ml 5%
trichloroacetic acid containing Celite, 10 mg/ml
(Johns-Manville Products Corporation, New York, N. Y.) and
collected on filters covered with a layer of Celite. The
precipitate was washed with trichloroacetic acid, ethanol, and
ether, and radioactivity was measured in a Hyamine-toluene
liquid scintillation mixture [Hyamine hydroxide (New
England Nuclear), 0.5 ml plus 10 ml scintillation fluid (4 g
2,5-diphenyloxazole and 50 mg l ,4-bis-2-(5-phenyloxazolyl)-
benzene per liter)]. Counting efficiency was 35% in a Packard
Tri-Carb liquid scintillation counter. Background was 15 to 20
cpm, and samples were counted for 10 to 30 min.

In some experiments, nuclei were reisolated after
incubation. The incubation tubes were cooled in ice, and the
nuclei were layered over 5 ml 0.34 M sucrose and centrifuged
at 1000 X g. The nuclear pellet was washed once with 0.15 M
NaCl and recentrifuged. Incorporation was then determined in
the final nuclear pellet and in the combined supernatants as
described above.

For the determination of DNA and RNA, samples of
nuclear suspension were precipitated with trichloroacetic acid
and filtered as above. For DNA, the precipitate collected on
the filter was hydrolyzed in 5% perchloric acid, and for RNA
it was hydrolyzed in 5% trichloroacetic acid.

In Vivo Incorporation of Thymidine-3H. Rats were given
injections in the tail vein of 10 piCi thymidine-3H (6.7

Ci/mmole) and killed by cervical dislocation 30 min later. The
liver and tumor tissues were rapidly removed, and nuclei were
prepared as described above. Duplicate aliquots of nuclear
suspension were precipitated with 5% trichloroacetic acid
containing Celite and placed on Celite-covered filter discs. The
precipitate was washed with 5% trichloroacetic acid, ethanol,
and ether and either hydrolyzed for DNA determination or
used for determination of radioactivity in a Hyamine-toluene

scintillation fluid mixture.
Determination of Nuclear Swelling. Nuclei were prepared by

the usual method. An amount of nuclei equivalent to 100 /ng
DNA was added to 1 ml incubation mixture (minus labeled
TTP) with and without sucrose (final concentration of sucrose,
0.8 M). The change in absorbance at 600 mp. was then
followed over a period of 10 min in a Hitachi Perkin-Elmer
spectrophotometer. Readings were done at 1-min intervals.
Between each reading, the nuclei were resuspended by
inverting the cuvets several times to prevent settling of the
nuclei. No further decrease in absorbance was observed after
10 min.

Phospholipid Determination. Nuclei were prepared as
described above and then twice rehomogenized in 2 M sucrose
and centrifuged through 2.2 M sucrose. The final pellet was
washed twice with 0.25 M sucrose-1 mM MgCl2 and then
extracted in chloroform-ethanol according to the method of

Hokin and Hokin (8). This method assures that no nonlipid
phosphorus is carried over. Phosphorus determinations were
done according to the method of Chen et al. (3).

RESULTS

The comparative purity of nuclei prepared from host liver,
hepatoma 7800, and hepatoma 7777 is shown in Table 1. The
purity of host liver nuclei and nuclei from hepatoma 7800 is
identical. Nuclei prepared from hepatoma 7777 are not quite
as pure as the other preparations.

It appears from electron micrographs that some small
segments of membrane are tightly bound to the outer nuclear
membrane of some of the hepatoma 7777 nuclei, but protein,
DNA, and RNA determinations on the different nuclear
preparations and the general appearance of the preparations
under the light microscope indicate that we deal with
preparations of comparable purity at least with respect to
RNA, DNA, and protein content. Isolation of tumor nuclei is
generally more difficult than isolation of nuclei from host
tissue (4). We found that calcium concentration in the
isolation medium and initial centrifugation as well as passage
through a nylon screen were critical to obtain comparable
preparations.

Table 2 compares the ability of nuclei from host liver,
hepatoma 7800, and hepatoma 7777 to incorporate TTP-3H.

Under the conditions used, the reaction is linear for 5 min, as
shown in Chart 1. The activity of host liver nuclei does not
increase during further incubation up to 30 min. The activity
with the hepatoma nuclei, however, is higher after 30 min than
at 5 min of incubation. Linearity, however, is limited to 5 min
of incubation as with host liver nuclei. Omission of unlabeled
deoxynucleoside triphosphates resulted in incorporation of
TTP-3 H that was about 20 to 30% of the incorporation

observed with the complete mixture.
Magnesium and ATP are required for maximum activity

(Table 2). The amounts of unlabeled deoxynucleoside
triphosphates were not at limiting concentrations, as one-third
of the amounts of dATP, dCTP, and dGTP resulted in no loss
of activity. These numbers are not shown in Table 2. Addition
of 100 /ig native or denatured DNA or addition of 0.2 f/g
DNase to the incubation mixtures increased the activity with
both the complete and incomplete systems. This effect is
noted mostly on host liver nuclei, resulting in a 5- to 8-fold
increase in incorporation of the labeled triphosphate. The
increase occurs to a lesser extent with nuclei prepared from
the hepatomas.

The reaction is linear with respect to concentration of
nuclei (from 20 to 200 pg DNA) (Table 3). The results with
host liver nuclei were obtained from nuclei prepared from
livers of rats bearing either hepatoma 7800 or hepatoma 7777.
No differences between the 2 host liver nuclei preparations
were observed, and results were the same as those obtained
with nuclei from normal rat livers of the Buffalo strain.

The possibility that the observed incorporation might be
due to DNA polymerase on the surface of the nuclei was
considered. The results showing stimulation by exogenous
DNA (Table 2) indicate that there is polymerase activity
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outside the nuclei. The data in Table 4 show that without
exogenous DNA almost all the counts were associated with the
nuclei after they were reisolated from the incubation mixture.
This was the case with all 3 preparations. Additional counts
incorporated due to exogenous DNA, on the other hand, were
removed from the supernatant. More counts are incorporated
into host liver nuclei in the presence of sucrose (final
concentration, 0.8 M). These counts are associated with the
nuclei and are not found in the supernatant.

In vivo incorporation of thymidine-3 H into host liver nuclei

and hepatoma nuclei was compared with in vitro incorporation
of TTP-3H into whole nuclei (Table 5). A similar relationship

exists between in vitro and in vivo incorporation with host
liver, hepatoma 7800, and hepatoma 7777, indicating that the
in vitro system measures the same differences in DNA
synthesis between hepatoma and control tissues that are
apparent in vivo. In addition, we gave rats injections of
hydrocortisone sodium succinate (Solu-Cortef, The Upjohn
Company, Kalamazoo, Mich.), 5 mg/100 g, at 4 and 2 hr before
preparation of nuclei. In vivo incorporation (thymidine-3 H

injected 30 min before the animals were killed) and in vitro
incorporation were inhibited to the same extent, 42.5 and
44.5%, respectively, in hepatoma 7777. An effect of
hydrocortisone on DNA synthesis has previously been
reported (7, 23). Hydrocortisone did not inhibit incorporation

Table 1
Comparative purity of nuclei with respect to RNA, DNA, and protein

The ratios given are the average of the number of samples indicated
in parentheses. DNA, RNA, and protein determinations did not vary by
more than 15% among different preparations.

Source of
nucleiHost

liver (24)
Hepatoma 7800Â°(12)
Hepatoma 7777Â°(12)RNA/DNA0.32

0.33
0.37Protein/DNA1.7

1.8
1.8Protein/RNA5.3

5.4
4.9

Â°HistolÃ³gica! characterization by Dr. D. R. Meranze. Hepatoma
7777, mixture of intermediate between well- ami poorly differentiated
and poorly differentiated hepatocellular carcinoma; hepatoma 7800,
well-differentiated and intermediate between well-differentiated and
highly differentiated hepatocellular carcinoma with a few cells highly
differentiated.

if added to the incubation mixture with nuclei from untreated
rats. Evidence that the in vitro nuclear system measures a
continuation of the in vivo process has been previously
reported for nuclei from partially hepatectomized rat liver
(16) and for HeLa cell nuclei (5).

To strengthen further the evidence that the nuclear system
measures a continuation of the in vivo process and that the
label is incorporated in the nuclei, we repeated essentially an
experiment by Lynch et al. (16) done with regenerating rat
liver nuclei. A rat bearing hepatoma 7777 was given an
injection of 5-bromodeoxyuridine (10 /mioles/200 g), and 10
min later nuclei were isolated from the hepatoma and used in
the incubation system with and without exogenous DNA.
Nuclei were reisolated from the incubation mixture, and DNA
was extracted from the nuclei and from the supernatant of
those mixtures that had been incubated with exogenous DNA.
Isolation of DNA and CsCl gradient centrifugation have been
described (16). The results of this determination are shown in
Chart 2. The label associated with the nuclei sediment with
the heavy fragments, whereas the label found in the
supernatant is associated with the bulk DNA.

The possibility was considered that nuclei were able to
incorporate linearly for only a short time due to diffusion of
essential compounds or possible breaks of DNA-membrane
interactions caused by swelling of the nuclei during
incubation. For a test of this possibility, the density of the
incubation mixture was changed by the addition of sucrose.
Table 6 shows results obtained with sucrose added to a final
concentration of 0.8 M. The higher density of the medium
increases incorporation of TTP-3H into DNA of host liver

nuclei and also slightly extends the linear incorporation. The
added sucrose, however, does not affect the incorporation into
hepatoma nuclei. This concentration of sucrose also has no
effect in an in vitro system with partially purified DNA
polymerase from host liver or hepatoma 7777 nuclei and DNA
primer instead of nuclei.

That the effect of sucrose is due to prevention of swelling of
host liver nuclei is indicated by the results in Table 7. Host
liver nuclei suspended in the incubation mixture seem to swell,
as indicated by a decrease in absorbance at 600 mi/. If sucrose
was added to the incubation medium, no decrease in
absorbance was observed. Incubation of hepatoma 7800 nuclei

Table 2
Incorporation of TTP-3H into DNA of whole nuclei

The complete system has been described in "Materials and Methods." In the incomplete system, the 3 unlabeled deoxynucleoside triphosphates

have been omitted. The numbers are the averages from at least 3 different determinations. Individual numbers did not vary by more than 20%.

TTP-3H incorporated (MMmoles/mgDNA in 5 min)

Additions (+)anddeletions
(-)None(-Â»MgÂ»(-)

ATP(+)
100 ng nativeDNA(+)
100 /ig denaturedDNA(+)
0.2 MgDNaseCompletesystem9.71.16.578.568.070.0Host

liverIncompletesystem3.50.82.526.231.242.1Hepatoma7800A6.20.34.052.336.827.9Completesystem65.00.927.089.586.5116.1Incompletesystem20.80.815.438.632.656.1A44.20.111.650.953.960.0Hepatoma7777Completesystem87.01.244.0107.0135.0143.0Incompletesystem25.01.012.042.058.261.2A62.00.223.065.076.881.8
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resulted in only a slight decrease in absorbance, and with
hepatoma 7777 nuclei there was no change in absorbance.

Table 8 indicates that this difference in response to a denser
medium and the ability to swell found between host and
hepatoma nuclei might be due to differences in the nuclear
membrane. Nuclei from hepatoma 7800 contain twice as much
phospholipid, and nuclei from hepatoma 7777 contain 3 times
as much as do host liver nuclei. A similar increase in
phospholipid content of citric acid nuclei following partial
hepatectomy has been reported (22). It is possible that some
of this increased phospholipid content might be due to some
membrane contamination, especially in hepatoma 7777, but it
is unlikely that the total increase can be attributed to
contamination, since the DNA, RNA, and protein ratios for
the different preparations are very close.

DISCUSSION

An in vitro nuclear system incorporating TTP-3H into DNA

has been compared with in vivo incorporation of
thymidine-3H. There is a constant relationship between the 2
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Chart 1. TTP-3H incorporation in a nuclear system with time.

Incorporation with the incomplete system has been subtracted from all
time points, o, host liver; X, hepatoma 7800; â€¢,hepatoma 7777.

systems for host liver, hepatoma 7800, and hepatoma 7777,
indicating that the in vitro system reflects the in vivo
capabilities of these tissues. This assumption is further
strengthened by administration of hydrocortisone to animals
prior to preparation of nuclei. Both in vivo and in vitro
incorporation are inhibited to the same extent.

The system capable of incorporating TTP-3H into DNA

utilizing whole isolated nuclei is similar to some bacterial
systems recently reported (12, 24), in that both systems
incorporate the label for relatively short periods of time. We
do not know at present what the limiting factors are in this
reaction. It is suggested by the work of Lynch et al. (16) with
regenerating rat liver nuclei that the system measures the
continuation of DNA synthesis started in vivo. This is also
indicated by our results shown in Chart 2. Once a small strand
of DNA is completed, no new initiation sites seem to be
available for continuation of the process. This also seems to be
suggested by the results obtained when pancreatic DNase is
added to reaction mixture. The DNase could introduce
breaks into the DNA and thus make new initiation sites
available. Increased DNase activity, however, does not
explain the continued incorporation beyond 5 min of
incubation observed with nuclei from the 2 hepatomas, as it
has been shown that hepatoma tissues contain less DNase
activity than normal and host liver (21).

The increased incorporation of label when exogenous DNA

Table 3
Proportionality with amount of nuclear suspension

Incorporation with the incomplete system (omission of the 3
unlabeled deoxynucleoside triphosphates) was subtracted from the
results. Incorporation with the incomplete system was also
proportional with amount of nuclei used.

TTP-3H incorporated (M/jmoles/mg DNA in 5 min)

Nuclei
(MgDNA)204080120160200Hostliver5.85.96.45.56.76.1Hepatoma780046.244.041.240.243.638.7Hepatoma777768.159.762.360.464.861.7

Table 4
Distribution of labeled DNA after the isolation of nuclei

Recovery of labeled DNA (MMfnoles/mgDNA in 5 min)

Nuclear
preparationHost

liverHost
liverHost

liverHepatoma
7800Hepatoma
7800Hepatoma

7777Hepatoma
7777AdditionsNonelOOjLig

denaturedDNASucroseNonelOOfig

denaturedDNANone1

00 MgdenaturedDNANuclei9.47.913.34.644.071.069.0Supernatant1.255.22.12.832.23.441.2Total

calculated9.663.115.348.176.274.4110.2Totaldetermined9.865.015.462.384.286.2116.8
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Table 5
Comparison of in vitro nuclear system with in vivo incorporation ofthymidine-3H

The numbers given for the in vitro incorporation were corrected for incorporation with an incomplete
system. The numbers in parentheses following source of tissue indicate the number of different nuclear
preparations used. The ranges are given in parentheses following the results. Hydrocortisone was injected
i.p. (5 mg/100 g) 4 and 2 hr before preparation of nuclei.

Source of tissue

TTP-3H

incorporation in vitro
(cpm/mg DNA in 5 min)

Thymidine-3H

incorporation in vivo
(cpm/mg DNA in 30 min) In vivo/in vitro

Host liver (7)
Hepatoma7800(6)
Hepatoma 7777 (6)
Hepatoma 7777 +

hydrocortisone (8)232(198-286)

1320(1110-1560)
1950(1660-2040)
1085 (885-1390)554(367-850)

3385(2560-4150)
5350(4200-6800)
3078 (2820-3640)2.48

2.56
2.74
2.82

Table 6
Effect of sucrose on TTP-3H incorporation

The numbers are the averages of 3 different determinations and have been corrected for
incorporation with the incomplete system. Individual results did not vary by more than 20%,
and incorporation with the incomplete system was about 20% of that of the complete system.

TTP-'H incorporated (Â«imoles/mg DNA)

Host liver Hepatoma 7800 Hepatoma 7777

Time of
incubation(min)1245101520sucrose1.52.85.46.47.88.17.9+sucrose3.55.512.115.428.338.238.8sucrose9.117.433.440.351.160.059.1â€¢fsucrose8.716.432.841.149.656.459.5sucrose12.423.851.262.091.0110.2114.3+sucrose11.424.249.658.387.494.3107.8

Table 7
Inhibition of swelling of host liver nuclei by sucrose

The numbers are the averages of 4 different determinations.

NuclearpreparationHost

liver
Host liver
Hepatoma 7800
Hepatoma 7800
Hepatoma 7777
Hepatoma 7777Additions0

Sucrose
0
Sucrose
0
SucroseDecrease

in
absorbance at 600

m/j in 10min0.33

Â±0.04
0.007 Â±0.05
0.009 Â±0.03
0.007 Â±0.04
0.010+0.02
0.005 Â±0.04

Table 8
Phospholipid content of host and hepatoma nuclei

Phospholipid phosphate (jimoles/mg DNA)

Nuclearpreparation1234AverageHostliver0.2080.1750.1730.1870.185Hepatoma78000.3700.3190.3870.3510.355Hepatoma77770.5130.5710.5200.5810.546

is added to the reaction mixture does not contribute to the
incorporation in the nuclei but represents polymerization
outside the nuclei. The DNA is utilized as template by
surface-associated polymerase or polymerase diffusing out of
the nuclei. On the other hand, without exogenous DNA added
the surface polymerase has no template available and does not
seem to contribute to the observed incorporation.

To explain the short period of incorporation, one might also
have to consider the possiblity that an enzyme-DNA complex
present in the nucleus is dissociated once a small strand of
DNA is completed. The enzyme could then diffuse out of the
nucleus, and, since no new sources of enzyme from the

cytoplasm would be available, the reaction would cease. That
such a diffusion or a rupture of a DNA-membrane association
might take place, at least in host liver nuclei, is indicated by
the results obtained when sucrose is added to the reaction
mixture. Hepatoma nuclei seem to be less prone to swelling
during incubation, which might explain the observation that
they incorporate label for a longer period than do host liver
nuclei. That the nuclear membranes might be at least partially
responsible for some of the observed differences is indicated
by the increased phospholipid content in the hepatoma nuclei.
At present, we do not know whether all phospholipids
normally present are increased or if only specific
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Chart 2. Density gradient analysis of DNA formed in vitro in the
nuclear system. Fractions were collected from the bottom of the tubes
(6 drops/fraction). To each fraction was added 0.95 ml of H2O, and the
absorbance at 260 mn was determined. The fractions were then
counted in a Triton-scintillation fluid mixture (500 ml of Triton X-100
are added to 1 liter of scintillation fluid, containing 4 g of PPO and 50
mg of POPOP per liter) in a Packard scintillation counter. Fractions
were counted for 30 min with a 5% error for 50 cpm over background.
A, nuclei from incubation without exogenous DNA;B, reisolated nuclei
from incubation with exogenous DNA;C, supernatant from incubation
with exogenous DNA.

phospholipids are involved. It might also be of interest to look
for changes in cholesterol content in the nuclei.

This nuclear system might be useful in a search for some
cytoplasmic factors in hepatoma and host liver cells which
might stimulate or inhibit DNA synthesis, respectively. We are
now looking for such factors, which might stimulate or
prolong linear incorporation in the nuclear system, in
hepatoma tissue.
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