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non-promoter, stimulated liver growth and DNA synthesis in a
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the mechanism of promotion may involve the stimulation of liver

growth, but criteria in addition to increased liver size and DNA

synthesis are needed to characterize the nature of the liver growth

associated with promotion.

Increased nucleocytoplasmic transport of messenger RNA was

investigated as a possible mechanism of phenobarbital-induced liver

growth. A cell-free assay system was developed in which the release
of messenger RNA from isolated rat liver nuclei was dependent upon
the concentration of cytosol protein in the incubation medium.

Cytosol from phenobarbital-treated liver was found not to differ from

control cytosol in stimulating the release of messenger RNA. It is
concluded that increased messenger RNA transport is probably not
involved in the mechanism of the acute hepatomegaly caused by
phenobarbital.
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BIOCHEMICAL EFFECTS OF TUMORIGENIC ENHANCERS
I. INTRODUCTION
A.

Two Stage Carcinogenesis in Skin

The concept of two-stage carcinogenesis has evolved over

many years from the work of a large number of investigators. Also
called the initiation-promotion model of carcinogenesis, this concept
has proved to be of inestimable value in elucidating the mechanism

of the formation of tumors, especially those which can be chemically
induced.

As reviewed by Boutwell (1974), it has been over 200 years

since John Hill published Cautions against the Immoderate Use of
Snuff in 1761, wherein were described the fatal nature of polypusses,
or cancers of the nose (Redmond, 1970). In the words of Dr. Hill,

"Whether or not polypusses, which attend Snuff-takers,
are absolutely caused by that custom: or whether the
principles of the disorder were there before, and
Snuff only irritated the parts, and hastened the mischief, I shall not pretend to determine; but even supposing only the latter to be the case, the damage is
certainly more than the indulgence is worth: for who
is to say, that the Snuff is not the absolute cause, or
that he has not the seeds of such a disorder which
Snuff will bring into action."

Dr. Percival Pott's discussion (Potter, 1963) of cancer in chimney
sweeps did not appear until some 15 years later'; so not only was

Hill the first to suggest an etiologic agent for cancer, but also he
proposed the possibility that Snuff was acting as what today we call
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a promoter, to "bring into action .

.

the seeds of the disorder"

sewn by some other causative agent.

In the early part of this century, similar lesions were produced
in rabbits by Yamagiwa and Ichikawa (1915) and in rats .by Tsutsui

(1918) by the repeated application of coal tar to the skin. Studies by
Rous and coworkers (Rous and Kidd, 1941; Friedwald and Rous,
1944) showed that agents and procedures which induce hyperplasia in

rabbit skin, such as turpentine, chloroform or wounding, frequently
caused tumors to appear if there had been previous treatment of the

area with a carcinogen, such as coal tar or 3-methylcholanthrene
(3-MC).

Rous used the word initiation to describe the result of

exposure to a carcinogen in sufficient dosage to cause the presence

of "latent tumor cells." Subsequent treatment of the same area with
a nonspecific factor revealing the growth of tumors was termed
promotion by Rous (Boutwell, 1974).

Bernenblum (1941) discovered that a regimen of croton oil

applied alternately to mouse skin with small doses of the carcinogen,
3, 4- benzpyrene, had a remarkable ability to produce tumors,
although croton oil alone was not tumorigenic. Mottram (1944) found
that benzpyrene need be applied only once in a subcarcinogenic dose

to prepare the skin for subsequent elicitation of tumors by multiple
applications of croton oil. More recently, the active components of

croton oil have been found to be diesters of the tetracyclic alcohol,

phorbol (Hecker, 1968, 1971; Van Duuren, 1969), especially
12 -0-tetradecanoylphorbol-13 -acetate (TPA), TPA promotes

effectively in mouse skin at doses as low as 1 nM/application, making
it the most potent promoter of tumorigenesis yet discovered. Other
compounds known to have promoting activity in skin include iodo-

acetic acid (Gwyn and Salaman, 1953), anthralin and some other

phenols (Bock and Burns, 1963; Boutwell, 1967; Segal et al., 1971),

d-limonine (Roe and Pierce, 1960), methylesters of certain fatty
acids (Arffman and Glavind, 1971) and several surfactants and

detergents (Setala, 1960).

Further evidence for the existence of the initiated state was
provided by Berenblum and Shubik (1947, 1949a, 1949b) using 9, 10-

dimethyl-1 2-benzanthracene (9, 10-DMBA) as the initiator. They
found that the interposition of up to 300 days between the application
of the carcinogen to mouse skin and the beginning of promotion with

croton oil resulted in no diminution of tumor yield compared to that

seen with a three day interval. Furthermore, the length of the

period of promotion needed to produce tumors was the same, regard-

less of the interval.

These results suggest that the initiated state is stable and that
the carcinogenic process in mouse skin may be stimulated by a non-

carcinogenic promoter to resume and progress at a time remote from
initiation. Roe et al. (1972) found that extending the interval between

initiation and promotion to 350 days did lead to a significant reduction

in the number of tumors, indicating that repair of initiating events is
possible, but the extent to which such repair can proceed has not
been clarified.
At high enough doses, the initiating carcinogen can act as its
own promoter (Saffioti and Shubik, 1963; Salaman and Roe, 1964);

however, no readily discernible morphological change need accompany

low, initiating doses of certain carcinogens (Boutwell, 1974). In fact,

the initiated state has been detectable in some cases only by the sub
sequent application of an adequate promoting stimulus (Slaga et al. ,
1973; Wood et al., 1977b).

Considering the ubiquitous nature of low levels of chemical and

physical carcinogens in the general environment and that low, non-

carcinogenic doses of carcinogens serve to initiate the carcinogenic

process in mouse skin, it is possible that most everyone has
initiated cells throughout his body, depending on the efficiency with

which the initiating damage is repaired (Boutwell, 1974). This is
supported by epidemiological evidence (Bridges, 1976) that suggests
that the human population is exposed to environmental agents which

increase the risk of cancer.
The two-stage model of carcinogenesis raises the possibility
that such environmental agents may include both carcinogens and

substances which are not carcinogens themselves but instead enhance

the tumorigenic effects of brief exposures to carcinogens (Peraino
et al. , 1977a). If this is so, then promotion can become the determining factor in the appearance of a tumor and the development of

methods for assessing the cancer-related risks from environmental
factors must take into account the contributions of tumorigenic

enhancers as well as carcinogens. It is therefore of great importance

to test for the existence of two-stage carcinogenesis in tissues other
than skin and to identify promoters for other organs (Peraino et al.,
1977a; Boutwell, 1974). Moreover, since promoters may be thought

of as incomplete carcinogens, in that they can participate in the
carcinogenic process only to a limited extent (Berenblum, 1941),
studies of their biochemical effects could yield insight into the

mechanism of promotion, thereby perhaps elucidating the process of

carcinogenesis itself (Peraino et al., 1975).
B. Two-Stage Carcinogenesis in Liver

Liver systems have been more yielding than skin to the efforts
of the biochemist in studying the mechanisms of carcinogenesis
(Boutwell, 1974). The major advances in the metabolic activation

of chemical carcinogens as well as the pioneering studies on the
interactions of carcinogens with their target molecules within the

cell were made using the model system of rat liver (Miller, 1970).
Since environmental chemical carcinogens are most likely to gain
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access to the body by the- oral route, the anatomical position and

physiological functions of the liver make it an organ of prime interest
in the study of two-stage carcinogenesis.

Liver tumors were induced in rats by Glinos et al. (1951) after
partial hepatectomy following short-term treatment with 4-dimethylaminoazobenzene (DAB). In this case, DAB was regarded as the

initiator and the post-operative regeneration of the liver as the promoting factor. A similar tumorigenic enhancing effect of partial
hepatectomy has been observed in rats (Laws, 1959) following
exposure to 2 -acetylaminofluorene (AAF) and in mous liver after

treatment with urethan (Hollander and Bentvelzen, 1968; Chernozem-

ski and Warwick, 1970; Lane et al., 1970). These studies indicate
that the development of liver tumors can be altered subsequent to
contact with the carcinogen and the possibility is raised that hepatocarcinogenesis may proceed in stages in a manner analogous to skin.
The production of chronic hepatotoxicity could generate a sus-

tained low level of proliferation as a regenerative response to the
continual turnover of damaged cells, but specific attempts to relate
tumorigenic enhancing activity to the production of hepatotoxicity have

thus far proven inconclusive. For example, sequential treatment
with DAB and CC1 4 caused enhancement (Ueda, 1967b), but in a

similar experiment with AAF and CC1 4 no enhancement was observed
(Kozuka and Sassa, 1976). Simultaneous or alternating
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carcinogen-CC14 treatments did produce enhancement (Newberne

et al., 1966; Ueda, 1967a, 1967b, 1967c; Maltoni et al., 1968;
Kozuka and Sassa, 1976), but replacement of CC1 4 with another

hepatotoxin, allyl alcohol, produced no enhancement under the same
conditions (Kozuka and Sassa, 1976).

In an interesting parallel with the studies on skin, Odashima
(1959) found that the development of liver tumors in rats previously
fed DAB could be enhanced by painting the skin with 3-MC, while the

3-MC treatment alone caused no tumores. However, 3-MC has .been
demonstrated to have initiating activity in skin (Friedwald and Rous,
1944) and subcutaneous tissues and therefore could have been acting

as a carcinogen synergistically with DAB, perhaps in the manner

described by MacDonald et al. (1952), rather than purely as a
promoter.
Peraino and coworkers made the observation that dietary pheno-

barbital enhances liver tumorigenesis initiated by the prior feeding
of AAF (Peraino et al., 1971). Phenobarbital is a well known

stimulator of liver growth, but its effects are reversible (SchulteHermann, 1974). Thus far, there is no unequivocal evidence that

phenobarbital is carcinogenic, either in man (Clemmesen et al. ,
1974; editorial, 19.74; Schneiderman, 1974) or experimental animals.
It has been shown that phenobarbital causes certain biochemical

changes in liver, such as increases in lipid peroxidation and
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triglyceride levels (Hahn et al.

,

1976, 1977), which are also pro-

duced by hepatotoxic agents (Plaa and Witschi, 1976). Howeve

prolonged feeding of phenobarbital at a dietary level of 0. 05 %, the

same concentration used to produce enhancement (Peraino et a .

1971), did not cause a long-term increase in the turnover of liver
cells in rats prelabeled with 3H-thymidine, whether phenobarbital

was fed alone or after exposure to AAF (Peraino et al. , 1974). Considered collectively, the evidence suggests that phenobarbital does
not bring about its tumorigenic enhancing effect by a carcinogenic
mechanism or one involving hepatotoxicity. The possibility therefore

remains that phenobarbital is a promoter of hepatic tumorigenesis.
Interposing a 10 or 30 day interval between the end of AAF
feeding and the beginning of feeding the phenobarbital diet had no

effect on the enhancing ability of phenobarbital (Peraino et al., 1973).
When the treatment-free interval was extended to 60 and 120 days,

enhancement appeared to decline as the treatment-free interval was
lengthened; however, when the tumor incidence data were plotted as
a function of the duration of exposure to phenobarbital (Figure 1),
the resultant continuity between the individual tumor incidence

patterns suggest that tumor incidence was controlled primarily by
the duration of exposure to phenobarbital rather than the time after
AAF treatment at which the phenobarbital feeding was begun

(Peraino et al., 1977c). These observations are very similar to
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Figure

.

The effects =on the incidence of liver tumors of placing
a 7-, 60- or 120-day interval between dietary exposure
to AAF and beginning feeding 0. 05% phenobarbital.

Legend

Rats were placed on a 0. 02% AAF diet for 18 days beginning at

22 days of age. A control diet was substituted for 7 (111), 60 (-0.)
or 120 days (4110-), followed by a diet containing 0. 05% phenobarbital

for the duration of the experiment. Each point represents the data
from 12 rats. (Reproduced from Peraino et al., 1977b)
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those of Berenblum and Shubik (1949a) in their studies on the promoting effects of croton oil on 9, 10-DMBA-induced skin tumors in
mice.

Other studies have, shown that phenobarbital promotes liver

tumorigenesis initiated by prior treatment with diethylnitrosamine
(Weisburger et al., 1975; Nishizumi, 1976) or DAB (Peraino,
unpublished observations). In addition, feeding phenobarbital alone

to mice susceptible to spontaneous hepatic tum.origenesis greatly

enhances the appearance of such tumors (Peraino et al. , 1973;
Thorpe and Walker, 1973; Ponomarkov et al. , 1975). In unsus-

ceptible mice, however, no enhancement was observed (Kunz et al. ,
1969).

These observations suggest that phenobarbital treatment

can enhance the expression of previously induced tumorigenic changes

in the liver regardless of the nature of the stimulus producing these
changes.

The promoting effect of phenobarbital appears to be specific

to the liver, however. When phenobarbital was fed to mice whose
skin had previously been painted with the initiator, 7, 12 -DMBA, skin

tumorigenesis was not enhanced (Grube et al. , 1975). In studies

where phenobarbital increased the incidence of spontaneous liver

tumors, there was either no change (Ponomarkov et al. , 1975) or a
reduction (Thorpe and Walker, 1973) in the appearance of other
spontaneously occurring tumors. Thus, the complex of changes in
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liver brought about by phenobarbital (Schulte-Hermann, 1974) may

include processes which are involved in the expression of neoplasia.
The insecticide, 1,1,1 -trichloro -2,2 -bis (p -chlorophenyl) -

ethane (DDT), produces many of the same effects as phenobarbital

on liver, including stimulation of liver growth, proliferation of
smooth endoplasmic reticulum and induction of the microsomal mixed
function oxidase system (Schulte-Hermann, 1974). Peraino et al.
(1975) showed that DDT also enhances AAF -initiated tumorigenesis in

rat liver to a degree similar to phenobarbital, when both were fed at
the same level.
Several studies have shown that the long-term feeding of DDT

alone can increase the incidence of liver tumors in certain species
but not in others (Table 1) and on this basis DDT has been classified
as a liver carcinogen (Saffioti, 1973). Many of the strains used in

these studies, however, were characterized by a high spontaneous
incidence of hepatic tumors, ranging up to 30%. In fact, the magni-

tude of the incidence of liver tumors in the DDT-fed animals bears a

close relationship to the spontaneous rate. In one of the studies
shown in Table 1 (Thorpe and Walker, 1973), 100 ppm DDT and
500 ppm phenobarbital were equally effective in enhancing the

spontaneous incidence of liver tumors in mice. In none of the studies

listed was there found any increase in tumor incidence in tissues
other than liver. This pattern of effects of DDT on liver is very

TABLE, 1. Summary of results of long-term feeding experiments with DDT.

Incidence of liver tumors
Species and Strain

Spontaneous

Rats, Osborne - Mendel
Rats, Osborne - Mendel
Rats , Osborne -Mendel

Rats, Carworth
Rats, Sprague -Dawley
Syrian golden hamsters
Rhesus monkeys
Rainbow trout
Mice, (C57B 1/6 x
C3H .Anf)F

Mice, (C57B1/6 x
AKR)F

Mice, BALB/c
Mice, BALB/c

Mice, CF -1

DDT-fed

1%

5%

200-800

0/60
0/60
0/80
0/48
0/115
0/9
0.7%

0/60
1/60
0/240
0/48
1/79
0/22

8

500-1000
5-5000

4%

18-75

M 10%

M 61%

F -087
M 6%

M 39%

F

ppm in
diet

F 6%

0.2%

0.4%
M 1-3%

M 30%

F 5%

500

Fitzhugh & Nelson (1947)
Radomski et al. (1965)
Deichmann et al. (1967)
Treon & Cleveland (1955)

Peraino et al. (1975)

140

Agthe et al. (1970)
Durham et al. (1963)
Halver et al. (1967)
Innes et al. (1969)

140

Innes et al. (1969)

F22%

1%

M 2%
F 0/131

200
2 -2 0

Reference

2.8-3.0
2-20

Tarjan & Kemeny (1969)

Terracini et al. (1973)

F 0-2%
M 14%

250

F 44-74%
M 50-56%

2-50

M 86%

250

F 5-13%

Turusov et a . (1973)

F 66%

Mice, CF -1

Mice, CF-1

M 24%

M 77%

F 23%

F 87%

M 26%

M 41%

F 2%

F 10%

100

Thorpe & Walker (1973)

250

Tomatis et al. (1972)
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similar to that of phenobarbital and suggests that DDT might be more

properly classified with phenobarbital as a promoter of liver tumori-

genesis (Peraino et al. , 1975).
Butylated hydroxytoluene (BHT), an antioxidant commonly used

as a food additive, exerts stimulatory effects on liver growth and
microsomal enzyme activity which are qualitatively similar to those
produced by phenobarbital (Schulte-Hermann, 1974). In an 80 week

feeding study in rats, Crampton et al. (1977) found that dietary
supplements of 0.4% BHT or 0.25% phenobarbital produced and sus-

tained equal degrees of hepatomegaly throughout the experiment and

that these effects were reversible. No signs of hepatotoxicity were
observed with either compound. A life span study in rats (Deichmann
et al. , 1955) failed to show any hepatotoxic or carcinogenic potential
for BHT, even when fed at high levels. There have been reports
(Clapp-et al.

,

1973, 1974), however, of bile duct hyperplasia in mice

fed 0.75% BHT for 12-18 months, although the significance of this

lesion is not clear (Clapp et al.

,

1973).

In addition, BHT reduced the incidence of AAF-induced hepatic
tu.morigene is when fed simultaneously with the carcinogen (Ulland

et al. , 1973), a protective effect which resembles that seen when
phenobarbital is fed together with AAF (Peraino et al.,, 1971). Both
phenobarbital and BHT evidently stimulate metabolic pathways leading
to AAF detoxification, thereby reducing =the proportion of the dose
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of the carcinogen available for activation to a species which binds to

cellular macromolecules (Matsushima et al. , 1972; Ul land et al.

,

1973; Mush lin and Peraino, 1974). Several other studies (Wattenberg

et al. , 1976; Weisburger et al.

,

1977) have shown that BHT reduces

the tumor incidence from a variety of carcinogens in a number of
target tissues when BHT and the carcinogen are administered
simultaneously. Similar protective effects of phenobarbital have also

been described with a number of carcinogens and different tissues
(Ishidate et al.

,

1967; Kunz et al.

,

1969; Grube et al. , 1975;

Nomura, 1975).

Using a sequential feeding regimen, Peraino et al. (1977b)
showed that dietary BHT at a level of 0.5% increased the incidence of

hepatic tumors in rats previously fed AAF for a brief period,
although BHT was considerably less effective in this regard than
0. 5% phenobarbital. 0. 05% BHT was found to be ineffective in

enhancing AAF -induced hepatocarcinogenesis in another experiment

in this series (Peraino, unpublished data).
These observations suggests that BHT belongs with pheno-

barbital in the category of promoters of liver tumorigenesis. Unlike
phenobarbital, however, the enhancing activity of BHT might not be

confined to the liver. When 0. 66% was fed to rats after a course of

treatment with the carcinogen, azoxymethane, the number of tumors

per animal increased (Weisburger et al. , 1977). Male mice given
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BHT at a dietary level of 0. 75% for 16 months had a 64% incidence of

lung tumors, compared to 24% in controls (Clapp et al. , 1974). A
second study (Clapp et al.

,

1975), however, showed the opposite

effect, with only 6% of BHT-fed males developing lung tumors while

the incidence was 20% in untreated control mice. While these effects

of BHT are not clear-cut, the possibility is raised that spontaneous
or chemically induced tumorigenesis in tissues other than liver may
be subject to the action of promoters.
5, 5 - diphenylhydantoin (DPH) and amobarbital (5 - isoamyl -5

ethylbarbituric acid) are similar to phenobarbital in structure and in
some pharmacologic properties, DPH being widely used as an anticonvulsant, often in combination with phenobarbital, and amobarbital

being an often prescribed sedative with a duration of action shorter
than that of phenobarbital (Goodman and Gilman, 1970). Both have

been shown to stimulate hepatic microsomal mixed function oxidase
(Sholiton et al.

,

1969; Selyi et al.

1964; Hunningshake et al.
,

,

1968; Szebernyi et al. ,

1972) and this stimulation is of the phenobarbital

rather than the 3-MC type (Conney, 1967; Conney and Burns, 1972).

Despite these similarities to phenobarbital, neither DPH nor amobarbital enhanced AAF -initiated hepatic tumorigenesis in rats when
fed at 0. 05% in the diet (Peraino et al. , 1975). The failure of thes6
two compounds to promote liver tumorigenesis when fed at doses

equal to a promoting dose of phenobarbital indicates that relatively
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minor modifications in the structure of an enhancer can markedly

alter its effectiveness (Peraino et al.

,

1975).

Benz(a)anthracene (BA) is a polycyclic aromatic hydrocarbon

which is weakly carcinogenic, as demonstrated by its ability to produce a low frequency of sarcomas at the site of injection in rats
(Hartwell, 1957). BA and several of its metabolites have been shown
to be mutagenic in Salmonella typhimurium strain TA100 (Coombs

et al. , 1976; Wood et al.

,

1977a) and to have initiating activity in

mouse skin which can be promoted by TPA (Wood et al., 1977b).

BA stimulates hepatic mixed function oxidase in rats, but in the
manner of 3-MC rather than that of phenobarbital, as evidenced by
the finding of increased levels of cytochrome P-448 following acute
administration of BA (Haugen, unpublished observations). However,
rats continuously fed a diet containing 0. 05% BA for 18 months after

a brief exposure to AAF did not develop a greater number of liver
tumors than rats fed AAF followed by a control diet (Peraino, unpublished results).
C. Possible Mechanisms of Promotion
1.

Organ Specific Hypertrophy and Hypertrophy

Having identified three enhancers, phenobarbital, DDT and

BHT, and three non-enhancers of tumorigenesis in liver,
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amobarbital, DPH and BA, it became possible to begin comparing
the acute effects of these compounds on processes which might

possibly favor the growth and development of neoplastic cells in liver.
Correlation of the biochemical effects of these compounds with their
respective enhancing activities should aid in the identification of
those biochemical events associated with tumorigenic enhancement.
A compilation of these events could not only simplify the identification

of other enhancers but also give insight into the mechanism of promotion.

Baird et al. (1971) found that a single application of TPA to

mouse skin caused a four-fold stimulation of the incorporation of
3

H-thymidine into DNA by 18 hr after treatment. This stimulation

was maintained through two days and did not return to control levels

until the sixth day, at which time histological examination revealed
the epidermis to be hyperplastic and noticeably thickened. The degree
of stimulation of hyperplasia was found to parallel the promoting

activity of phorbol and a series of its diesters but compounds which
had no promoting activity did not stimulate DNA synthesis (Baird

et al. , 1971).
Frei and Stephens (1968) reported that five days of application
of croton oil to mouse skin caused a doubling of cell number in the

treated area, as measured by the number of nuclei, and a four-fold
increase in epidermal thickness, both of which effects were
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maintained through 50 days of treatment. The difference between

tissue thickening and cell number was interpreted as evidence that
epidermal cellular hyptertrophy had taken place in addition to the
hyperplasia. In this same study, the powerful promoter, Tween 60,

produced effects similar to those of croton oil, while the weaker

promoter, turpentine, produced lesser though still significant hypertrophy and hyperplasia. Several non-promoters did not differ from
controls.

Many skin irritants stimulate DNA synthesis but are without

promoting activity (Boutwell, 1974), so it seems clear that this
property alone cannot be used to predict accurately the promoting
ability of a substance. The results of the studies reviewed above

indicate strongly, however, that the production of both acute and
sustained hyperplasia and hypertrophy is an important element of
promotion in mouse skin. It would be valuable to examine the effects

of enhancers of liver tumorigenesis to get an indication of whether

these properties might be common to all promoters.

There is general agreement in the literature that the enhancers
of A.AF -induced hepatocarcinogenesis, phenobarbital, DDT and BHT,

all cause both acute and chronic hepatomegaly in rats with hepato-

cellular hypertrophy characterized by proliferation of smooth endo-

plasmic reticulum (Fouts and Rogers, 1965; Lane and Leiber, 1967;

Deichmann et al., 1967; Kimbrough et al., 1971; Crampton et al.,
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1977) and that these changes are reversible upon discontinuation of
exposure (Schulte-Hermann, 1974; Cramptor, et al. , 1977). Information is lacking on the non-enhancers, although one study (Dalton

et al. , 1972) found no effect of DPH on liver size. The production of

hypertrophy, then follows the same pattern first observed in skin.
Liver hyperplasia under the influence of promoters, however,
is quite different from that seen in skin. Long-term administration
of phenobarbital (Peraino et al.
BHT (Deichmann et al.

,

,

1971; Crampton et al. , 1977) or

1955; Crampton et al. , 1977) was not

observed to produce chronic hyperplasia in rats, whereas DDT has

been shown to be effective in this regard in similar experiments
(Fitzhugh and Nelson, 1947; Deichmann et al.

,

1967).

Acute

exposures to phenobarbital, DDT, BHT, and DPH have produced

evidence of increased DNA synthesis and hyperplasia in some cases

(Shafer, 1966; Argyris and Magnus, 1968; Peraino et al. , 1971;
Schulte-Hermann, 1974) but not in others (Kunz et al. , 1966a, b;

Gumbmann and Williams, 1970), although at least a portion of this

discrepancy may be due to the use of animals of differing ages

(Schulte-Hermann, 1974; Paulini et al.

,

1971).

Simultaneous

3
measurements of liver growth and incorporation of H-thymidine with

phenobarbital (Argyris and Magnus, 1968) and BHT (Schulte-Hermann,
1971) have shown the stimulation of DNA synthesis to be transient,

continuing only for the first few days of most rapid liver growth, then
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returning to control levels despite the continued administration of
inducing agent. It would seem, then, that the time DNA synthesis is

measured may have influenced conclusions as to whether any

stimulation had occurred.

Studies were undertaken here to determine the acute effects of
the enhancers and non-enhancers on AAF-induced hepatocarcino-

genesis on liver growth in rats. Daily measurements of changes in
relative liver weight and incorporation into hepatic nuclei were made
over a five day period during which compounds were administered

daily by intraperitoneal injection. These results were then correlated with the known tumorigenic enhancing activities of the various

agents in an effort to determine whether a coupling of liver growth

and DNA synthesis is characteristic of enhancers.
2. Nucleocytoplasmic Transport of RNA

Many of the RNA molecules synthesized in the nuclei of mam-

malian cells are transferred to the cytoplasm to play various roles
in protein synthesis. However, several lines of evidence suggest
that this transport is selective, leaving many RNA molecules behind
in the nucleus. The kinetic studies of Harris (1963) are more consistent with some turnover of RNA within the nucleus than with

obligatory transfer to the cytoplasm. Analyses of rapidly labeled
nuclear RNA in He La cells by sedimentation methods reveal much
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greater amounts of polydisperse RNA, the putative mRNA precursor,

than would be expected if it were all transferred to become cytoplasmic messenger (Penman, 1966). Hybridization studies have
established that certain kinds of RNA molecules present in the

nucleus of mouse L-cells are absent from the cytoplasm, and,

furthermore, that the RNA restricted to the nucleus is considerably
more diverse than cytoplasmic RNA (Shearer and McCarthy, 1967).

These results suggest the existence of a mechanism of control involving transport from the nucleus by which only some of the RNA

molecules transcribed reach the cytoplasm.
Church and McCarthy (1967) implicated nucleocytoplasmic

transport of RNA in the process of liver growth when they discovered
that some RNA molecules present only in the nuclei of normal mouse

liver appear in the cytoplasm of regenerating liver. Drews et al.
(1968) confirmed this finding in the rat by showing that nuclear RNA

populations from normal and 24 hr post-operative regenerating liver
were indistinguishable by techniques of DNA-RNA hybridization, but

cytoplasmic RNA from regenerating liver bore a greater homology to
nuclear RNA from either source than did cytoplasmic RNA from

normal liver. Although the hybridization technique detects only those
sequences present as thousands or tens of thousands of copies and
lacks the sensitivity to demonstrate changes in unique RNAs

(Schumm et al., 1973a), the possibility is raised that regions of
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liver DNA are transcribed constitutively but such transcripts can only
reach the cytoplasm when the growth promoting stimulus of partial

hepatectomy causes alterations) in the selectivity of the mechanism
governing nucleocytoplasmic transport of RNA.

One characteristic of tumor cells is the presence of proteins
not found in the comparable adult tissue, such as tumor-specific

antigens, proteins characteristic of embryonic tissue and hormones
and enzymes not normally formed by that tissue or that are formed
in very different amounts (reviewed in Shearer and Smuckler, 1972).

It may be speculated that these alterations in genetic expression include some which are responsible for the loss of normal growth con-

trol which typifies the neoplastic state. However, DNA-RNA
hybridization studies have failed to show the kinds of qualitative

differences among the RNAs of various hepatomas and normal liver

which might be indicative of gross activation of gene families during
tumorigenesis (Shearer and Smuckler, 1971). In fact, hepatoma
nuclei were found to lack hybridizable species of RNA present in

normal liver nuclei, while normal liver nuclear RNA appeared to
contain all the hepatoma RNA species (Drews et al. , 1968; Garrett

et al. , 1973). Moreover, no differences were found between nuclear
and cytoplasmic RNA from hepatoma cells (Drews et al. , 1968;

Shearer and Smuckler, 1972), suggesting that the selective nature of
the mechanism of RNA transport between nucleus and cytoplasm may
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be lost at some point during malignant transformation. The pattern
of genetic expression in hepatoma cells would then appear not to be

the result of large scale derepression of genes but rather the lack of
transcription of some RNA molecules and the release to the cytoplasm of others normally retained within the nucleus.
The appearance in the cytoplasm of species of RNA normally

restricted to rat liver nuclei has been observed to occur as early as
two hr after a single dose of the carcinogens DAB, .A.AF, thioaceta-

mide, aflatoxin B1 and DMN and this defect is still not repaired two

months later (Shearer, 1974a). In another study (Shearer, 1974b),
the administration of DAB to rats during the first nine days of

gestation, before the liver is formed, produced a similar alteration
in RNA transport which persisted into adult life some eight months

later. This was interpreted as evidence that the carcinogen-induced
change is not diluted out by cell division, as would be expected if the
carcinogen had bound to and altered molecules other than DNA, and

most likely is the result of heritable changes in the genome.
Studies of the mechanism of RNA transport have been aided by

the development of in vitro methods of measurement. Schneider
(1959) first observed the transfer of labeled RNA from rat liver
nuclei when crude nuclear preparations were incubated with various
unlabeled cellular components. Ishikawa and coworkers (Ishikawa

et al., 1969, 1970a,b, 1972) found that ribonucleoprotein particles
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could be released from purified nuclear preparations in the presence
of .ATP.

These particles contained messenger-like RNA and protein

and bore a very close resemblance to the informofers described by
Samarina et al. (1968) which are believed to be the form in which
mRNA is transported to the cytoplasm.

Schumm and Webb and their colleagues refined a similar cell-

free assay system and found that by varying the conditions of prelabeling :rat liver nuclear RNA in vivo and changing the availability
of ATP and length of incubation time in vitro they could separate to a

great degree the transport from isolated nuclei of rRna in the form
of ribosomal subunits and mRNA as informosomes (Yu et al. , 1972;
Schumm and Webb, 1972; Schumm et al.

,

1973a). In these studies,

transport of both classes of RNA were found to be regulated by non-

dialyzable factors derived from the soluble cytoplasm (cytosol) added
to the incubation medium. Later studies showed that the non-

dialyzable factors were protein in nature and that transport of mRNA
from isolated nuclei demonstrated a linear dependence on cytosol
protein concentration (Schumm et al.
1974; Yannarell et al.

,

1973b; Racevskis and Webb,

1974).

The results of in vitro experiments using nuclei and cytosol

from normal, regenerating or neoplastic liver have shown that
different cytosols demonstrate specificity in the classes of RNA whose

release they will stimulate, depending on the source of the nuclei
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(Schumm et al.

,

1973a).

The total amount of RNA transported when

nuclei are incubated in the presence of their respective autologous
cytosols is always greater than with heterologous cytosol; however,

cytosol prepared from hepatoma cells stimulates the release of
classes of mRNA from nuclei derived from normal or regenerating
liver which mRNAs are retained in the nuclei when incubation is

carried in the presence of the respective autologous cytosols. These
additional classes of mRNA are not released from hepatoma nuclei

regardless of the source of cytosol, suggesting they are absent from
these nuclei. These results are in agreement with the hybridization

studies reviewed earlier and strongly suggest that the in vitro assay
system used bears a close resemblance to the in vivo situation.
Since alterations of nucleocytoplasmic transport are known to

occur during carcinogenesis, it is appropriate to test promoters for
their effects on this process. Increasing the amount of RNA released
to the cytoplasm could play a crucial role in the expression of the
tumor phenotype, especially in the case of a low or marginal dose of
carcinogen. Cytosol from the livers of rats pretreated with pheno-

barbital has already been shown to increase the release of rRNA

from normal nuclei, compared to untreated cytosol, in an assay
system modeled after that of Schumm and Webb and their coworkers
(Hazan and Macau ley, 1976). Studies were undertaken here to deter-

mine whether the same might be true in the case of mRNA.
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II.

METHODS

A.

General

1.

Animals and Husbandry

All animals used in these studies were male Sprague -Dawley

rats, obtained from the Charles River Breeding Laboratories,
Wilmington, MA. Weanlings were received at either 21 or 35 days
of age and housed five per cage in a room with controlled temperature
(25°C) and lighting (dark 7 PM - 7 AM). The cages were clear

plastic of the shoebox type with stainless steel covers. The bedding

was ground, dried, sanitized corncobs (Sanicel
Co.

,

R,

Paxton Processing

Paxton, IL). Extra precautions were routinely taken to insure

that the rats were not exposed to softwood bedding of the type known

to produce changes in rodent liver (Vessel, 1967; Wade et al. , 1968).
Pelleted diets containing 30% casein and nutritionally adequate in all

other respects were prepared by General Biochemicals, Inc. ,
Chagrin Falls, OH. Food and water were provided ad libitum.
2. Chemicals

The following chemicals from the indicated sources were
employed in these experiments:

3H-thymidine (methyl- 3H), specific

activity 0.36 Ci/mM, Schwarz/Mann, Orangeburg, NY;
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6-

14

C-orotic acid, sp. act. 55 mCi/mM, Schwarz/Mann; 5-3H-

orotic acid, sp. act. 15 Ci/mM, Schwarz/Mann; phenobarbital
(5 -ethy1-5 -phenylbarbituric acid), sodium salt, U. S. P.

,

Mallinck-

rodt Chemical Works, St. Louis, MO; amobarbital (5- ethyl -5isoamylbarbituric acid), U. S. P. , Eli Lilly and Co. , Indianapolis,
IN; 5,5 -diphenylhydantoin (DPH), sodium salt, Sigma Chemical Co.,
St. Louis, MO; butylated hydroxytoluene (BHT , 2, 6-di-tert-buty14-methylphenol), Sigma; benz(a)anthracene (BA), Eastman Kodak
Co.

,

Rochester, NY.

All other chemicals used were of reagent grade or higher
purity, with one exception. Technical grade "DDT" was obtained
from Matheson, Coleman and Bell, Norwich, OH. This material was

analyzed by gas chromatography, courtesy of the Department of

Agricultural Chemistry, Oregon State University, Corvallis, OR, and
found to contain: 70% p,p'-DDT (1, 1, 1- trichloro -2 2 -bis(p-chloro-

phenyl)ethane), 15% p,

-DDE ( 1,1 - dichloro -2, 2 -bis(p-chloropheny-1)

ethylene), 12% o, p' -DDT (1, 1, 1 -trichloro -2 -o -chloropheny1-2 -a-

chlorophenylethane) and 3% p,at-DDD (1,1-dichloro-2,2-bis(pchlorophenyl)ethane).
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B.
1.

Studies on Liver Growth and DNA Synthesis

Exposure to Test Substances

Beginning on the 46th day of life, rats were given daily intra-

peritoneal (i. p.) injections of solvent vehicle or test substance for up
to five days. Injections were always given between 7 and 9 AM to

minimize variation due to circadian influences. Phenobarbital, amo-

barbital and DPH were dissolved in glass distilled water. BHT,
DDT and BA were dissolved in corn oil.
2. Isolation of Nuclei

Twenty-four hr after the last does of test substance or vehicle,
rates were pulsed with 33H- thymidine (0. 5 mCi /kg) by i. p. injection

and killed by cervical dislocation 60 min. later. Body weights were
recorded and livers quickly excised. Nuclei were isolated according
to the method of Blobel and Potter (1966). Livers were chilled in

several volumes of ice-cold 0.25 M sucrose in TKM buffer (50 mM
Tris, pH 7.5 @ 22°C, 25 mM KC1 and 5 mM MgCl2), then blotted and
weighed. All subsequent operations were carried out at 0-4°C.

Livers were homogenized in two volumes of the same buffer

using a Potter-Elvehjem homogenizer and 5-10 strokes of a loose-

fitting, motor-driven, teflon pestle. Homogenates were filtered
through four layers of cheesecloth and 5 ml of each filtrate was
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thoroughly mixed with 10 ml of 2.3 M sucrose -TKM in a 1 x 3 inch
polyallomer tube. These were underlaid with 18 ml of 2.3 M

sucrose-TKM to create a discontinuous gradient. Due to the high

viscosity of the 2.3 M sucrose solution, underlaying was accomplished with a syringe fitted with a long, blunt - ended, 13 gauge
needle.

Centrifugation was carried out in a Beckman Model L-2 ultracentrifuge using the Type 30 rotor for 1 hr at 105,000 x g (30, 000
rpm). Supernatant fluids were discarded and the walls of the tube

were carefully wiped with tissue paper. The white nuclear pellets

were resuspended by gentle vortex action in 5 ml of 0.25 M sucroseTKM. Nuclei were counted in a hemacytometer under the light

microscope using phase contrast optics. Nuclei prepared in this

manner were uniformly intact and free of debris, as determined
visually. Comparison of the incorporation of 3 H-thymidine into

acid-precipitable material in the raw homogenate to that in the
nuclear pellets indicated that recovery of the nuclei was about 60%
efficient.
3.

Determination of Acid-Precipitable Radioactivity

Aliquots of up to 0.5 ml were pipetted onto 9 cm filter papers
which had been folded to fit snugly into Cop lin jars. After drying

under a heat lamp, these were given a series of 10 min washes,
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three times with 10% trichloroacetic acid, then twice with 95%
ethanol. After drying, samples were combusted in a Packard Model

306 Sample Oxidizer and counted in a Beckman Model LS200-B liquid

scintillation spectrometer. Counting efficiencies were typically 33%
for

3H

and 76% for 14C. Samples prepared in this manner showed

uniform quench from one to another, which eliminated the need for
quench correction.

The oxidizer was routinely monitored for recoveries of both
radionuclides using samples supplemented with known amounts of

radioactivity. These recoveries ranged 98% or higher. Sample to

sample carryover was negligible and separation of

3H

from

14C

in

dual labeled samples was greater than 99% efficient.
C.

Studies on the Release of RNA from Isolated Rat Liver
Nuclein In Vitro

1.

Preparation of Dialyzed Cytosol

Soluble cytoplasm (cytosol) of rat liver was prepared by the
method of Schumm and Webb (1972). Rats fasted overnight were

anesthetized with ether and their livers were perfused with ice-cold
0.25 M sucrose-TKM via the portal vein. Perfusion was deemed
adequate when uniform blanching of the surface of the liver was
visible. All subsequent operations were carried out at 0-4°C.

Livers were removed and rinsed in several volumes of the same
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buffer, then blotted, weighed and homogenized in two volumes of

buffer, using the Potter-Elvehjem homogenizer and 10 strokes of the
motor-driven teflon pestle. The homogenate was centrifuged for 20
min at 46,000 x g (20, 000 rpm) in the SS-34 rotor of the Sorvall
RC -2B centrifuge. The supernatant was withdrawn with a pasteur

pipet, being careful to exclude the lipid layer as much as possible,
and recentrifuged at 105,000 x g (30, 000 rpm) in the Type 30 rotor of

the Beckman L-2 ultracentrifuge. The straw-colored cytosol was
removed with a pasteur pipet, again excluding any remaining lipid

material, and dialyzed overnight against 3 changes of 4 1 each of
TKM buffer. Precipitated material was removed by centrifugation

at 46,000 x g (20, 000 rpm) for 20 min in the SS-34 rotor.

Since lysate of red blood cells is reported to cause lysis of
isolated nuclei when the two are incubated together in vitro (D.

Schumm, personal communication), any cytosol with a red color was
presumed to be contaminated due to incomplete perfusion of the liver

and was therefore discarded.
2.

Protein Determination
The concentration of protein in the dialyzed cytosol was mea-

sured with the biuret reaction, according to the method of Gornall
et al. (1949). The biuret reagent was prepared by dissolving 3 g of
CuS0 4.5H 20 in about 300 ml distilled water and adding 12 g sodium
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potassium tartrate (NaKC 4 H406° 4H20) dissolved in about 100 ml

distilled water. This was made alkaline with the addition of 300 ml
of 10% NaOH and diluted to 1 liter with water and stored in a poly-

ethylene bottle, where it was stable for at least three months at room
to

Duplicate aliquots of 0.1 and 0.2 ml of dialyzed cytosol were

placed in glass test tubes and brought to 1 ml with distilled water.
After addition of 4 ml of biuret reagent to each, these were incubated
30 min at room temperature. The absorbance of the blue solutions
was measured at 540 nm in a Gilforn Model 300-N spectrophotometer.

The concentration of protein was read from a standard curve
(Figure 2) prepared using bovine serum albumin as standard.
A

540/mg protein/m1 calculated from this curve is 0.053.

3.

Preparation of the Nuclei
Liver DNA was prelabeled in vivo by i.E.. injections of

3H-

thymidine. In double label experiments, nuclear RNA was also pre-

labeled with an L E. injection of 14C-orotic acid 30 min before killing.

In experiments where RNA only was labeled, a 30 min pulse with
3

H-orotic acid was used. The pulse time of 30 min was chosen to

maximize the incorporation of radioactivity into species of nuclear
RNA which are destined to become messenger RNA (Lukanidin et al.,
1972; Yu et al.

,

1972; Schumm et al.

1972, 1974a; Bastos and
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Figure 2, Biuret Assay Standard Curve.
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Aviv, 1977).

Nuclei were isolated by a procedure similar to the one des-

cribed earlier, but with some modifications, such as the inclusion of
Ca

2+

in the various media (Muramatsu and Busch, 1967), to preserve

the functional integrity of the nuclei. Rats were starved overnight
and anesthetized with ether. Livers were perfused in situ with 10 ml
of ice-cold 0.25 M sucrose- TKMC(TKM with 3.3 mM CaC12), then

dissected out carefully and chilled in several volumes of the same
buffer. All subsequent operations were performed at 0-4°C.

Livers were homogenized in two volumes of the same buffer

with four strokes of the motor-driven teflon pestle in a PotterElvehjem homogenizer. The homogenate was filtered in the cold

room through four layers of cheesecloth into precooled glassware.

5 ml aliquots of the filtrate were mixed with 10 ml of 2.3 M sucroseTKMC. These were underlaid with 2.3 M sucrose-TKMC as before
and centrifuged for one hr at 40,000 x g (Sorvall SS-34 rotor, 18,500
rpm). Supernatants were discarded and the walls of the tube were

carefully wiped with tissue paper.

The nuclear pellets were gently rinsed with a few ml of 1 M
sucrose containing 1 mM CaCl2 and the washings were discarded.

The pellets were resuspended in 5 ml of the rinsing solution and re -

centrifuged for 5 min at 3,000 x g (Sorvall SS-34 rotor, 5,000 rpm).
The supernatant was carefully decanted and the nuclear pellet was
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resuspended in a few ml of the same buffer.
The nuclei were counted in a hemacytometer under the light

microscope using phase contrast optics. These nuclei were intact and

free of debris, as determined visually, and were present singly.
Schumm and Webb (1973b) reported that clumped nuclei failed to

release their RNA when incubated later.
4.

Cell Free System for the in vitro Release of RNA from
Isolated Nuclei
This is the system described by Schumm and Webb (1972).

Dialyzed cytosol was diluted to the desired protein concentration and
mixed with the other components to achieve these final concentrations
in the incubation medium: 0.25 M sucrose, 25 mM KC1, 2.5 mM
MgC12, 0.3 mM MnC12, 0,5 mM CaC12, 2.5 mM Na2HPO4, 2 mM

dithiothreitol, 5 mM spermidine, 2 mM ATP, 2.5 mM phosphoenol-

pyruvate, 6 units pyruvate kinase/ml, 5 x

106

nuclei /ml (approxi-

mately), 1 mg yeast RNA/ml and dialyzed cytosol. .ATP, phosphoenol-

pyruvate and pyruvate kinase served as an .ATP-regenerating system.
In some experiments additional phosphoenolpyruvate was added at
intervals to renew the supply of .ATP. The yeast RNA was used as an

inhibitor of ribonuclease.

Nuclei were added last and zero time samples were withdrawn.

The reaction was initiated by placing the vessel in a water bath at
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either 30 or 37°C and incubating with gentle shaking. Samples were

removed at intervals and freed of nuclei by two rounds of centrifuga-

tion, first 5 min at 1,250 x g, then 5 min at 3,000 x g. Aliquots of
the complete medium and of the medium freed of nuclei were placed

on filter papers and acid-insoluble radioactivity was determined as
before.
5.

Preparation of Marker Ribosomal Subunits

Ribosomal subunits were prepared from rat liver according to
the methods of Martin et al. (1969), Blobel and Sabatini (1971) and
Met las et al. (1973). Nascent polypeptide chains were detached from

ribosomes by incubation with puromycin and ribosomes were freed of

membranous structures through the use of the detergent, sodium
deoxycholate. Dissociation into subunits then occurred at high ionic

strength.

A 2: 1 homogenate (v/w) of rat liver was prepared in 0.25 M
sucrose-TKM and centrifuged for 10 min at 13,000 x g (Sorvall

SS-34 rotor, 10,000 rpm). 1m1 aliquots of this post-mitochondrial
supernatant were either used immediately or stored under liquid

nitrogen, where they were stable for several months.
To prepare subunits, a 1 ml aliquot of the post-mitochondrial
supernatant was diluted with 1 ml of a solution containing 50 mM
Tris, pH 7. 5 @ 22°C, 1 M KC1, 5 mM MgCl2 and 1 mM puromycin.
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This was incubated first at 0°C for 15 min, then at 37°C for 10 min.
0.2 ml of 10% sodium deoxycholate was then added and the mixture

was allowed to stand for 10 min at 0°C with occasional agitation. A
0.25 ml aliquot of this material was brought to 2 ml with 50 mM
Tris, pH 7.5, 500 mM KC1, 5 mM MgC12 and layered over a linear

10-30% sucrose gradient prepared in the same buffer. This was

centrifuged in the SW 27 rotor at 4°C for 6 hr at 27,000 rpm
(96,000 x g avg., dr.02 t=2x10 11).
The gradients were fractionated and A254 was monitored as the

contents passed through a flow cell (Instrumentation Specialties Co.,
Lincoln, NE). Identification of the subunits was achieved as a pattern

of two absorbance peaks was observed.

The ratio of absorbances in

the two peaks was 2: 1, with the more rapidly sedimenting peak
absorbing more strongly. This is in agreement with the results of
Met las et al. (1973) who characterized the nucleic acid in these two
peaks arid unequivocally identified the 40s and 60s ribosomal subunits.
6.

Characterization of Released Material by Density Gradient
Centrifugation
Two ml aliquots of incubation medium freed of nuclei were

layered over linear 10-30% sucrose gradients prepared in 50 mM
Tris, pH 7.5, 500 mM KC1 and 5 mM MgC12. These were
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centrifuged in the SW 27 rotor for 17 hr at 19,000 rpm (48, 000 x g
avg. ,

C4)2 t=2x10

11).

1.2 ml fractions were collected and analyzed

for acid-insoluble radioactivity. 40s and 60s ribosomal subunits,

prepared from rat liver, were spun through identical gradients and
their positions were noted by monitoring A254 as the gradients were
fractionated.
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III.
A.

RESULTS

Studies on Liver Growth and DNA Synthesis

Sodium phenobarbital was administered at a dose of 83 mg/

kg/day, a level well known to produce liver growth in rats (Seifert
et al. , 1971; Augenlicht and Argyris, 1975). This dosage of pheno-

barbital produced an acute hypnotic effect which lasted several hours.
These were the hours of light in the photoperiod into which the rats

had been entrained, so control rats were inactive or sleeping during
these hours as well.
Relative liver weight in the phenobarbital-treated rats rose
steadily throughout the experiment (Figure 3 and Table 2). The in-

crease in liver size over control rats was statistically significant
(p < 0.01) on Day 1 and reached 147% of the control value by Day 5.

At the same time, DNA synthesis went through a transient stimula3

tion. Incorporation of H-thymidine into liver nuclei was significantly

(p c 0.01) elevated the first day, exceeded five times the control value
on Day 3, but had returned to control levels on Day 5, despite the
continued administration of phenobarbital.

Figure 4 and Table 3 show the results of experiments in which
DDT was administered at a dose of 112 mg/kg/day, a level approximately equimolar with the dose of phenobarbital used in the previous

experiment. No visible signs of toxicity, such as tremors or
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Figure 3. Relative liver weight and DNA synthesis in control
rats ( ) and rats given phenobarbital ( 0 ) at a dose

of 83 mg/kg/day. Bars represent standard errors
of the means.

TABLE 2. Phenobarbital vs. control. Each entry is the mean + s. e. of (n) rats.

DPM/10 6 nuclei

Liver weight/body weight x 100
Day

Control

0

5. 36 + O. 09 (15)

1

5.44 + 0. 15 (20)

2

Phenobarbital

Phenobarbital

Control
573 + 120 (15)

-

6.20 + 0. 16 (10)**

667 + 107 (15)

1683 + 367

5, 05 + 0. 15 (15)

6.43 + 0.22 (10)***

567 + 77

(15)

2 123 + 440 (10)***

3

4. 77 + 0. 06 (10)

6. 73 + 0. 14

(9)***

457 _
+ 87

(10)

2470 + 330

4

5, 10 + 0, 09 (29)

7.33 + 0.2 7 (10)***

490 + 53

(2.8)

1380 + 250 (10)***

5

5. 18 + 0.09 (21)

7. 60 + 0.37 (10)***

467 + 67

(14)

**

Significantly different from control, p C 0 01;

***

p < 0.001.

417 + 60

(8)**

(9)***

(10)
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Relative liver weight and DNA synthesis in control
rats ( ) and rats given DDT (© ) at a dose of

112 mg/kg/day. Bars represent standard errors of

means.

TABLE 3. DDT vs. control. Each entry is the mean + s. e. of (n) rats.

DPM/10 6 nuclei

Liver weight/body weight x 100
Day

Control

Control

DDT

5.36 + 0.09 (15)

DDT

573 + 120 (15)

1

5.44 + 0. 15 (20)

5. 56 + O. 07 (15)

667 + 107 (15)

650 + 63

2

5. 05 + O. 12

(15)

5. 79 + O. 08 (10)***

567 + 77

(15)

77S-+ 110 (10)

3

4.77 + 0.06 (10)

5. 83 + 0. 19 (15)***

457 + 87

10
(10)

11833- 160 (14)***

4

5. 10 + 0. 09 (29)

6.25 + O. 06 (15)***

490 + 53

(28)

1130 + 260 (15)**

5

5. 18 + O. 09 (21)

6.46 + 0. 14 (16)***

467 + 67

(14)
14

102 1 + 150 (16)**

**

Significantly different from control, p <0. 01;

***

p< 0. 001.

(10)
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convulsions, were observed in any of the DDT-treated rats. After

a one day lag, the relative liver weights began to rise and reached
125% of the control value by Day 5, about one-half the increment

seen with phenobarbital. DNA synthesis was also stimulated by DDT,

this time after a lag of two days. This stimulation peaked on Day 3
at about 2.5 times the control value. Values declined slightly thereafter but remained significantly (p< 0. 001) above the control at the
end of the experiment.

In all the rats treated with BA, fatty deposits were evident on
the surfaces of the livers and other abdominal viscera upon gross
inspection at sacrifice. These deposits were yellow in color and
fluoresced strongly yellow-green under a black light, two characteristics of native BA. It was therefore assumed that some portion of

the administered dose was never assimilated. The dose employed
was 50 mg/kg/day or about 67% of the doses of DDT and phenobar-

bital on a molar basis. Difficulties with solubility precluded the use

of larger doses.
The quantities of BA which actually absorbed, however, were

adequate to produce increases in both liver size and DNA synthesis,
as shown in Figure 5 and Table 4. The increase in relative liver
weight began on the second day and rose to 135% of the control value

by Day 5. DNA synthesis remained at control values for the first
two days, then it rose rapidly to five times the control value on Day 4
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Figure 5.

Relative liver weight and DNA synthesis in control
rats ( ) and rats given BA ( 0) at a dose of 50

mg/kg/d. Bars represent standard errors of the
means.

TABLE 4.

1,2 -benzabthracene vs. control. Each entry is the mean + s, e. of (n) rats.
DPM/10 6 nuclei

Liver weight/body weight x 100
Day

Control

Control

BA

BA

0

4.61 + 0.07

1

4.36 + 0.11 (10)

4.64 + 0.16

(5)

278 + 58 (10)

206 + 51

(5)

2

4.60 + 0.12 (10)

5.09 + 0.16

(5) *

287 + 63 (10)

415 + 53

(4)

3

4.19 + 0.09 (10)

5.61 + 0.20

(5)***

292 + 38 (10)

810 + 150 (5)°A**

4

4.53 + 0.12

(8)

5.56 + 0.09

(4)***

180 ....
+ 50

(8)

1031 + 339 (4)**

5

4.47 + 0.14

(8)

6.02 + 0.18

(5)***

211 ....
+ 47

(8)

664 + 107 (4)**

269 + 39

(5)

Significantly different from control, p< 0.05;

**

p<0.01;

***

(5)

p< 0.001.

-
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before falling off on Day 5. The kinetics of the responses to BA were

similar to those of DDT, while the magnitude of the effects more
closely resembled the phenobarbital experiment.

DPH was initially given at a dose of 88 mg/kg/day, a level
equimolar with phenobarbital and DDT, but excessive mortality among

treated rats quickly became evident. When the dose was lowered to
44 mg/kg/day, only two rats died out of the 75 used in three separate
experiments. The pooled results of these experiments are shown in
Figure 6 and Table 5. Relative liver weight and DNA synthesis in the

treated rats were lower than controls for the first two days but
returned to the control levels on Days 4 and 5.
When amobarbital was administered at a dose of 75 mg/kg/day,
the level equimolar with the doses of phenobarbital and DDT, acute
hypnosis was again observed. The duration of this effect was about

the same as that seen with phenobarbital. Three of the 25 rats given
amobarbital died during the course of the experiment. Relative liver

weights in the treated rats did not differ from the controls (Figure 7
and Table 6). The values obtained for DNA synthesis ranged lower

in the amobarbital group than in the controls, but the difference was
statistically significant only on Day 2 (p <0. 05). These effects of

amobarbital were similar to those seen with DPH.
The effects of BHT in this experimental system were studied at
two dose levels. 75 mg/kg/day was tested first, the level equimolar
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Figure 6.

Relative liver weight and DNA synthesis in control
rats ( ) and rats given DPH ( 0 ) at a dose of 44

mg/kg/day. Bars represent standard errors of the
means.

TABLE 5. Diphenylhydantoin vs. control. Each entry is the mean + s. e. of (n) rats.

DPM/10 6 nuclei

Liver weight body weight x 100
Day

Control

5.36 + O. 09 (15)

Control

DPH

DPH

573 + 120 (15)

-

-

1

5.44 + 0. 15 (20)

4. 51 + 0. 14 (15)***

667 + 107 (15)

263 + 117 (10)*

2

5. 05 + 0. 12 (15)

4. 72 + 0. 11 (14)*

567 + 77

(15)

253 + 60

3

4.77 + 0.06 (10)

5.2 1+ O. 15 (15)*

457 + 87

(15)

260 + 80

(8)

4

5. 10 + 0. 09 (29)

5.37 + O. 14 (15)

490_+ 53

(2 8)

383 + 87

(10)

5

5. 18 + 0. 09 (21)

5. 37 + 0. 11 (14)

467 + 67

(14)

370 + 80

(10)

Significantly difference from control, p <O. 05;

**

p<0. 01;

p<0. 001.

(10)**
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Relative liver weight and DNA synthesis in control

rats ( ) and rats given amobarbital (0 ) at a dose
of 75 mg/kg/day. Bars represent standard errors
of the means.

TABLE 6. Amobarbital vs. control. Each entry is the mean + s. e. of (n) rats.

DPM/10 6 nuclei

Liver weight body weight x 100
Day

Control

Amobarbital

Control

Amobarbital

0

5.36 + 0.09 (15)

-

1

5.44 + 0,15 (20)

5.13 + 0.10

(5)

667 + 107 (15)

387 + 100

(5)

2

5.05 + 0.12 (15)

4.89 + 0 14

(4)

567 + 77

(15)

243 + 37

(4)*

3

4.77 + 0.06 (10)

4.88 + 0,13

(5)

457 + 87

(10)

237 + 33

(5)

4

5.10 + 0.09 (29)

4.87 + 0.14

(4)

490 +53

(28)

360 + 77

(4-)

5

5.18 + 0,09 (21)

4,81 + 0.15

(4)

467 + 67

(14)

247 +
_ 67

(4)

Significantly different from control, p< 0.05.

573 + 120 (15)
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with the doses of phenobarbital, DDT and amobarbital. These results

are presented in Figure 8 and Table 7. There was a significant
(p20.001) rise in relative liver weight on Days 3 and 4 which
returned to control values on Day 5. DNA synthesis showed a small
but significant (p4 0. 05) increase over control values on Day 5 only.
No signs of toxicity were observed at this dose of BHT.

Reports from other laboratories (Gilbert and Golberg, 1965;

Gilbert et al.

1969; Creaven et al. , 1966; Allen and Engblom,

1972) have indicated that higher doses of BHT have effects on liver

which are qualitatively similar to those of phenobarbital. Another

experiment was performed with BHT, therefore, this time at a dose

of 500 mg/kg/day. At this higher dose, two of the 25 treated rats
died during the course of the experiment. Figure 9 and Table 8
show that relative liver weight remained at control levels for one
day then rose in a DDT-like fashion to 129% of the control value by
Day 5. DNA synthesis was depressed on Day 1 of treatment with

BHT but rose gradually thereafter to reach 2.5 times the control
value by Day 5.

The nature of the DNA synthesis observed in these experiments

cannot be clarified while the only data considered are those on the
incorporation of 3 H-thymidine. Increases in the rate of DNA

synthesis could be due to semi-conservative replication of the entire
genome, leading to a doubling of the mass of genetic material in a
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Relative liver weight and DNA synthesis in control

rats ( ) and rats given BHT (0) at a dose of 75
mg/kg/day. Bars represent standard errors of
the means.

TABLE 7. BHT (75 mg/kg/day) vs. control. Each entry is the mean + s. e. of (n) rats.

Liver 'weight/body weight x 100
Day

Control

5.36 + 0.09 (15)

DPM/106 nuclei

Control

BHT
-

5.56 + 0.32

BHT

573 + 120

(15)

667 + 107

(15)

567 + 77

(15)

-

1

5.44 + 0. 15 (20)

2

5. 05 + 0. 12 (15)

3

4. 77 + 0. 06 (10)

5. 55 + 0. 12

(5)***

457 + 87

(10)

743 + 235

(4)

4

5.10 -i- 0.09 (29)

5. 98 + 0. 17

(5)***

490 + 53

(28)

713 +
_ 140

(4)

5

5.18 + 0.09 (21)

5. 38 + O. 18

(5)

467 + 67

(14)

800 + 110

(5)*

(5)

-

Significantly different from control, p< 0. 05;

***

p<0.001.

6471- 173
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Figure 9.

Relative liver weight and DNA synthesis in control
rats ( ) and rats given BHT (© ) at a dose of

500 mg/kg/day. Bars represent standard errors

of the means,

TABLE 8. BHT (500 mg/kg/day) gas. control. Each entry is the mean + s, e. of (n) rats.
DPM/10 6 nuclei

Liver weight/body weight x 100
Day

Control

4.61 + 0.07

Control

BHT

269 + 39

(5)

BHT
(5)

1

4.36 + 0.11 (10)

4.17 + 0.08

(5)

278 + 58 (10)

98 + 15

(5)*

2

4.60-+ 0.12 (10)

5.23 + 0.05

(5)**

287 + 63 (10)

255 + 60

(5)

3

4.19 + 0.09 (10)

5.29 + 0.10

(4)**

292 + 38 (10)

320 + 66

(4)

4

4.53 + 0.12

(8)

5.16 + 0.53

(5)

180 + 50

(8)

366 + 65

(5)*

5

4.47 + 0.14

(8)

5.78 + 0.22

(4)***

211 4 47

(8)

586 + 184 (4)***

Significantly different from control, p< 0.05;

T`

p< 0.01;

***

p< 0.001.
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liver cell, or to "unscheduled" or repair synthesis of shorter regions
of DNA.

1
This issue was examined by observing autoradiograms of

smears of labeled nuclei under the light microscope.

Nuclei from control rats and from rats given various drug
treatments all showed the same pattern of autoradiography. A few
nuclei in each preparation were densely covered with silver grains,
while the very great majority showed no deposition of grains what-

ever. This suggests that some liver cells had synthesized large

regions of the genome, or perhaps all of it, incorporating the radio-

labeled precursor in the process. A disperse pattern of deposition
of grains, i.e. one or two grains over a large number of nuclei,
would have been indicative of synthesis of short sections of DNA, as

in repair, but such a pattern was never observed. The possibility
of semi-conservative replication would seem to be favored.
B. Studies on Nucleocytoplasmic Transport of RNA

Characterization of the Cell-Free System

1.

Nuclei isolated from rat liver, after prelabeling in vivo with
14

1

C-orotic acid and 3 H-thymidine, release detectable amounts of

Autoradiograms were prepared by R. Scalese, Division of
Biological and Medical Research, Argonne National Laboratory,
Argonne, IL 60439.

59

both RNA and DNA when incubated at 37°C in a medium containing

sucrose, salts, ATP, spermidine, low molecular weight yeast RNA
and 0.5 volumes of dialyzed cytosol prepared from untreated rat
liver (Table 9). These measurements were made by determining
acid-insoluble radioactivity in the incubation medium after removal
of the nuclei by centrifugation. The results are expressed as a

percent of the total acid-insoluble radioactivity originally present in
the nuclei before incubation.

Nuclease activity was monitored by comparing acid-insoluble
radioactivity in the complete medium before and after incubation. In
this experiment, 4% of the RNA and less than 1% of the DNA were

rendered soluble during incubation.

Specific release or transport of RNA was estimated by subtracting the percent release of DNA from that of RNA in order to
correct for the non-specific appearance of RNA in the medium caused
by leakage from broken or damaged nuclei. The validity of this

correction rests on the assumption that any loss of DNA to the
medium must be considered non-physiological in nature and will have

been paralleled by a proportionate loss of nuclear RNA. This
correction has a striking effect on bringing data from duplicate
incubations into agreement with respect to net release of RNA.
Additional incubation mixtures were prepared in this same

experiment to test the effect of ATP at either 0 or 37°C. All these
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TABLE 9.

The effect of temperature on the in vitro release of
RNA and DNA from isolated rat liver nuclei.

temper°C

incubation
time
min

0

0

attire

5

10

15

37

5

10

15

net RNA

RNA

DNA

release

release

release

average

%

%

%

%

3.88
2.44

2. 69

1. 19

1.05

1.54

0.90

2. 10

0.95

1. 18

3.98

2.77

1.15
1.21

1.29

1.36

0.44

0.92

2.49

0. 83

1. 66

6.54

1. 45

5. 76

5.09
3.51

8. 93
4. 70

6. 99
2. 76

1.94

9.27
5.61

6.47

2.93

2.56

2.80
3.05

5.68
5.59

2.75
2.45

2.93

3.04

1. 35

1.25
1. 94

3._14

1. 94
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data are presented graphically in Figure 10. At 37°C and in the presence of 2 mM ATP with a phosphoenolpyruvate-pyruvate kinase

ATP-regenerating system, net release of RNA increases in a linear
fashion at first, but has slowed by 15 min. At 0°C or in the absence

of ATP, little or no transport of RNA is seen. The small difference
between incubations with and without ATP at the zero point proved to

be reproducible in several other experiments, but its significance is
not known.

When longer incubations were carried out at 37°C, large increases in the release of DNA began to occur after 30 min (data not
shown). By 60 min, nearly 35% of the incorporated

14C

had been

rendered soluble, despite the presence of a large excess (1 mg/m1)
of the yeast RNA and the naturally occurring ribonuclease inhibitor

of rat liver cytosol. Lowering the incubation temperature to 30°C
controlled DNA release to less than 1% at all time points and permitted
greater than 95% inhibition of ribonuclease activity.

Some investigators (Chatterjee and Weisbach, 1973; Stuart

et al.

,

1975), using nuclei isolated from neoplastic cell lines grown

in tissue culture, found that RNA transport was optimally stimulated
when the ratio of ATP to Mg2+ in the incubation medium was in the
range of 1 to 2. These same authors also observed that EDTA could

be substituted for ATP on a molar basis and produce a similar rate of
transport, which suggested to them that ATP was acting permissively
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Figure 10. The effects of temperature and ATP on the release
of RNA from isolated rat liver nuclei in vitro.

Legend

Rat liver nuclear RNA was prelabeled in vivo with a 30 min pulse
of

14

C-orotic acid (100 uCi/kg) and DNA was prelabeled with a 60

min pulse of 3 H-thymidine (1 mCi /kg). Nuclei were isolated and

incubated in the cell free system in the presence or absence or
2 mM ATP at either 0 or 37°C (0 37°+ATP,
111 0°-ATP).

0 ° +ATP,.O 37°-ATP,

Acid-insoluble radioactivity was determined on aliquots

of the incubation medium after nuclei had been removed by centrifugation. Each 1 ml of incubation medium contained 5 x 106 nuclei and

4,900 cpm of

14C

and 1,000 cpm of

3H

as acid-insoluble radio-

activity. Ordinate values were derived by expressing the quantities
of

3H

and

14C

released to the medium as percentages of their

respective amounts originally present in the nuclei and then sub-

tracting the percent release of
were performed in duplicate.

3H

from that of 14C. Incubations
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as a chelating agent, rather than as an energy source for a biological

process. In this system, however, replacement of 2.5 mM ATP with
5 mM EDTA reduced RNA transport to control levels (Figure 11),

indicating that ATP is not acting as a simple chelator. The evidence
presented here is consistent with the hypothesis that simulated
nucleocytoplasmic transport of RNA in vitro is dependent not only on

temperature but also on the presence of a source of ATP.
Schumm and Webb (1972) found that additional transport of RNA

occurs in longer incubations if the supply of .ATP is replenished by

adding phosphoenolpyruvate, which stimulates substrate level phosphorylation of ADP through the pyruvate kinase reaction. This was
confirmed by the experiment shown in Figure 12. A single addition

of ATP at zero time produced an initial rise in RNA transport which
had ended by 20 min. The continued rise after 30 min paralleled that

seen in the absence of an energy source. Additions of phosphoenol-

pyruvate as the incubation progressed produced a new linear rate of
transport of RNA from the nuclei. Although this new rate was some-

what lower than that observed in the first 10 min of incubation, it was

considerably greater than the ATP-independent release observed in
the control.

The transported RNA from this experiment was characterized
by centrifugation on sucrose gradients (Figure 13). Without additional
phosphoenolypyruvate, 20 min and 60 min incubations revealed the
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Figure 11. The effect of replacing ATP with EDTA on in vitro
nucleocytoplasmic transport of RNA from isolated
rat liver nuclei.

Legend

Nuclei isolated from rat liver, after prelabeling in vivo with
3

H-thymidine and

14

C-orotic acid, were incubated in the cell-

free system in the presence of either 2.5 mM ATP ("*" ) or
5 mM EDTA ( -0- ) or in the absence of either agent (AO-

).

The

magnesium concentration in all incubation mixtures was 2.5 mM.
Aliquots of the incubation medium were assayed for acid-insoluble

radioactivity after removal of the nuclei by centrifugation. Each
ml of the incubation mixture contained 1371 cpm
14C

as acid-insoluble radioactivity and 5 x

106

3H

and 7165 cpm

nuclei.

66

6.0

5.0

3.0

2.0

1.0

10

Incubation time
Figure 11

111111sallINOMIll
3.0 min
ZO

67

Figure 12. Time course of the release of RNA from isolated rat
liver nuclei under varying conditions of energy supply.

Legend

Rat liver nuclear RNA was prelabeled in vivo with a 30 min pulse
of

14

C-orotic acid (200 uCi/kg) and DNA was prelabeled with serial

injections of 3 H-thymidine (4 x 1 mCi/kg/d y). Nuclei were isolated

and incubated in the cell-free system in the presence of 2 mM ATP
with additional phosphoenolpyruvate added each 10 min (0),

2 mM ATP only (0) or no available energy source (0). Acidprecipitable radioactivity was determined on aliquots of the medium

after removal of the nuclei by centrifugation. Each ml of the
incubation medium contained 4.6 x
and 10,400 cpm of

106

nuclei and 9,000 cpm of

14C

as as acid-precipitable radioactivity. Ordinate

values are net release of RNA (see Legend to Figure 10). Incubations
were performed in duplicate.
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Figure 13. Sucrose density gradient analysis of material released
from isolated rat liver nuclei in vitro. A after 20 min
incubation. B - after 60 min incubation. C same as
B, but additional phosphoenolpyruvate was added at
10 min. intervals.

Legend

See Legend to Figure 12. After removal of nuclei by centrifugation,

2 ml aliquots of the medium were layered over linear 10 to 30%
sucrose gradients containing 50 mM Tris, pH 7.8, 500 mM KC1
and 5 mM MgC12.

These were centrifuged at 4 ®C in the SW 27

rotor for 17 hr at 19,000 rpm (48, 000 x g avg. ). 1.2 ml fractions

were collected and analyzed for acid-precipitable radioactivity.

Ribosomal subunits were prepared from rat liver for use as
markers and were spun through an identical gradient. The positions

of the marker subunits, denoted by arrows, were determined by
monitoring A254 as the gradient was fractionated.
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same pattern, a single prominent peak which cosedimented with the

40s ribosomal subunit from rat liver. Replenishing the supply of
ATP throughout 60 min of incubation resulted in a broadening of the

40s peak and the appearance of a second peak at 60s. The biphasic

kinetics seen in Figure 12 can be interpreted, then, as the early
release of a 40s constituent, which is followed later by 60s and addi-

tional 40s material, if ATP is continually supplied.
Further attempts at identifying the species of RNA present
under these 40s and 60s peaks were unsuccessful because the incorporated radioactivity was rendered soluble, presumably due to uncon-

trolled residual ribonuclease activity. It can be inferred from the
work of other investigators, however, that the early 40s is composed
almost entirely of mRNA - containing ribonucleoprotein particles or

informosomes (Ishikawa et al.

,

1969, 1970a, b, 1972; Lukanidin

et al. , 1972; Shchuppe et al. , 1974; Smuckler and Koplitz, 1976)

and that the continued presence of ATP in longer incubations stimulated the processing and release of rRNA in the form of 40s and 60s
ribosomal subunits (Schumm and Webb, 1972; Schumm et al. , 1973b,
1974a,b). The similarities of the assay system used here to those

cited above permitted the conclusion that the transport of mRNA from

isolated rat liver nuclei could be measured in vitro using an incubation at 30°C for a period of 15-20 min without continuously replen-

ishing substrate for regeneration of ATP.
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It has also been reported that the amount of mRNA transported

varies directly with the concentration of cytosol protein in the assay
mixture (Schumm et al. , 1973a; Racevskis and Webb, 1974;

Yannarell et al.

,

1976).

In Figure 14 the results are shown of an

experiment in which nuclei, prelabeled in vivo for 30 min with 3H-

orotic acid, were incubated in the cell-free system for 15 min with
increasing concentrations of cytosol protein. The resultant linear
relation was exploited as a means of testing the effect of phenobarbital on mRNA transport.

The ordinate values in Figure 14 were not corrected for DNA

release, as had been the case in previous experiments.

14C

-orotic

acid was temporarily unavailable at the time and using the tritiated
orotic acid precluded the usual practice of labeling DNA with
thymidine.

3H-

The total amounts of RNA transported, however, com-

pared closely with the values seen in other experiments which
employed the dual label technique. It was therefore concluded that

DNA release was not a complicating factor in the result shown here.

It could be argued that the relationship apparent in Figure 14

was caused by stabilization of mRNA after transport occurred, due
to an increasing concentration of the ribonuclease inhibitor protein

native to rat liver cytosol. Ribonuclease activity was monitored in
this experiment and these data (Table 10) indicate that inhibition was

essentially maximal at a protein concentration of 3.5 mg/ml, while
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Figure 14. The effect of cytosol protein concentration on the
release of mRNA from isolated nuclei in vitro.

Legend

Rat liver nuclear RNA was prelabeled in vivo with a 30 min pulse of
3

H-orotic acid (2 mCi/kg). Nuclei were isolated and incubated in

the cell-free system for 15 min in the presence of increasing amounts
of cytosol protein, either with or without 2 mM ATP (C) +ATP;
-ATP). Acid-insoluble radioactivity was determined on aliquots

of the incubation medium after nuclei had been removed by centrifugation. Each ml of the incubation medium contained 4.2 x 106 nuclei

and 35, 000 cpm as acid-insoluble 3H. Results are expressed as

radioactivity released to the medium as a percent of the amount
originally present in the nuclei. Incubations were performed in
duplicate.
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TABLE 10,

The effect of cytosol protein concentration on the
recovery of acid-insoluble radioactivity after a
15 min incubation.
J.

cytosol protein

recovery

mg/m1
0

83

3.5

99

8.0

95

12.4

101

16.8

97

See Legend to Figure 14. Acid insoluble radioactivity in the
complete medium was determined after a 15 min incubation
at 30°C and expressed as a percent of the counts originally
present in the nuclei,
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Figure 14 shows that mRNA transported continued to increase up to

18 mg cytosol protein/ml, the highest level tested. These data support the suggestion of Schumm et al. (1973a) that non-dialyzable

factors in rat liver cytosol, probably protein in nature, are involved
in the process of nucleocytoplasmic transport of mRNA.
2.

The Effect of Phenobarbital
Hazan and Macau ley (1976) showed that cytosol prepared from

phenobarbital-treated rat liver was more active than control cytosol
in stimulating the in vitro release of rRNA in the form of 40s and 60s
ribosomal subunits. This effect was observed when the source of the

nuclei was either control or phenobarbital-treated livers. This suggested the possibility that the transport of mRNA might also be increased under the influence of phenobarbital.

To investigate this, cytosol was prepared from the livers of
rats given i. p. injections of either distilled water or phenobarbital
at a dose of 83 mg/kg/day for 5 days. These were incubated in the

cell-free system for 15 min with nuclei from control rats which had
been prelabeled in vivo with 3 H-thymidine and

14

C-orotic acid.

Incubation mixtures were prepared with the two cytosols at several
different protein concentrations. It was expected that the slope of the
line describing dependence on protein concentration, as in Figure 14,
would be a sensitive indicator of any small differences between the
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two.

The results, shown in Figure 15, indicated no deviation of the

phenobarbital-treated from the control.
Since the previous experiment involved only an endpoint deter-

mination after 15 min of incubation, any difference in the rate of
transport of mRNA may have been masked, due to lack of data
points. Another experiment was performed, therefore, this time

using control or phenobarbital-treated cytosols at two protein con-

centrations, 2.5 or 15 mg/ml, and incubation times up to 30 min.
No additional phosphoenolpyruvate was added. Figure 16 shows the

expected difference between the two concentrations of protein in

stimulating mRNA transport, but no difference between the pheno-

barbital-treated and the control is evident. The 5 min time points
were lost, but it would not appear that the inclusion of these data
would have materially altered the pattern seen in Figure 16.
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Figure 15. The effect of increasing concentrations of cytosol
protein from phenobarbital-treated or control livers
on the release of mRNA from isolated rat liver
nuclei in vitro.

Legend

Rat liver nuclear RNA was prelabeled in vivo with a 30 min pulse of
3

H-orotic acid (2 mCi /kg). Nuclei were isolated and incubated for

15 min in the cell-free system in the presence of increasing con-

centrations of cytosol protein derived from control rats ( ) or rats
injected with sodium phenobarbital (0) at a dose of 83 mg/kg/day
for five days. Acid-precipitable radioactivity was determined on
aliquots of the medium after nuclei had been removed by centrifugation. Each ml of incubation medium contained 33,500 cpm of acid-

precipitable

and 5 x 106 nuclei. Ordinate values are radioand

activity released to the medium expressed as a percent of the amount
initially present in the nuclei. Incubations were performed in
duplicate.
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Figure 16. Kinetics of the release of mRNA from isolated rat liver
nuclei in the presence of cytosol derived from control

or phenobarbital-treated livers. A - 2.5 mg cytosol
protein per ml. B - 15 mg cytosol protein per ml.

Legend

Rat liver nuclear RNA was prelabeled in vivo with a 30 min pulse of
14

C-orotic acid (400 uCi /kg) and DNA was prelabeled with serial

injections of 3 H-thymidine (4 x 1 mCi/kg/day). Nuclei were iso-

lated and incubated in the cell-free system in the presence of

cytosol from control rats ( 0 ) or rats given sodium phenobarbital
( 0 ) at a dose of 83 mg/kg/day for five days. Additional phosphoenolpyr uvate was added at 10 and 20 min of incubation. Acid-

insoluble r adioactivity was determined on aliquots of the medium
after nucle i had been removed by centrifugation. Each ml of
incubation medium contained 8,600 cpm of
3H

as acid -insoluble radioactivity and 5 x

14C

106

and 7,700 cpm of

nuclei. Ordinate

values are net release of RNA (see Legend to Figure 10). Incubations
were performed in duplicate.
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IV.

DISCUSSION

The objective of this study was to compare some of the bio-

chemical properties of a series of compounds which differ in their
relative abilities to enhance chemically induced carcinogenesis in rat

liver. Correlating enhancing activities with effects on metabolic
processes could facilitate the identification of those molecular events
essential to enhancement. In order to obtain data for initial correla-

tions, liver growth in response to acute administration of three
enhancers and three non-enhancers of AAF-induced hepatic tumori-

genesis was examined, using relative liver weight and incorporation
of

3

H-thymidine as convenient indices. Table 11 contains a summary

of the effects of the six chemicals, along with the relative potency of

each as enhancers.
Phenobarbital and DDT caused substantial increases in liver
weight when given over a five day period, results which are in general
agreement with those of several other authors (Schulte-Hermann,

1974; Peraino et al.

,

1975),

Administration of BHT at a dose level

equimolar with phenobarbital and DDT did not produce liver growth,

but a seven-fold higher dose did stimulate liver enlargement to about
the same degree as that seen with DDT. Hepatomegaly following
acute administration of BHT at a dose of 500 mg/kg/day has been
reported elsewhere (Deichmann et al.

,

1955; Gilbert and Golberg,
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The effects of several chemicals on liver growth, DNA
synthesis and tumorigenic enhancement.

TABLE 11.

Tumorigenic
enhancing
activity

Relative

Peak change

weight 1

in DNA
synthe s is2

+42%

+331% (Day 3)

++

+21%

+106% (Day 3)

++

44 mg/kg/day

0%

-56% (Day 2)

0

Amobarbital
75 mg/kg/day

-10%

-57% (Day 5)

0

0%

+40% (Day 5)

0

500 mg/kg/day

+25%

+119% (Day 5)

50 mg/kg/day

+31%

+283% (Day 4)

Chemicals

Phenobarbital
83 mg/kg/day

liver

DDT

112 mg /kg/day
DPH

BHT

75 mg/kg/day

BA

------1

--------

------

-------

Day 5 vs. Day 0

2

vs. Day 0

3

These data were taken from feeding studies. The effect shown
opposite the higher dose of BHT was taken from Peraino et al.
(1977) where a diet of 0.5% BHT was used, equal to a daily
intake of 200-500 mg/kg. All others came from studies using
diets of 0. 05% test substance, a daily dose of 20-50 mg/kg.
BA and the lower dose of BHT were derived from Peraino and
coworkers (unpublished studies), the rest from Peraino et al.
(1975).
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1965; Lane and Leiber, 1967; Schulte-Hermann et al. , 1971). The
threshold dose of BHT needed to cause hepatomegaly in female rats
has been reported to be between 25 and 75 mg/kg/day (Gilbert and

Golberg, 1965), but the results here indicate that that level may be

higher in males. Among the non-enhancers, amobarbital and DPH
did not bring about any increases in liver size, but BA produced
significant hepatomegaly intermediate in magnitude between the
effects of phenobarbital and DDT.

Maximal responses to the compounds causing increases in

relative liver weight were probably not observed here, since values

were still rising on the last day of treatment in each case. However,
long-term feeding studies have shown equal amounts of liver enlargement to be sustained by phenobarbital and DDT (Peraino et al. , 1975)
and by phenobarbital and BHT (Crampton et al. , 1977) with dietary

levels similar to those used in the enhancement studies. On the other
hand, amobarbital- and DPH-fed rats had relative liver weights
slightly lower than control rats in a nine month study. These results

indicate that the acute effects observed here are reliable indicators
of what will occur upon chronic exposure, although such chronic data
are lacking in the case of BA.

The three enhancers also stimulated DNA synthesis, again
showing a dose relationship in the case of BHT (Table 11). The in-

corporation of labeled DNA precursor rose in concert with relative
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liver weight during treatment with phenobarbital and DDT, although

in the latter case both were delayed by one day (Figures 3 and 4). In

Figure 9, however, it can be seen that the increase in relative liver
weight preceded by two days the stimulation of DNA synthesis at the
higher dose of BHT. This is in sharp contrast to the work of

Schulte-Hermann et al. (1971) who reported kinetically linked

increases in both indices of liver growth at a dose of 500 mg BHT/
kg/day. The reasons for this discrepancy are not clear.

The DDT-induced increase in incorporation of 3 H-thyrnidine

peaked on Day 3 of treatment and began to fall off, but it did not

return to control levels by the end of the experiment as was the case
with phenobarbital. The increase following the higher dose of BHT

did not become statistically significant until Day 5 and a longer study
w

uld be necessary to determine if this is a transient phenomenon

as well. Longer term studies with phenobarbital and BHT have

shown no histological or autoradiographic evidence of sustained increases in DNA synthesis or hepatocyte labeling (Deichmann et al. ,

1955; Peraino et al. , 1971; Crampton et al., 1977), although DDT
has been observed to cause hyperplasia of hepatocytes in chronic
feeding experiments (Fitzhugh and Nelson, 1947; Deichmann et a
1967),

The transient stimulation of incorporation of 3 H-thymidine is

nearly identical with the observations of Argyris and coworkers
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(Argyris and Magnus, 1968; Augenlicht and Argyris, 1975), who

found in addition that increases in mitotic index paralleling this change
were confined to hepatocytes with no alterations seen in the mitotic

activity of littoral or bile duct cells. It has also been shown (Argyris
and Magnus, 1968) that virtually all the nuclei which survive homo-

genization are derived from hepatocytes rather than from other
3
hepatic cell types. Therefore, the incorporation of H-thymidine seen

in the present study probably is representative of DNA synthesis and

mitotic activity in the case of phenobarbital, and perhaps with the
other compounds as well.

DNA synthesis was depressed somewhat in response to amo-

barbital and DPH, although a previous report (Shafer, 1966) had

shown a small increase with DPH. The response to BA was quite

similar to that seen with phenobarbital, with a rise and fall of incor3
portation of H-thymidine temporally linked to the onset of liver

enlargement, although after a one day lag similar to that seen with

DDT. The non-enhancers, then, produced similar patterns of
responses with both indices of liver growth.
The results obtained with these six compounds, when compared

to the data on tumor incidence (Table 11), suggest that the enhance-

ment of tumorigenesis in rat liver may be associated with the
stimulation of liver growth. Since the differences in the characteristics of enhancement produced by different doses of BHT and by
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phenobarbital were reflected in the relative responses of liver size
and DNA synthesis, the correlation between liver growth and tumor
promotion is strengthened. The similarity in the effects of pheno-

barbital, BHT and DDT indicates that enhancers, like carcinogens,

can differ substantially in molecular structure, although, again like
carcinogens, they evidently possess common molecular characteristics which enable them to affect tumorigenically important pro-

cesses with the liver cell. The failure of amobarbital and DPH to
produce either enhancement or the acute effects on liver growth sug-

gests that relatively minor modifications in the structure of an
enhancer can markedly alter its effectiveness.
These properties, of enhancers of liver tumorigenesis are

similar to those of promoters of carcinogenesis in skin (see Introduction), which raises the possibility that the association of organ
growth with promotion may be a generalized phenomenon. Indeed,

the literature yields one further pertinent example. Saheb and
Witschi (1975) reported that a single injection of 500 mg BHT/kg

given to male mice caused a 50% increase in lung weight which was
accompanied by a stimulation of pulmonary DNA synthesis. Chronic

feeding studies (Clapp et al., 1974, 1975) have shown that 0. 75% BHT

in the diet increased the tumorigenic effect of diethylnitrosamine in
the lungs of male mice. Thus, the correlation between growth stimulation and enhancement of chemical carcinogenesis observed in the
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present study and in previous studies on skin may hold true for other

tissues as well.
Although the enhancers were consistent in their production of

liver enlargement in rats and despite the correspondence in the doserelatedness in the effects of BHT on both liver growth and enhance-

ment, the fact that BA stimulated liver growth but did not cause
enhancement indicates that this property alone cannot be used to predict accurately the promoting ability of an individual compound. Since

there are apparently several mechanisms by which liver growth may
be initiated by chemicals (Schulte-Hermann, 1974), it is possible that
the development of criteria additional to the two indices used here
might allow the elimination of false positives such as BA.

For instance, it has been shown that rate liver maximally
stimulated by phenobarbital underwent a further increase in size
following a single injection of 3-MC (Augenlicht and Argyris, 1975),

a polycyclic hydrocarbon similar to BA in structure and its effects
on liver enzymes (Conney, 1967; Haugen, personal communication).

The additive nature of the responses to phenobarbital and 3-MC was

interpreted as arguing strongly for separate mechanisms of stimulation of liver growth. It would be useful to test BA in a similar

experimental system and, by the same token, to look for possible
additive effects of the three enhancers upon each other. The results
of such experiments would yield suggestive evidence relating to
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commonality or disparity of mechanisms among the various compounds.

The period of exposure to phenobarbital required for enhancement has been shown (Peraino et al., 1973) to be longer :than that

required to produce the transient stimulation of DNA synthesis seen
in the present study (Figure 3) and others (Argyris and Magnus, 1968;
Augenlicht and Argyris, 1975) or when phenobarbital was fed

(Peraino et al., 1971). Data on the relationship of varying the length
of exposure to BHT or DDT to their respective enhancing effects have
not been generated, but the available evidence with phenobarbital

supports the possibility that additional molecular effects responsible

for the maintenance of increased liver size are involved in the enhancement process. Such a dependence on certain events additional
to DNA synthesis has been demonstrated for promotion in skin as
well (Boutwell, 1974).

The experiments on nucleocytoplasmic transport of RNA were
focused on determining whether the influence of phenobarbital on this

process might also correlate with its enhancing property. The
rationale for this line of study lay primarily in:

) the hypothesis

(Drews et al., 1968; Shearer and Smuckler, 1972; Church and
McCarthy, 1967; Schumm and Webb, 1972) that an increase in the

rate of transport of RNA might permit the release of species of
mRNA normally confined to the nucleus, thus increasing the
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probability of expression of the transformed phenotype, and ii) the

observation (Schumm et al., 1973a, b) that protein factors in the

cytosol regulate the release of mRNA from isolated nuclei in a care-

fully defined cell-free assay system in vitro. Were this phenomenon
to be involved in the enhancement of tumorigenesis, it would then be

expected that cytosol from phenobarbital-treated liver would cause a
stimulation of the release of mRNA from isolated nuclei compared to
control cytosol.

Characterization of the assay system revealed that RNA release
was dependent on temperature and .ATP, observations which are in

agreement with those of other authors (Ishikawa et al., 1969; Schumm
and Webb, 1972; Yu et al., 1972; Shchuppe et al. , 1974). The

kinetics of this release were not as sharply biphasic as those reported by Schumm et al. (1973a), but the results of sedimentation analysis
on sucrose density gradients gave a strong indication of adequate
separation of the release of informosome -like and ribosomal sub-

unit-like particles (Lukanidin et al., 1968; Yu et al. , 1972; Schumm

et al., 1973a). The fact that DNA was retained in, the nuclei while
RNA was released in a reproducible fashion is interpreted as evidence

that the results obtained with this assay system are relevant to the
in vivo condition. It is noteworthy that this is the first report of the

simultaneous determination of the release of RNA and DNA from rat

liver nuclei.
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It was unfortunate that uncontrolled ibonuclease activity precluded obtaining further corroborative evidence of the presence of

mRNA in the transported material. Binding to oligo (dT) cellulose to
show the presence of sequences of polyadenylic acid would have been

useful in this regard (Ades:nick et al. , 1972) as would have been a

more complete characterization of the sedimentation behavior of the
RNA contained in the 40s informosome -like particles (Ishikawa et al.,
1969, 1970a, b, 1972; Schumm and Webb, 1972; Shchuppe et al. ,
1974).

These measurements were attempted with negative results

(data not shown), but ribonuclease activity clearly influenced the
outcomes. Nevertheless, the bulk of the evidence which was

developed was adequate to conclude that this01=
in100....T
vitro system was

suitable for testing the prototypical enhancer, phenobarbital, for its
effect on nucleocytoplasmic transport of mRNA.

The results of this test (Figures 15 and 16) showed cytosol

from phenobarbital-treated livers not to differ from control cytosol

in stimulating mRNA release from normal liver nuclei. An experiment comparing the effects of both cytosols on nuclei from either

control rats or rats given phenobarbital would have been desirable,
but logistic difficulties militated against using nuclei from two
diffe rent sources in the same experiment.
The results of the present study do not support any connection
between nucleocytoplasmic transport of mRNA and the mechanism by
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which phenobarbital stimulates growth in rat. liver. Recently, Shenoy
and Peraino (1977) found no differences between control and pheno-

barbital-treated rats in total hepatic content of poly(A)-containing
mRNA, despite the fact that phenobarbital treatment had increased
liver weight and total RNA content by 26 and 25%, respectively. The

evidence indicating that phenobarbital causes increases in hepatic
RNA synthesis is equivocal, some authors having demonstrated increases (Wold and Steele, 1972; Argyris, 1974) and others finding no
change (Cohen and Ruddon, 1970; Smith et al. , 1972, 1974). Some

portion of the increase in hepatic RNA content following phenobarbital

treatment can be accounted for by decreases in various hepatic ribonucleases (Seifert and Vacha, 1970; Seifert et aL , 1971; Pousada
and Lechner, 1972; Louis-Ferdinand, 1974) and by stabilization of
tRNA and rRNA by increased methylation (Smith et al., 1972, 1974,
1976; Wold and Steele, 1972).

There is clear evidence that the number of hepatic ribosomes
increases following treatment with phenobarbital (Staubli et al., 1969).
Increased nucleocytoplasmic transport of newly formed ribosomal

subunits is seen as early as three hr after treatment with phenobarbital (Hazan and Macauley, 1976) and phenobarbital has been shown

to prolong the half-life of rat liver ribosomes (Seifert et al., 1971).
Increased numbers .of ribosomes and decreased ribonuclease activity
could play important roles in the stimulation of liver growth by
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phenobarbital by providing a means of amplification of genetic

expression even in the absence of increased mRNA synthesis or

transport.
Little is known about the effects of BHT and DDT on RNA meta-

bolism and still less with amobarbital, DPH and BA. Further studies
need to be carried out with these compounds and the results correlated back to their known enhancing activities. Such studies could
yield information on the mechanism(s) of liver growth which play a

part in chemically induced hepatocarcinogenesis.
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