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Abstract-The experiments were designed to investigate some details of the action of 3-methyIchol- 
anthrene (3-MC) on the regulation of transcription. After a single intraperitoneal dose of 3-MC a 
significant increase in the activities of both nucleolar and nucleoplasmic protein kinases in hepatic cells 
of young rats was found. The maximal stimulation took place 24 hr after the administration of 3-MC 
and the extent of activation was much greater in the nucleolar fraction. There is a significant elevation 
of the activities of both functional forms, free and template-engaged, of RNA polymerase A 24 hr after 
a single injection of 3-MC. Free and engaged forms of extranucleolar RNA polymerase B show a 
different behaviour: after 24 hr of 3-MC administration the engaged form is markedly enhanced while 
the activity of the free enzyme shows a significant decrease. The more moderate increase in total RNA 
polymerase B activity is obviously preceded by a transfer of the enzyme from ‘free’ to ‘engaged’ form. 
Since the enhancement of protein kinase activities was accompanied by the stimulation of nuclear RNA 
polymerases we suggest that both kinds of enzymes are involved in an epigenetic mechanism of the 
inducing action of 3-MC on cytochrome PI-450. 

The enzyme induction phenomenon in eukaryotic 
cells mediated by the polycyclic aromatic hydro- 
carbon (PAH) 3-MC involves the enhancement of 
the activity of a special part of the microsomal 
monooxygenase system, the aryl hydrocarbon 
hydroxylase (AHH) activity [l-3]. 

The biological significance of nuclear protein phos- 
phorylating enzymes for important cellular processes 
such as differentiation, proliferation, enzyme induc- 
tion, response to hormonal actions etc. was empha- 
sized in several review articles [4-81. In these pro- 
cesses the increased phosphorylation of nuclear 
proteins is followed by alterations in the transcrip- 
tional activity of eukaryotic cells. 3-MC produces 
early changes in the RNA synthesis in rat liver cells 
and thus an enhancement of transcription is directly 
involved in the enzyme induction process caused by 
3-MC. Enhanced RNA synthesis after administra- 
tion of inducing compounds have been described by 
investigating the in uiuo uptake of erotic acid [9], 
by in vitro measurement of DNA-dependent RNA 
synthesis [lo], and by estimation of chromatin tem- 
plate activity [ll] (cf. [12]). It was indicated by 
Gelboin [12] that the elevation in microsomal protein 
synthesis caused by 3-MC treatment could be pre- 
vented by actinomycin D. This suggests an alteration 
at the transcriptional level produced by 3-MC. 
Therefore the behaviour of both the protein kinase 
and the RNA polymerase activities in rat liver 
nucleolar and nucleoplasmic fractions after 3-MC 
administration seemed to be of high interest. In 
previous experimental series the relative selectivity 
of the 3-MC induction stimulus in young rats on the 
hepatic AHH activity could be confirmed, the mag- 
nitude was dependent on the dose of inducer and 
the time of administration [13]. 

Now we differentiated between the free and 
engaged forms of DNA-dependent RNA polymer- 
ases in nucleolar and nucleoplasmic fractions. The 
existence of two functionally different forms of 
eukaryotic RNA polymerases was first supported by 
the studies of Yu [14,X]. It could be demonstrated 
that the free and engaged forms of RNA polymerases 
show a characteristic alteration during processes 
leading to changes in gene expression. Liver regen- 
eration [16, 171, differentiation [18]. tryptophan 
treatment [19], and thioacetamide administration 
[20] were found to be accompanied by characteristic 
changes in the activities of the free and template- 
engaged forms of nuclear RNA polymerases. 

The experimental results presented in this paper 
indicate an early increase in the activities of nucleo- 
plasmic and mainly of nucleolar protein kinases in 
the livers of young rats following administration of 
the inducer 3-MC. The stimulation of protein kinases 
is accompanied by remarkable changes in both func- 
tional forms, i.e., free and engaged, of nucleolar and 
nucleoplasmic RNA polymerases. 

The significance of changes in template activity, 
of interconversion processes between the free and 
engaged RNA polymerase molecules, and the pos- 
sible role of phosphorylation of chromatin proteins 
during the inducing effect of 3-MC have to be 
discussed. 

MATERIALS AND METHODS 

Chemicakr. [y-32P]ATP (0.5-2 Ci/mmole) was pre- 
pared as described by Glynn and Chappell [21]. 
Unlabelled ATP was purchased from Reanai 
(Budapest). Cyclic AMP, casein and EGTA were 
obtained from CalBiochem (Los Angeles, CA), 
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3-MC and EDTA from Serva (Heidelberg, FDR). 
[3H]UTP (12 Ci/mmole) was obtained from the 
Radiochemical Centre (Amersham, U.K.). Un- 
labelled nucleoside triphosphates and pmercapto- 
ethanol were purchased from Reanal (Budapest), 
creatine phosphate, creatine phosphokinase, 
dithiothreitol, cu-amanitin and calf thymus DNA 
from CalBiochem (Los Angeles, CA). All other 
chemicals were of reagent grade. 

Animals. Groups of 6 to 8 ten-day-old Wistar rats 
weighing 20-30 g received a single intraperitoneal 
dose of 3-MC (100 mg/kg body wt) at different times 
before sacrifice. The control animals received the 
solvent only (10 ml of corn oil/kg body wt). 

Isolation of nuclearfractions. Rat liver nuclei were 
isolated by the method of Chauveau et al. [22]. The 
purified nuclear pellet was prepared for the soni- 
cation procedure of Higashinakagawa et al. [23] in 
order to separate the nucleoli from the nucleoplasmic 
fraction. The nucleolar sediment was suspended in 
a buffer containing 50mM Tris-HCl, pH 7.9, 
0.25 mM EDTA, 5 mM /I-mercaptoethanol, 20% 
(v/v) glycerol and its purity was verified by phase 
contrast microscopic examination. 

Protein kinase assay. The standard incubation 
medium contained in a total volume of 0.2ml (pH 
6.0): 50 mM glycerolphosphate, 20 mM NaF, 
0.3 mM EGTA, 0.2 mM EDTA, 2 mM theophylline, 
6 mg/ml of casein, 10 mM MgClr, 0.5 mM unlabelled 
ATP, 0.1 mM ATP with y-32P label and-if 
necessary-5 PM cyclic AMP. The reactions were 
initiated by the addition of 0.1 ml of nucleolar and 
nucleoplasmic fractions corresponding to about 50 
and 100 ,ug protein, respectively. The incubations 
were performed for 30 min at 37”. Reactions were 
terminated by pipetting 0.15 ml of reaction mixture 
onto squares (4 x 4 cm) of Whatman 3MM filter 
paper. The papers were washed four times in cold 
5% trichloroacetic acid, two times in methanol, 
rinsed with ether and dried. The radioactivity was 
measured in vials filled with a PPG-POPOP-toluene 
cocktail by means of a Beckman LS 230 counter. 

One unit of enzyme activity is defined as the 
amount of enzyme which transfers 1 pmole of 32P 
phosphate from [y-32P]-ATP to protein during 1 min 
in the standard assay mixture. 

RNA polymerase assay. The activity of the 
engaged form of the nucleolar RNA polymerase (A) 
was determined in vitro with a standard reaction 
mixture of 0.15 ml total volume containing 50 mM 
Tris-HCl, pH 7.9, 6 mM MgCl2,40 mM (NH4)*S04, 
5 mM dithiothreitol, 0.67 mM each of ATP, GTP 
and CTP, 6.7nM unlabelled UTP, 0.5 ,&i [3H]- 
UTP, 10 mM creatine phosphate, 5 pg creatine phos- 
phokinase. The engaged form of the extranucleolar 
RNA polymerase (B) was assayed in a total volume 
of 0.15 ml containing 50mM Tris-HCl, pH 7.9, 
2 mM MnCl2, 100 mM (NIQS04, 5 mM dithioth- 
reitol, 0.67 mM each of ATP, GTP and CTP, 6.7 yM 
unlabelled UTP, 10mM creatine phosphate, 5 pg 
creatine phosphokinase. The reactions were initiated 
by the addition of 0.1 ml of nucleolar and nucleo- 
plasmic fractions corresponding to about 50 and 
100 pg of protein, respectively, and incubated at 37” 
for 15-30 min. At the end of the incubation, 0.12 ml 
of reaction mixture was pipetted onto squares 

(4 x 4 cm) of Whatman 3MM paper, which were 
washed and measured in the same way as described 
above for protein kinase assay. 

Aliquots of nucleolar as well as nucleoplasmic 
suspension were incubated under identical condi- 
tions, but 20 ,ug of calf thymus DNA were added to 
the reaction mixtures. Under these conditions the 
activities of the free and engaged RNA polymerase 
molecules together can be determined. The activity 
of the free form was calculated by subtracting the 
radioactivity incorporated in the absence of DNA 
from the value of incorporation obtained in the pres- 
ence of the exogenous DNA template. 

One unit of activity is defined as the amount of 
enzyme which catalyzes the incorporation of 1 pmole 
of UMP into RNA per minute. 

Determination of protein. Protein concentration 
of nucleolar and nucleoplasmic fractions was assayed 
with the technique of Lowry et al. [24] using bovine 
serum albumin as a standard. 

RESULTS AND DISCUSSION 

In order to investigate the action of 3-MC on rat 
liver nuclear protein kinases and different forms of 
RNA polymerases we prepared nucleolar and 
nucleoplasmic fractions from control animals as well 
as from animals injected with a single dose of 3-MC 
at different times before being killed. All these frac- 
tions were tested for phosphotransferase and RNA 
polymerase activities. The results of the protein kin- 
ase measurement are illustrated in Fig. 1. It can be 
seen that the administration of 3-MC is followed by 
an increase in the activities of both the nucleolar and 
nucleoplasmic protein kinases. In the case of nucleo- 
lar fractions the maximal stimulation occurs between 
24 and 48 hr after 3-MC treatment (190%) P < 0.01, 
and 170%, P < 0.02, of the control activity, respec- 
tively). After 48 hr exposure to 3-MC there is a 
decrease of protein kinase activity, but control values 
are not reached until 96 hr. 

The elevation of the nucleoplasmic protein kinase 
activity also takes place after a lag period, reaching 
the first maximum at 24 hr of exposure to 3-MC, but 
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Fig. 1. The effect of a single dose of 3-MC on the activities 
of rat hepatic nucleolar (u) and nucleoplasmic 
(O---O) protein kinases. The results represent the means 
of three independent experiments f SE. (C = Controls). 
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the extent of stimulation, while significant, is not as 
marked as that of the nucleolar fraction (133% of 
the control value, P < 0.01). After a transient 
decrease up to control activity there is a second 
elevation of the activities of protein kinases in the 
extranucleolar fractions 96 hr after the injection of 
3-MC. 

The action of cyclic AMP upon nuclear protein 
kinase was thoroughly investigated according to the 
same time schedule of 3-MC pretreatment. But cyclic 
AMP had no noticeable effect on protein kinases, 
neither in the nucleolar, nor in the nucleoplasmic 
fractions of control and 3-MC-pretreated animals. 
The lack of the stimulating effect of cyclic AMP on 
nuclear protein kinase activities appears somewhat 
surprising. But there could be simple explanations 
for that: Firstly, crude nuclear subfractions used in 
our experiments contain multiple protein kinases, 
some of them being cyclic AMP-dependent, but 
others are cyclic AMP-independent or even inhibited 
by this cyclic nucleotide [4]. Secondly, the stimula- 
tory effect of cyclic AMP on protein kinases seems 
to be considerable only with substrates of poly- 
cationic character (protamine, histone). Casein used 
as phosphate acceptor in our experiments has no 
such effect [25,26]. 

Concerning the significance of RNA synthesis we 
tested in some experimental series the action of U- 
amanitin on the RNA polymerase activity of nucleo- 
plasmic and nucleolar fractions (data not shown), as 
it was found by Seifart et al. [27] that RNA 
polymerase B is nearly completely inhibited in vitro 
by 3 &ml of a-amanitin while the activity of RNA 
polymerase A is not affected by this concentration. 
In our experiments the RNA polymerase activity of 
nucleoplasmic fractions was inhibited in a range of 
nearly to 90%) while the enzyme activity of nucleolar 
fractions in the presence of the same concentration 
of the toxin was always higher than 90% of the 
control values. These results indicate that the 
separation of the nucleolar and nucleoplasmic parts 
of nuclei was successful and that cross-contamination 
between the two fractions is negligible. The similar 
inhibition of the free and engaged form of RNA 
polymerases by a-amanitin supports the idea of Yu 
[14,15] about the structural identity of the different 
functional states of these enzymes. 

The results on RNA polymerase activity in liver 
nucleolar fractions of control and 3-MC treated 
animals are illustrated in Fig. 2. After a lag period 
both the free and the engaged form show a great 
stimulation following 3-MC treatment. The maximal 
activity level of the free form is obtained 24 hr after 
the administration of 3-MC (235% of the control 
value, P < 0.001). After this time only a slow 
decrease in the activity of the free enzyme can be 
observed, but the activity remains higher in com- 
parison to that of the controls at least up to 96 hr 
(180%, P< 0.01). The changes observed in the 
activity of the engaged fraction of RNA polymerase 
A after 3-MC injection are quite similar except that 
there is a constant, slowly increasing tendency of 
enzyme activity after 24 hr reaching the maximum 
between 72 and 96 hr after 3-MC treatment (240%, 
P < 0.001). As a consequence of these changes the 
total activity of RNA polymerase A shows an elev- 
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Fig. 2. The effect of a single dose of 3-MC on the activity 
of rat hepatic nucleolar RNA polymerase. *-* engaged 
enzyme activity; A-A free enzyme activity; O---O 
total (free + engaged) enzyme activity. All values are 

means of four independent experiments t SE. 

ation 24 hr after the administration of 3-MC (220%) 
P < 0.001) and remains at this high level at least in 
the first four days after 3-MC administration. 

The behaviour of the extranucleolar RNA poly- 
merase (B) under the influence of 3-MC is different 
from that of the nucleolar RNA polymerase (Fig. 
3). 24 Hours after 3-MC-administration the activity 
of the engaged form shows a significant enhancement 
(160% of the control values, P < O.Ol), whereas the 
free form is strongly depressed at this time (20% of 
the control activity, P < 0.001). Beginning two days 
after 3-MC administration the activity of the engaged 
form of RNA polymerase B is gradually decreasing, 
reaching the control value at 96 hr. In the meantime 
the activity of the free enzyme increases rapidly and 
the activity is significantly higher than that of the 
control fraction on the fourth day (240%, 
P < 0.001). In consequence of this different behav- 
iour of the free and engaged forms, the total activity 
of extranucleolar RNA polymerase shows only a 
small elevation during the first four days after 3-MC 
injection (at 96 hr the activity is 55% higher than 
that of the control sample, P < 0.001). 

In the total activity of RNA polymerases the stimu- 
lating effect of 3-MC was apparently more pro- 
nounced in the nucleolar RNA synthesis than in the 
nucleoplasmic one. This finding is in good agreement 
with the results of Bresnick et al. [9]. We observed 
similar differences between the activation of nucleo- 
lar and nucleoplasmic protein kinases by 3-MC. 

J 
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Fig. 3. The effect of a single dose of V-MC on the activity 
of rat hepatic extranucleolar RNA pblymcqase. t--It 
engaged enzyme activity; A-A free enzyme activity; 
W total (free + engaged) enzyme activity. Results 
are expressed as means of four independent experiments 

f S.E. 
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Phosphorylation of nuclear proteins plays a para- 
mount role in a wide variety of processes which lead 
to alterations in the regulation of gene expression 
in eukaryotic cells. Cell differentiation, tissue pro- 
liferation, the action of steroid as well as peptide 
hormones are accompanied-and probably 
mediated-by the stimulation of certain nuclear pro- 
tein kinases and by the phosphorylation of chromatin 
proteins (for review see [4,5,28]). Even cancer is 
considered by several authors to be a disease of 
cellular gene regulation [28,29] connected with 
marked alterations in protein kinase activities and 
phosphorylation patterns of nuclear proteins. 

MC induction. New synthesis or activation of free 
enzyme molecules occurs early after 3-MC admin- 
istration followed by a conversion into the 
template-engaged enzyme form. 

There exists also convincing evidence of the 
involvement of nuclear protein kinases in the regu- 
lation of enzyme induction. In different kinds of cells 
the induction of various specific enzymes was 
mediated by cyclic AMP-dependent protein kinases 
[30], (for review see [7]). Our results do not allow 
the differentiation between cyclic AMP-dependent 
and cyclic AMP-independent protein kinase actions 
connected with the inducing effect of 3-MC. How- 
ever, we suggest that the stimulation of nuclear pro- 
tein kinases may be involved in the induction process 
caused by 3-MC. 

We suggest that this interconversion process 
between free and engaged enzyme forms represents 
an important finding of these experiments. Especially 
within the nucleoplasmic RNA polymerase species 
this interconversion process, favouring the actual 
chromatin-engaged form, seems to be the decisive 
phenomenon in 3-MC-induction. On the contrary 
the marked increase both in the free and engaged 
nucleolar RNA polymerases A leads to a distinct 
higher total level of enzyme activity. 

Furthermore, the earliest nuclear ultrastructural 
alteration in liver cells induced by a single 3-MC 
injection seems to be the hypertrophy of nucleoli 
]371* 

It appears to be highly informative to investigate 
cells that had been induced in vivo by a chemical 
inducer such as 3-MC. As a sign of marked response 
to chemical stimulation by PAHs we applied the very 
sensitive model of AHH induction in young rats. 
The administered dose of 100 mg 3-MC per kg of 
body weight comes up to a saturation level of the 
inducing compound and after 3 to 4 days the max- 
imum of hepatic AHH acitivities is reached [13]. At 
least a connection in time between the activation of 
nuclear protein kinases and the induction of AHH 
activity is confirmed in our experiments. According 
to the present knowledge phosphorylation of his- 
tones and especially of non-histone chromatin pro- 
teins mediated by protein kinases may act primarily 
on the template activity and on RNA polymerases, 
too, initiating the synthesis of new RNA chains 
(reviewed in [7]). 

All these facts strongly suggest that the primary 
nuclear target of 3-MC is the nucleolus and the 
synthesis of preribosomal RNA. Several observa- 
tions about the binding of PAHs to cellular macro- 
molecules raise some possibilities for suggestions. 
PAHs bind not only to nucleic acids, but also to 
nuclear proteins [38,39]. The binding proteins in the 
cytosol appear to be functionally similar to steroid 
receptor proteins [40-44]. The binding of PAHs to 
nuclear histone and non-histone proteins is well 
documented [29]. Recent studies of Moses et al. [45] 
and Spelsberg et al. [46] indicated that a large part 
of labelled 3-MC administered in vivo is bound to 
a transcriptionally active subfraction of chromatin. 
In experiments using the fractionation method of 
Webster et al. [47] for rat liver nuclei, we* found a 
significant stimulation of protein kinase and RNA 
polymerase activities in the same chromatin fraction 
which is most capable to bind labelled 3-MC. We 
assume that 3-MC molecules or 3-MC-receptor pro- 
tein complexes may bind to transcriptionally active 
parts of chromatin and thus enhance the activity 
and/or amount of protein kinases and RNA 
polymerases. 

Bresnick [lo] and Madix and Bresnick [ll] con- 
cluded that the most important event in rat liver cell 
nuclei evoked by 3-MC is an alteration in the tem- 
plate capacity of chromatin. The enhancement of 
the activity of the engaged forms of RNA polymer- 
ases A and B appears to be in good agreement with 
this concept. However, the elevation of the template 
activity of chromatin cannot account for the marked 
stimulation of the free forms of RNA polymerases 
in our experiments. It is highly probable that 3-MC 
stimulates the synthesis of RNA polymerase mol- 
ecules. Another possibility is that the enzyme mol- 
ecules are activated by phosphorylation. It was found 
by several investigators that the phosphorylation of 
certain subunits of eukaryotic RNA polymerases led 
to an increased catalytic activity of these enzymes 
[31-361. Our findings support the view that phos- 
phorylation of certain nuclear proteins may be 
involved in the stimulation of RNA polymerase 
activity and perhaps in the redistribution process of 
free and engaged RNA polymerase molecules in 3- 

We tried to receive experimental data on the early 
stages of epigenetic activation in liver cells after 
administration of 3-MC, which is characterized by 
changes of protein kinases and RNA polymerases 
and finally by the induction of hepatic AHH activity. 
Our results support the hypothesis that nuclear pro- 
tein kinases and RNA polymerases are directly 
involved in the inducing action of 3-MC, con- 
sequently emphasizing the role of epigenetic 
regulation. 
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