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The presumed involvement of the transition metals manganese and copper in the regulation of the expression of the Mn- and CuZn-containing 
superoxide dismutase genes has been investigated in nomral and ncoplastic tissues of the rat. Two hepatomas ofthe Morris line have been employed, 
the slow growing, highly differentiated 9618A and the fast growing, poorly differentiated 3924A. The data obtained indicate a control at the 
pretranslational level of the Mn-containing enzyme, presumably cxcrted by the manganese ion. The CuZn-containing superoxide dismutase is also 
regulated pretranslationally in the normal tissues examined and in the hepatoma 3924A. However, there is no indication for the involvement of 
the copper ion, which in the liver is mostly located in the cytosol bound to CuZnSOD, in such regulation. The possible role of a reduced redox 
state, concomitant to the manganese deficiency in hepatoma tissues, in the down regulation of Mn-containing superoxide dismutase is discussed. 
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1. INTRCI35TCTION 

Interest in regulatory mechanisms of superoxide dis- 
mutases (SODS) expression is increasing greatly. It 
stems from (i) the main role sustained by these enzymes 
in the defense against deleterious reactive oxygen spe- 
cies (ROSS), presumably involved in a variety of pa- 
thophysiological conditions (such as inflammation [l], 
cardiovascular diseases [2], neoplastic transformation 
and growth [3-6], aging [7], etc.) and from (ii) the obser- 
vation that the biosynthesis of these metalloproteins is 
generally subjected to a sort of modulation, depending 
on endogenous stimuli or environmental insults. For 
this reason SODS are now considered to belong to the 
family of the so-called stress proteins [8] and common 
or similar mechanisms could account for the response 
(i.e. induction of a restricted number of proteins) to 
various stress conditions, including oxidative injury. 

Most of the work on the regulation of SODS, espe- 
cially the manganese-containing SOD (MnSOD), has 
been performed in prokaryotic cells. Some models have 
been proposed, ali indic.aGng that these proteins are 
subject to rigorous control systems 19-133. It now seems 
to be accepted that the MnSOD gene, at least in prokar- 
yotes, is part of a complex genetic locus @oxAS Reg- 
ulon) which controls the synthesis of nine proteins, up- 
regulated in response to superoxide stress [14-163. How- 
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ever, the intimate mechanisms involved in the regula- 
tion of this locus and thus of MnSOD expression are yet 
poorly defined. In any case, the modulation of SOD 
synthesis is always exerted by changes in the redox 
status of the cell [17]. Another interesting peculiarity 
concerning SODS is that they are generally decreased in 
tumor cells, the MnSOD being more affected by such 
feature [3,18]. We have already reported [IS] that 
Cu,Zn-containing CuZnSOD (cytoplasmic) and 
MnSOD (mitochondrial) activities are diminished in rat 
hepatomas. Synthesis of MnSOD is controlled pretrans- 
lationally, independent of the differentiation of the 
hepatomas. CuZnSOD, on the other hand, is down- 
regulated (post-)translationally in the highly-diffcrenti- 
ated tumor (9618A) and pretransiationally in the 
poorly-differentiated one (3924A). In the present study 
we have investigated the role of the transition metals, 
manganese and copper, in the control of SODS gene 
expression. Morris hepatomas 961814 and 3924A, with 
the corresponding rat livers as control, and different rat 
tissues, in which both CuZn and MnSOD are physiolog- 
ically expressed at different levels, have been utilized as 
experimental models. A preliminary account of this 
work has been given [20]. 

2. EXPERIMENTAL 

2.1 Materials 
Cuanidine hydrochtotide (ultra pure) :V’BS purchased from Sigma 

Chem. [a-‘?P]dATP and oligo(dT)-cellulose columns were supplied by 
NEN Research Comp.; terminal deoxynucleotidyl transferase by 
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Gibco-BRL. All other chemicals were molecular biology reagenls or 
of analytical grade. 

2.2 Twrror und tissrre prrporufiorts 
Morris hepatomas 9Bli3A and 3924A [2l], propagated in Buffalo 

and AU-f inbred rats, respectively, were utilized as in [l9]. The 
rollowing tissues of normal male rats (200-220 g) of the AWT slrain 
were used for enzyme assay, mRNA and metal quantification: liver, 
brain, spleen, thymus, lung, kidney and heart. Pooling was applied 
where necessary. Tumor and liver mitochondria were prepared ac- 
cording to the method of Pedcrsen et al. [22]. Proteins were estimated 
by the biuret procedure [23]. 

2.3 RNA isolrrrion 
RNA was isolated essentially according to Chirgwin et al. [24]. 

Tissue samples were homogenized in IO volumes of 4 M guanidine 
thiocyanate for one minute at full speed using a Polytron tissue ho- 
mogenizer, The homogenates were layered over 1.2 ml of sterile 6.75 
M CsCI, 0.1 M EDTA (pH 7.0) and centrifuged in a Beckman SW50.1 
rotor for 12-20 h at 36,000 rpm and 22OC. The subsequent collection 
and processing of the isolated RNA and the preparation of polyad- 
cnylylated [poly(A)+]RNA by the use of an oligo(dT)-cellulose col- 
umn are specified in [Is)]. 

2.4 Quartriturivr asa/ysis of mANAs 
Total and poly(A)+RNAs for the analysis of CuZnSOD and 

MnSGD messenger RNAs, respectively, were size-fractionated by for- 
uialdehydc .agarose (1.5%) gel elcctrophoresis and blotted onto nitro- 
cellulose membranes. The pre-hybridization and hybridization condi- 
tions and the SB- and 33.oligomers used as probes, for CuZnSOD and 
MnSOD, respectively, were the same as in [l9]. 

Two additional 30.mer dcoxyoligonuclcotides were employed in 
hybridization experiments for the detection of MnSOD mRNA. The 
sequences of these probes, chosen in the coding region of the rat 
MnSOD cDNA [25], were from Gly-127 to Gin- I36 (Y-CTGTAAGC- 
GACCTTGCTCCTTAITGAAGCC-33 and from Val-I89 to Lys- 
I98 (S-CTTCTTGCAAACTATGTATCTITGGCTAAC-3’). Strin- 
gency experiments were carried out by varying the temperature of the 
washing steps of the hybridized filters [2G]. MnSOD mRNA in 
poly(A)+RNA Northern blots was quantitatcd according to [19]. 

CuZnSOD and MnSOD activities were evaluntcd on 48-h-dialyzed 
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Fig. I. Intensity ratios between the major Act/T rat liver MnSOD 
message (0.85 kb) and the minor hybridization bands as a function of 
temperature. The ratios refer to bands in the Northern blots of 
poly(A)aRNA with sizes of I .08 (B), 2.1 (A), 3.0 (0) and 4.1 (0) kb. 
Their intensities were about 50 (I.05 kb), IO (2. I and 4. I kb)and 5 (3.0 
kb) percent with respect to the 0.85 kb band. The sequence of the 

33-oligomer probe employed is reported in ref. 19. 

homogenates of tumor and normal tissue specimens as described in 
[I91 by the method of inhibition of hematoxylin autonidation to he- 
matein [27] with the exception that MnSOD was measured in the 
presence of 1.5 mM cyanide. 

a-l- 
(a) MnSOD actlvlty 

LB H9619A LA H3924A 

1 
(b) MnSOD mfWA 

LB H9618A IA H3924A 

1 
(c) Mn conlenl 

n 
La H9618A IA H3924A 

Fig. 2. Comparison between activity of MnSOD, concentration of its 
message and M n content in the liver of inbred Buffalo (LB) and ACIIT 
(LA) rats and in hepatomas. Wepatoma values arc normalized to those 
of normal livers. The absolute control VttltIcS for the enzyme activity 
were: 843 * 99 (3) (Lb) and 673 + IS (4) (LA) pg/g dry weight. Those 
for the metal were: 9.4 r 0.25 (9) (LB) and 9.2 f 0.15 (J2) (LA) /@g 
dry weight. Enzyme activities in hcpatomas arc exprcsscd as means 
?S.E. of three experiments. Values oTMn content are means &S.E. of 
9 (hepatoma 9618A) and I2 (hepatoma 3924A) experiments. MnSOD 
mRNA levels correspond to the sum of the intensities ofthe two major 
hybridizing bands (a 1080 and fl 850 nt). The mRNA values were 
corrected for the variability of the polyadcnylylated RNA contenl in 
ench poly(A)cRNA preparation [I91 and are means of2 experiments 
for livers and one for hCpdtOmdS prformcd by using two concentra- 
tions of poly(A)+RNA in each experiment. The relative amount of 

message is 57% higller in i-3 with rcspsct to LA [l9]. 
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Table I 

Manganese content of whole tissue and mitochondria isolated from ral liver and hcpalomas 

Tissue source of 
mitochondria 

Liver Bullala 
Hcpatoma 96 I8A 
Liver Xi/T 
Hcpatoma 3924A 

Whole tissue 
(n&, dry weight) 

9400 P 250 (9) 
2850 I 160 (9) 
9130 f 15O (12) 
GlO * 50 (12) 

Mn conlent 

Mitochondria 

!ngImg protein) (r&/g whole tissue dry weight) 

27.2 r 3.7 (6) 1809 
11 .I 2 0.4 (3) 201 
26.4 2 2.2 (4) 1544 
5.6 2 1.2 (6) 112 

Mitochondrial manpnesc in lhe whole lissuc has been calculaied on the basis of the amount ofprotcin in the mitoehondrial fraction aner isolation. 
Thecontcnls ofmitochondria were: 66.5 (LB), 18.1 (H9Gl8A), 58.5 (LA) and 20 (H3924A) mg protein/g whole tissue dry wcighht (2 -3 egcrimcnts). 
Value are means +S.E. (number of observations). Determination ofmilochondrial content of H3924A by enzymatic or spccu-al cyiochromc oxidase 

assays on whole-cell suspensions guve similar results 1291. 

Me131 continlralions were dclcrmined by alomic absorption using 
a Pcrkin-Elmer 272 speetropho~omcter. Thin slices of each [issue snm- 
ple were dried at 100°C. digested wilh 1 N nilric acid, and then 
analyzed for metal conrenl. 

3. RESULTS 

In a previous study [19] we reported on the existence 
iI1 rat liver of five distinct species of manganese superox- 
ide dismutasc mRNA. The two major messages have a 
size of about 850 and 1080 nt and the three minor ones 
are about 2100,300O and 4100 nt long. This observation 
is consistent with that of Ho et al. [28] who found six 
transcripts for rat lung MnSOD. All five bands hybrid- 
ized with the three deoxyoligonucleotide probes, de- 
rived from the coding region of the rat enzyme cDNA 
(not shown). Moreover, as shown in Fig. 1, by varying 
the hybridization conditions as a function of tempera- 
ture, the ratios between the intensity of the strongest 
band (0.85 kb) and that of each millor one remained 
fairly constant, except for the 3.0 kb species, owing 
perhaps to the weakness of its signal which was partic- 

ularly difficult to detect at high temperatures. This ob- 
servation is indicative of the specificity of all five tran- 
scripts whose nature is still to be investigated. They 
could be messages of two different genes plus forms of 
splicing intermediates of the MnSOD RNA [28]. 

As shown in Fig. 2, the activity of the Mn-containing 
enzyme is markedly diminished in the highly differenti- 
ated, slow-growing hcpatoma 9618A and even more in 
the poorly differentiated, fast-growing 3924A, with a 
well corresponding decrease of the relative concentra- 
tion of their transcripts. Interestingly, a parallel diminu- 
tion of manganese content can be observed (see also 
Table :). Also for the other rat tissues examined (Fig. 
3) a very good correlation between enzymatic activily, 
messenger RNA and manganese content must be high- 
lighted. The only exception is the heart, in which, be- 
sides a high enzymatic and mRNA level, a low manga- 
nese content was detected. The thymus and lung, in 
addition to the heart, also show a much lower Mn con- 
centration per MnSOD activity and mRNA than the 
other tissues. The decrease in manganese content ob- 
served in the whole tumor tissue reflects also the mito- 
chondrial compartment (Table I). Indeed, the ion con- 

Table II 

QZnSOD aaivity, mRNA and metal ion content of rat liver and hcpatomas 

Tissue CuZnSOD 
(rn& dry weight) 

mRNA 
(arbitrary units) 

Melal ions @g/g dry weight) 

CU zn 

Liver Bmi0 2.31 20.13 (3) 100 24.1 (3) 12.3 2 0.33 (9) 114.6 f 2.66 (9) 
Hepatoma 9618A I.21 * 0.02 (3) 99.5 2 7.3 (7) 1 I .3 & 0.57 (9) Ill.o+4.77(9) 
Liver ACUf 2.21 z!I 0.10 (4) 100 ” 5.4 (3) 12.7 Y!Z 0.39 (I 1) 115.3 + 2.10 (9) 
Hepntoma 3924A 0.36 I- 0.04 (3) 23 t 2.7 (5) 11.410.85(12) 122.8 f 3.83 (9) 

mRNA valr~es in hepatomas are expressed as perccnl of normal liver. The relative amount of mRNA is 21% highc.- in the liver of Buffalo lhan 
in that of ACh’T rats [ 191. Values are means SE. (number of observalions). 
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1 
(a) MnSOD activity 

L B S T Lu K II 

1 (b) MnSOD mRNA 
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1 
(c) Mn content 4. DISCUSSION 
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Fig. 3. Activities of MnSOD. concentrations of mRNA and contents 
of IMn in various tissues of ACVT rats. Enzyme and Mn vttlucs are 
means of 2 to 4 expctimcnts. Liver MnSOD is 664 2 10.2 ,~g/g dry 
weight. The liver Mn content is equal to that reported in Fig. 2. 
MnSOD mRNA levels were calculated, as described in Fig. 2, on 3 to 
4 samples. The values of the different tissues are normalized to that 
of liver. 1, liver; 13, brain; S, spleen; T, thymus; Lu, lung; K, kidney; 

J-X, heart. 

tent of mitochondria isolated from the hepatomas 
9618A and 3924-A is about 40 and 20% of mitochondria 
from host livers, respectively. If then the mitochondria! 
manganese content is referred to the whole tissue, the 
difference between hepatic and hepatocarcinoma cells 
appears to be even more pronounced, because of the 
lower content of mitochondria of the latter cells (see 
also ref. [29j). 

Table II reports the valnes of CuZnSOD activity, 
copper and zinc content alid rhe levels of messenger 
RNA fOi thC %lSA %iiC? :hC 301” ’ ,_-,A i;e+:omas and the 
respective Buffalo and ACUT control livers. As rs- 
ported previously, it is confirmed that the enzyme in the 
hepatoma 3924A is regulated at a pretranslationa! level, 

the enzyme activity and mRNA concentration being 
both lowered by about 80% with respect to the control 
tissue [19]. On the contrary, in the hepatoma 9618A the 
normal amount of CuZnSOD mRNA is preserved 
whereas the enzymatic activity is significantly dimin- 
ished (about 50%). It is notewortlzy that in both tumors 
the level of the metals, and in particular of copper, 
which is the transition metal responsible for the cata- 
lytic activity, are unchanged. The various rat tissues 
examined (Table III) are characterized by different 
CuZnSOD activities, strictly correlated with the levels 
of tlze RNA transcripts. Conversely, the copper con- 
tents show a poor correlation eitllet with the enzymatic 
activities or the mRNA values. This observation clearly 
indicates that CuZnSOD, which unlike MnSOD is 
known to be constitutive [30], is physiologically under 
a transcriptional regulation of gene expression (cf. ref. 
[3!]) and that the metal ion copper (70% of which is 
bound to the enzyme in the liver cytosol) is not involved 
in such regulation but only in tile posttranslational in- 
duction of the dismutase activity (i.e. by activation, 
upon insertion of the metal, of the preexisting apoen- 
z yme) . 

The most relevant observation of this study is that 
cells from both the hepatomas studied are character- 
ized, in addition to a low MnSOD activity, which is 
transcriptionally regulated by low levels of mRNA, by 
a low content of manganese ions (Fig. 2 and Table I). 
Moreover, these three parameters gradually decrease in 
parallel with tile degree of tissue differentiation. A loss 
of manganese to an extent similar to that of the 
hepatoma 392444, has been reported by Ling ct al. 1321 
in rat llepatoma As-30 and in six strains of mouse can- 
cer cells. It is evident that the manganese deficiency 
itself does not posttranslationally down-regulate the en- 
zyme activity, i.e. increased concentration of the apoen- 
zyme, since the messenger RNA level is modulated to 
the same extent as the activity and tlze metal. Further- 
more, owing to the fact that, besides MnSOD, manga- 
nese is present in tissues as the prosthetic element of 
many other proteins, it is unlikely that the MnSOD 
transcript alone regulates tlie intracellular content of 
the metal (i.e. all Mn is bound to MnSOD). Indeed we 
calculated, using data from Table I and Fig. 2, the 
amount of metal bound to MnSOD in liver (about 2 
yg/g dry weight) which corresponds to 20% of the total 
manganese in tile tissue and is close to that found in the 
mitochondria! fraction where the enzyme is localized. 
The metal ion, however, could directly or indirectly 
modulate the transcriptional level of the enzyme. Data 
from, rat tissnes (Fig. 3), .*I- ̂*a : 3~1uvJGl~ihZii tk c*8lS OfiiiLZb 13.e 

ganese agree well, with the exception of heart, thymus 
anti !;mg (!~.b:pr than expected), with those of mRNA 
and enzymatic XLLV~:. _ , I $fer support to this hypothesis. 
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CuZnSOD activity, mRNA and metal ion content in various rat tissues 

Tissue CuZnSOD 
(my/g dry weight) 

mRNA 
(arbitrary units) 

Metal ions @gQ dry weight) 

CU Zn 

Liver 
Brain 
Spleen 
Thymus 
Lung 
Kidney 
Heart 

2,22 k 0.1 I (4) 100 k 5.0 (5) 12.7 -r- 0.39 (1 I) 115.3 +- 2.10 (9) 
053 (2) 23.5 + 2.3 (5) 11.6 (2) 66.7 (2) 
0.49 
0.40 r;i 

18.3 f 1.4 (5) 6.2 105.8 (2) 
15.8 I’ 1.9 (5) 2.9 ;:; loo.7 (2) 

0.43 I;; lG.0 ?: 1.2 (5) 7.2 (2) 105.G (2) 
l.i35 99.1 + 7.8 (6) 47. I (2) 98.5 (2) 
O.GS (2) 35.5 4 4.0 (4) 23.3 (2) 79. I (3 

Values (means 4S.E.) refer to tissues of inbred AClfI’ rats, 

An additional indication of a strict correlation between 
ion content, message concentration and enzyme activity 
of MnSOD derives from experiments on developing rat 
liver. In the first days after birth the three parameters 
range from 40 to 60% of the adult and reach the maxi- 
mum in about two weeks (unpublished observations). 
MnSOD, contrary to CuZnSOD whose synthesis is con- 
stitutive, is inducible by physical agents and a large 
variety of exogenous and endogenous molecules. A par- 
tial list, in mammalian cells, includes X-ray irradiation 
[331, hyperoxia [34], redox-cycling substances such as 
paraquat [35], and treatment with 2,4-dinitrophenol 
[36], bacterial lipopolysaccharide and cytokines [37-43]. 
The molecular mechanism of MnSOD induction has 
not yet been elucidated, but it is probably mediated by 
an increase of oxygen radicals which might act on some 
‘sensor’ molecule. Manganese can facilitate the genera- 
tion, as a transition metal, of ROSS by speeding up the 
dismutation of 01- to H102 [44], and in this way it may 
indirectly prornote the transcriptional induction of 
MnSOD. ROSS have been recently [45,46] implicated as 
responsible for the posttranslational activation of the 
NFkB transcription factor which can rapidly induce 
the expression of genes involved in many cellular re- 
sponses such as inflammatory, immune and acute phase 
reactions. The NF-kI3 activation, which involves the 
release of the inhibitory subunit IkB from the latent 
cytoplasmic form (pSO-p65-IkB complex) [47], is pre- 
vented by antioxidants or metal chelators [4S]. It has 
also been reported that binding of the API transcrip- 
tion factor to DNA may be induced by HIOz [48]. The 
proposed functional role of ROSS would then support 
a unifying hypothesis, according to which such mole- 
cules co&! tict as second messengers in the mechanism 
of action of MnSOD inducers, among which may be 
transition metals. Cellular signalling via ROSS could 
also account for the behavior of iAt heari tihich exhib- 
its, besides a rather low manganese content, high levels 
of MnSOD mRNA and activity, possibly related to an 
active mitochondrial, oxyradical generating, electron 
transport system. 

With regard to the CuZn-containing superoxide dis- 
mutase, it appears that in neoplastic tissue copper con- 
tent does not affect the enzyme expression, as its con- 
centration is the same as that of the normal tissue. SOD- 
bound Cu in liver is about 70% of the total metal in the 
tissue (about 9 ,ug& dry weight). The decrease of 
CuZnSOD activity in hepatomas does not influence 
their Cu content, suggesting an increase of the free form 
of the metal. The enzyme is regulated (post-)translation- 
ally, perhaps through a catabolic mechanism, in the 
highly differentiated hepatoma and this mechanism is 
overtaken by pretranslational regulation in the poorly 
differentiated one. The data concerning normal rat tis- 
sues confirm previous results on the rigorous genetic 
control of CuZnSOD under physiological conditions 
[3 I], a strict parallelism existing between transcripts and 
activities. Again, however, we observed a dissociation 
of these values from the metal ion content. It has to be 
noticed that the two tissues with the highest CuZnSOD 
activities, i.e. liver and kidney, are tissues with high 
metabolic activities. The first is characterized by a well 
developed endoplasmic reticulum where numerous de- 
toxification reactions occur and by a high level of cyto- 
plasmic redox reactions, both associated with ROS gen- 
eration. The second is also characterized by an intense 
requirement of energy production and therefore by a 
high level of oxygen consumption. 
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