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Summary. We report a functional and molecular analysis 
of nine oncocytic tumors of the human thyroid. In all 
the abundance of mitochondria observed ultrastructur- 
ally was accompanied by an increase in enzymatic activi- 
ties of respiratory complexes I (NADH dehydrogenase), 
II (succinate dehydrogenase) IV (cytochrome c oxidase), 
and V (ATPase). Western blot analysis failed to detect 
uncoupling protein in the tumors. The elevated respira- 
tory enzyme activities were paralleled by an increase in 
the mitochondrial DNA content. Restriction analysis of 
mitochondrial DNA gave no indication of heteroplasmy 
or other gross alterations. We conclude that the mito- 
chondrial proliferation in oncocytic tumors is probably 
not the result of a compensatory mechanism for the defi- 
ciency in enzyme complexes of the mitochondrial respi- 
ratory chain. 
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Introduction 

Oncocytic change has been reported in a variety of hu- 
man tissues and in some epithelial neoplasms and tumors 
of the kidney, salivary gland and thyroid (Cotton 1990; 
Hamperl 1936; 1962). The common feature of oncocytic 
tumors is an extreme abundance of mitochondria within 
the transformed cells that is often associated with in- 
creased activity of a number of enzymes, including cyto- 
chrome c oxidase, succinate dehydrogenase, DPNH- and 
TPNH diaphorase (Fischer 1961; Lindsay and Arico 
1963; Tandler 1966; Tremblay and Pearse 1959). Addi- 
tionally, ultrastructural studies of oncocytic tumors have 
shown that these organelles are often morphologically 
abnormal (Eble and Hull 1984; Goebel etal. 1980; 
Tandler 1966). Morphological changes in mitochondria 
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have sometimes been accompanied by mitochondrial 
malfunction (Capaldi 1988) and it has been suggested 
that mitochondrial proliferation may represent a mecha- 
nism to compensate for this mitochondrial deficiency 
(Fischer 1961; Altmann 1990), like the physiological re- 
sponse to elevated energy demand (Williams 1986). This 
idea is further supported by the observation that myo- 
pathies resulting from a mitochondrial disorder are often 
characterized by increased numbers of these organelles 
(for review see: Capaldi 1988). 

Mitochondrial accumulation requires the expression 
of both nuclear and mitochondrial encoded proteins (for 
review see: Attardi and Schatz 1988) although the fac- 
tors triggering this event are unknown. 

Thyroid hormone, which has been implicated in mito- 
chondrial biogenesis (Nelson 1987), is immunologically 
detectable in less than one-third of oncocytic tissues, 
even in the thyroid (Schaeffer and Ormanns 1983). While 
this argues against a close association between synthesis 
of thyroid hormone and oncocytic change, it does not 
exclude the possibility that oncocytomas are especially 
responsive to the hormone due to the expression of the 
respective receptors. Probably differential expression of 
such receptors accounts for the tissue-specific influence 
on mitochondrial abundance by thyroid hormone. While 
hypothyroid animals show a decrease in muscle mito- 
chondria (Dudley et al. 1987), no change in the number 
of those organelles is observed in the liver in either 
hypo-, or hyperthroid rats (Jacovcic et al. 1978). To our 
knowledge there are no reports of a correlation between 
hyperthyroidism and oncocytic change in thyroid tu- 
mors. 

The present study is designed to gain further insight 
in the molecular characteristics of oncocytic tumors. In 
a comparative study, the ultrastructure and respiratory 
enzyme activities of several oncocytic tumors of the thy- 
roid have been related to a qualitative and quantitative 
analysis of mitochondrial DNA (mtDNA), which en- 
codes some essential subunits of the oligomeric com- 
plexes of the respiratory chain (for a review see: Attardi 
and Schatz 1988). Only recently, a number of mitochon- 



drial disorders have been found  to result f rom structural  
rearrangements  or  point  muta t ions  in m t D N A  (Holt  
et al. 1988, 1989; Poul ton  et al. 1989). In two renal onco-  
cytic tumors,  a restriction f ragment  length po lymor -  
phism in m t D N A  was detected (Kovacs et al. 1989) the 
funct ional  significance o f  which, however,  remains to 
be substantiated by further studies. 

Material and methods 

Surgically resected oncocytic thyroid tumors from nine patients 
were sampled. In two instances tumor and control tissue were ob- 
tained from the same patients and thyroid tissue from autopsies 
was also used for controls. 

Fresh tumor tissue was immediately frozen at - 70  ~ C and the 
diagnosis was confirmed later following the examination of paraf- 
fin sections stained by HE. 

Electron microscopy. For electron microscopy tissues were fixed 
in 3.5% glutaraldehyde and 1% osmium tetroxide in sodium phos- 
phate buffer, pH 7.3. After dehydration, tissues were stained with 
uranyl acetate in 96% ethanol, and embedded in Araldite (Serva, 
Heidelberg). Ultrathin sections were cut with an LKB Ultrotome 
(Type 8802A) ultramicrotome, stained with lead citrate, and exam- 
ined in a Zeiss EM10 electron microscope. 

Enzyme histochem&try. For histochemical studies, 10 lam serial sec- 
tions were cut on a cryostat ( -  18 ~ C), placed on clean slides, and 
dried briefly at room temperature. The sections were then incubat- 
ed in appropriate substrates for the demonstration of the following 
enzymes: cytochrome c oxidase, succinate dehydrogenase, total 
NADH dehydrogenases, and adenosine triphosphate synthase 
(ATPase). Reactions in the presence or absence of inhibitors and 
control incubations were performed according to Loijda et al. 
(1976). 

Western blot analysis. Mitochondria were isolated from tumor tis- 
sues and controls according to the "two step procedure" of Bogen- 
hagen and Clayton (1974). Mitochondria of brown fat tissue ob- 
tained at post-mortem examination of a newborn baby served as 
a control for the presence of uncoupling protein (UCP) in human 
mitochondria. 

Mitochondrial proteins were separated on a 12% SDS-poly- 
acrylamide gel (Laemmli 1970). Western blotting and immune de- 
coration was carried out as described earlier (Ebner et al. 1988). 
Rabbit-anti-hamster-UCP-serum was used (1:200 dilution) to de- 
tect human UCP. 

DNA extraction. Total cellular DNA was isolated from tumor tis- 
sues or controls according to standard procedures (Ausubel and 
Frederick 1987). Tissue samples were rinsed in phosphate-buffered 
saline (PBS), cut into small pieces and homogenized. Homogenates 
were incubated at 37 ~ C in ten volumes of 10 mM Tris/HCl, pH 7.4, 
10 mM EDTA, 150 mM NaCI, 1 mg/ml Proteinase K, and 0.4% 
SDS until completely lysed. After phenol extraction, DNA was 
precipitated with two volumes ethanol. 

DNA probes. HeLa cell mtDNA was isolated from mitochondria 
which had been purified by the "two step procedure" of Bogenha- 
gen and Clayton (1974). Recombinant plasmid pmt34 containing 
HeLa cell mtDNA fragment pos. 10254-12878, according to the 
nomenclature of Anderson et al. (1981), was generated by PCR 
amplification (Saiki etal. 1988) using 22-mer oligonucleotide 
primers and a geneAmpR-kit obtained from Perkin-Elmer (Nor- 
walk, CT). The amplified mtDNA segment was cloned as a XbaI/ 
EcoRV-restriction fragment into the bluescript plasmid (Strata- 
gene, La Jolla, Calif') pAct1, a derivative of pBR322 with a 1250 bp 
PstI-fragment of hamster actin cDNA, was used to detect the hu- 
man single copy actin gene (Dodemont et al. 1982). 

DNA probes were labeled with [32P]-dATP (3000 Ci/mmole) 
using the random primed DNA labeling kit obtained from Boehr- 
inger (Mannheim). 

Quantitation of mtDNA. The proportion of mtDNA for tumor 
and control samples was determined in relation to nuclear DNA. 
Samples (10 lag) of total cellular DNA were digested with PvuIl, 
separated on an 1% agarose gel and blotted on an Hybond N 
filter (Amersham, Braunschweig, FRG). The filter was hybridized 
to labeled pActl nuclear gene probe and autoradiographed. After- 
wards, the filter was rehybridized to labeled pmt34 mtDNA probe. 
DNA was quantitated by desitometric scanning of the hybridiza- 
tion signals with an LKB 2222-010 UltroScan XL densitometer. 
The signal ratio of mtDNA to actin DNA was determined and 
compared with that of controls. 

Southern blot analysis. Samples (10 lag) of total cellular DNA were 
digested with several restriction endonucleases according to the 
specifications of the manufacturers. DNA restriction fragments 
were electrophoretically separated on 0.8% agarose gels, blotted 
onto Hybond N filters and hybridized to labeled HeLa mtDNA 
or pint34, respectively. 

Results 

Ultrastructure. Six o f  the seven tumors  examined re- 
vealed a cell m o r p h o l o g y  very similar to tha t  shown 
in Fig. 1. Numerous  mi tochondr ia ,  mos t  showing struc- 
tural anomalies,  were evenly distr ibuted in the cyto-  
plasm, while other  organelles were hardly  visible. The 
most  striking features were mi tochondr ia l  cristae ar- 
ranged in parallel stacks within the organelle, or  swollen 
mi tochondr ia  with desintegrat ing cristae. All types o f  
structural  aberrat ions were found  within a single tumor ,  
but  within an individual cell only one discrete m o r p h o -  
logical shape o f  mi tochondr ia  was observed (Fig. 1). In 
one o f  the tumors  (no. 7, see Table 1), single cells con-  
taining only few mi tochondr ia  were located amongs t  the 
major i ty  o f  typical mi tochondr ia - r ich  cells. In one case 
( tumor  8) no increase in the number  o f  mi tochondr i a  
was found.  

Enzyme histoehemistry 

Respira tory  enzyme activities in tumors  and control  tis- 
sues were graded arbitrari ly on a scale o f  + ( = dye depo- 
sition within controls)  to + + + (s t rong staining within 
t umor  cells; see Fig. 2 and  Table 1). High levels, com-  
pared with controls,  o f  c y t o c h r o m e  c oxidase (complex 
IV), succinate dehydrogenase  (complex II) and N A D H  
dehydrogenase  (complex I) as well as modera te ly  ele- 
vated levels o f  mi tochondr ia l  ATPase  in the oncocyt ic  
cells were observed. While mos t  o f  the tumors  consisted 
exclusively o f  cells with elevated enzyme levels, some 
tumors  showed highly reactive foci su r rounded  by cells 
with normal  enzyme activities (nos. 3, 4, 8). In one t umor  
(no. 7) small areas o f  histochemically inert cells were 
interspersed within the major i ty  o f  cells which showed 
high activities for all the enzymes tested. No  differences 
in histochemical  enzyme activities were found  between 
oncocyt ic  adenomas  and carc inomas  (Table 1). 



Fig. 1. Electron micrograph of  the oncocytic tumor 9. The cyto- 
plasm of the oncocytes is tightly packed with mitochondria; other 
organelles are hardly visible. Different cells contain mitochondria 

with a condensed or swollen matrix and cristae. Arrows indicate 
mitochondria with different morphology. Magnification x 6700. 
Bar marker represents 5 gm 

Table 1. Comparative analysis of thyroid oncocytic tumors 

Patient no. Diagnosis 
(oncocytic 
tissue) 

Activity of mitochondrial enzymes 

COX SDH ND ATPase 

Abundance of Relative increase 
mitochondria in mtDNA 

(x  fold control) 

1 Ca + + +  + + +  + + +  
2 Ca + + +  + + +  + + +  
3 Ad + +  + +  + 
4 Ad + +  + +  + 
5 Ad nd nd nd 
6 Ad + + +  + + +  + + +  
7 Ad + + +  + + +  + + +  
8 Ca + +  + +  + +  
9 Ca + + +  + + +  + + +  

+ +  + + +  4.5• 
+ +  + + +  9x  
+ nd 7 x 
+ + + +  nd 
nd + + +  9x  
+ + nd 5.5 • 
+ +  + + +  nd 
+ + 0.7• 
+ +  + + +  3x  

Patient no. Diagnosis Activity of mitochondrial enzymes 

COX SDH ND ATPase 

Abundance of Relative increase 
mitochondria in mtDNA 

6 thy + + + + nd nd 
9 thy + + + + nd 1 

10" thy + + + + nd 1 

Pathological diagnosis: adenoma (Ad); carcinoma (Ca); thyroid 
tissue control (thy). Enzyme activities of  cytochrome c oxidase 
(COX), succinate dehydrogenase (SDH), total NADH dehydroge- 
nase (ND) and adenosine 5'-triphosphatase (ATPase) were deter- 

mined histochemically. Activities are indicated by + (=activity 
of  controls), + + (=  focal high activity) and + + + (high activity) 
Mitoebondrial abundance was determined by ultrastructural exam- 
ination, nd=  not determined; * = oncocytoma-free autopsy case 



Fig. 2a-d. Histochemical demon- 
stration of mitochondrial enzyme 
activities. Frozen section of thy- 
roid oncocytic tumor 9 (see Table 
1) consisting of tumor (dark 
stained areas) and normal thyroid 
tissue. Histochemical staining re- 
sults from enzyme activity of cy- 
tochrome c oxidase a, succinate 
dehydrogenase b, total NADH 
dehydrogenase e and ATPase d. 
Bar marker represents 100 p.m 

Analysis of  uncoupling protein. There was no indication 
of a particularly high energy demand in oncocytic tu- 
mors. Their high activities of  respiratory enzymes are 
in apparent contradiction to their slow growth charac- 
teristics, unless one assumes an uncoupling of  ATP syn- 
thesis from the electron flow in the respiratory chain. 
Such an uncoupling is naturally observed in the brown 
fat of hibernating animals or newborn infants due to 
the presence of  uncoupling protein (UCP). To address 
the question whether UCP is expressed in oncocytic tu- 
mors, we isolated mitochondria from five tumors and 
analysed them by immune blotting with an antiserum 
directed against hamster-UCP. Human UCP is recog- 
nized by this antiserum as shown by the signal obtained 
with the brown fat control tissue (Fig. 3, lane c). In con- 
trast, UCP was not detectable in any of  the oncocytic 
tumors tested (Fig. 3, lanes a and b; only two of  the 
five tumors are shown). Therefore an uncoupling of  the 
respiratory chain due to the presence of uncoupling pro- 
tein seems very unlikely. 

Fig. 3. Western blot analysis of uncoupling protein in oncocytic 
tumors. 100 I~g mitochondrial protein isolated from oncocytic tu- 
mor 6 (lane a), no. 7 (lane b), human brown fat (lane c) and 5 p.g 
of purified hamster UCP (lane cO were run on a 12% SDS-poly- 
acrylamide gel, Western-blotted and immunodecorated with anti- 
hamster UCP-serum. The position of UCP is indicated by an arrow 



Analysis of mtDNA 

Quantitation of mtDNA in oncocytic tissues. We next 
asked whether the abundance of mitochondria in onco- 
cytic tumors is accompanied by a parallel increase in 
the mtDNA content or whether the total number of 
mtDNA molecules per cell remains constant, in which 
case the average copy number of mtDNA molecules per 
organelle would be reduced. To address this question 
we quantitated mtDNA in relation to nuclear DNA. 
The result of this examination, together with that of 
the respiratory enzyme activities and the observed abun- 
dance in mitochondria is compiled in Table 1. An ele- 
vated mtDNA content, ranging from three- to nine-fold 
higher than in controls, was seen in all tumor samples 
with high enzymatic activities and/or large numbers of 
mitochondria. Only one tumor (no. 8) failed to show 
an increase in mtDNA. This may be due to the fact 
that this tumor was a mosaic with respect to mitochon- 
drial function. In addition, electron micrographs did not 
show abundant mitochondria (see above). The results 
clearly show that the increase in the number of mito- 
chondria was accompanied by an increase in mtDNA. 
Again, we were unable to see any differences between 
oncocytic adenomas and carcinomas and concluded that 
there is no relationship between the amount of mtDNA 
and the biological behaviour of oncocytomas. 

Restriction analysis of mtDNA. Mitochondrial disorders 
are sometimes associated with mitochondrial hetero- 
plasmy, i.e. the presence of a mixed population of intact 
and altered mtDNA molecules. To look for alterations 
in the mitochondrial genome of oncocytic tumors, re- 
striction enzyme analysis using various restriction endo- 
nucleases (listed in the legend of Fig. 4) was carried out. 

Fig. 4a, b. Restriction analysis of mtDNA. DNA was isolated from 
oncocytic tumors 1, 2, 7 and from thyroid control (Co) and cleaved 
with BamHI a and ApaI b, respectively. DNA fragments were 
Southern-blotted and probed with labeled purified HeLa mtDNA. 
The upper band in b represents uncut mtDNA. Similarly, mtDNA 
was digested with the restriction endonucleases AvaI, AvaII, BclI, 
EcoRI, EcoRV, HindIII, HpaI, HincII, KpnI, NcoI, NsiI, PstI, 
PvuII and XbaI. In none was a restriction fragment length poly- 
morphism detected 

The recognition sequences of these enzymes are random- 
ly distributed throughout the mtDNA. The restriction 
patterns of all tumor DNAs proved to be identical with 
that of controls, and was in line with the expected pat- 
tern derived from the standard mtDNA sequence (An- 
derson et al. 1981). A representative example of restric- 
tion analysis is given in Fig. 4, which shows the DNA 
fragments obtained after digestion of mtDNA with 
BamHI (1 recognition site) and by ApaI (5 recognition 
sites) from three tumors (nos. 1-3) and one control sam- 
ple (Co). 

In conclusion, our analysis of mtDNA in oncocytic 
tumors gives no indication of the presence of a subpopu- 
lation of mtDNA molecules with gross structural alter- 
ations. 

Discussion 

The data presented in this paper show that in thyroid 
oncocytic tumors the abundance of mitochondria is par- 
alleled by high activities of respiratory chain complexes 
I, II, IV and V (ATPase). All of these complexes - with 
the exception of complex II - are composed of subunits 
which are either encoded by mtDNA or by nuclear genes 
(Attardi and Schatz 1988). Clearly the genetic informa- 
tion for the respective structural genes, as well as for 
all the components required for expression of these 
genes, must be intact. In line with this conclusion restric- 
tion analysis of mtDNA of oncocytic tumors gave no 
indication of gross alterations. Similarly, we failed to 
detect any alteration after selective amplification of var- 
ious DNA segments from mtDNA by the polymerase 
chain reaction (PCR) (Ebner, unpublished results). Point 
mutations or very small deletions, however, would es- 
cape detection in either type of analysis. 

Altered mtDNA molecules often result from DNA- 
deletions (Holt et al. 1988, 1989; Schon et al. 1989) or 
duplications (Poulton et al. 1989) and have been found 
together with wild type mtDNA in several mitochondrial 
disorders (" heteroplasmy "). The concomittant abun- 
dance in mitochondria in affected tissues is best inter- 
preted as a compensation mechanism to maintain the 
energy supply in the form of ATP synthesis provided 
by mitochondrial respiration. Our histochemical data 
show that respiratory enzymes are functional as is mito- 
~hondrial ATPase. This result does not, however, ex- 
clude the possibility that ATP synthesis might be uncou- 
pled from the electron flow in the respiratory chain. 
l'he failure to immunologically detect uncoupling pro- 
tein (UCP) argues against an USP-mediated mechanism 
at least in those five oncocytomas which were probed 
with an antiserum directed against UCP. Uncoupling 
by other processes, e.g. by accumulation of certain fatty 
acids (Luvisetto et al. 1987), remains possible, however. 

The present study is the first to show that the mito- 
chondrial abundance in oncocytic tumors is accompa- 
nied by an increase in the content of mitochondrial 
DNA. Only recently it was reported that high cellular 
levels of mtDNA preceed increased expression of mito- 



chondrial functions in striated muscle (Williams 1986). 
From that point of  view the observed elevation of  
m t D N A  could represent the pr imary cause of  oncocytic 
transformation.  The accumulation of  organelles and the 
high activities of  respiratory enzymes would represent 
a secondary phenomenon.  Major determinants in the 
regulation of m t D N A  replication are the D-loop region 
of  m t D N A ,  where replication is initiated (Clayton 1982), 
and the nuclearly encoded enzymes involved in the repli- 
cation process. D N A  alterations in both m t D N A  or in 
nuclear genes could therefore affect m t D N A  replication. 
For example, a cis-acting mutat ion in the D-loop region 
could enhance the affinity for components  of  the mito- 
chondrial replication machinery, while a mutat ion in the 
nuclear gene encoding m t D N A  polymerase could lead 
to a higher processivity of  the enzyme. Similar effects 
may result f rom mutated components  which indirectly 
affect m D N A  replication, e.g. transcription factors or 
hormone receptors involved in the expression of  mito- 
chondrial proteins. 

Our experiments do not allow an answer to the ques- 
tion whether all cells or only a subset of  cells within 
the tumor  are responsible for the elevated enzymatic ac- 
tivities and for the increase in m t D N A  content, respec- 
tively. The observation of  neighboring cells with mito- 
chondria of  different morphology  (see Fig. 1) may hint 
at the latter possibility. To elucidate this problem it will 
be necessary to perform enzymatic and molecular analy- 
ses at the single cell level. 
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