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Background. Changes in the mode of aerobic energy production are observed in many solid tumors, though the kinds of changes
differ among tumor types. We investigated mitochondrial energy metabolism in meningiomas and peripheral nerve sheath
tumors, taking into consideration the histologic heterogeneity of these tumors.

Methods. Oxidative phosphorylation (OXPHOS) complexes and porin (a marker for mitochondrial mass) were analyzed by immu-
nohistochemical staining of meningiomas (n¼ 76) and peripheral nerve sheath tumors (schwannomas: n¼ 10; neurofibromas:
n¼ 4). The enzymatic activities of OXPHOS complexes and citrate synthase were determined by spectrophotometric measure-
ment. Western blot analysis of OXPHOS complexes, porin, and mitochondrial transcription factor A was performed. Furthermore,
mitochondrial DNA copy number was determined.

Results. The tumors differed with regard to mitochondrial energy metabolism. Low levels of a subset of OXPHOS complexes were
frequently observed in World Health Organization grade I meningiomas (percent of cases with a reduction; complex I: 63%; com-
plex II: 67%; complex IV: 56%) and schwannomas (complex III: 40%, complex IV: 100%), whereas in neurofibromas a general
reduction of all complexes was observed. In contrast, expression of complexes III and V was similar to that in normal brain tissue
in the majority of tumors. Mitochondrial mass was comparable or higher in all tumors compared with normal brain tissue, where-
as mitochondrial DNA copy number was reduced.

Conclusions. The reduction of OXPHOS complexes in meningiomas and peripheral nerve sheath tumors has potential therapeutic
implications, since respiratory chain–deficient tumor cells might be selectively starved by inhibitors of glycolysis or by ketogenic
diet.
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Tumors of the meninges account for approximately a third of all
primary intracranial tumors. Meningiomas are probably derived
from arachnoidal cap cells residing in the arachnoid layer.1 Gen-
erally, meningiomas are benign, slow-growing tumors with
good prognosis. Considerably more aggressive, however, are
rare variants (eg, clear cell) as well as brain-invasive (World
Health Organization [WHO] grade II), atypical (grade II), and
anaplastic (grade III) meningiomas.2

The etiology of meningiomas is unknown. However, it has
been shown that neurofibromatosis type 2 (NF2), an autosomal
dominant disorder, is associated with meningiomas and benign
peripheral nerve sheath tumors (PNSTs).3

Histological subtypes of grade I meningiomas are distin-
guished and include, among others, meningothelial, fibrous,
transitional, psammomatous, and secretory meningiomas.
Meningothelial meningiomas are histologically composed of
characteristic uniform tumor cells that form lobules surround-
ed by thin collagenous septae. Fibrous meningiomas are mainly
composed of spindle-shaped cells that resemble fibroblasts
and form intersecting fascicles embedded in a collagen-rich
and reticulin-rich matrix. Transitional (mixed) meningiomas
combine features of both subtypes. Transitional and meningo-
thelial meningiomas have a tendency to both hyalinize and cal-
cify, forming characteristic concentric calcifications known as
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psammoma bodies. Tumors composed mostly of the latter are
referred to as psammomatous meningiomas.4

PNSTs arise from peripheral nerves and show nerve sheath
differentiation. Several distinct benign tumor types have
been recognized, including schwannoma, neurofibroma, and
perineurioma.

The aerobic use of glucose as an energy source through gly-
colysis is a common feature of most solid tumors, leading to
reduced dependence on oxidative phosphorylation (OXPHOS),
a phenomenon known as the Warburg effect.5 The OXPHOS
system is composed of NADH:ubiquinone oxidoreductase
(complex I), succinate dehydrogenase (SDH; complex II), coen-
zyme Q cytochrome c oxidase (complex III), cytochrome c
oxidase (COX; complex IV), ATP synthase (complex V), and 2
electron carriers, namely cytochrome c and coenzyme
Q. Downregulation of OXPHOS in tumor cells is achieved by,
among others, the following mechanisms: (i) lack of vasculari-
zation in rapidly growing tumors leading to profound hypoxia,
which causes a compensatory upregulation of glycolysis6;
(ii) genetic inactivation of regulators of OXPHOS, such as the
von Hippel Lindau (VHL) and p53 genes, as well as activation
of oncogenes resulting in downregulation of OXPHOS6 – 8; and
(iii) direct genetic inactivation of components of OXPHOS. Loss
of complex I of OXPHOS was shown to be associated with oxy-
philic tumors.9 – 11 In addition, pheochromocytomas and para-
gangliomas frequently exhibit mutations in SDH genes,
indicating that SDH subunits act as tumor suppressors in neu-
roendocrine tissues.12

The aim of the present study was to evaluate alterations of
aerobic mitochondrial energy metabolism in meningiomas and
PNSTs.

Materials and Methods

Samples

Tumors of the meninges (n¼ 76) and PNSTs (n¼ 14) (schwan-
nomas [n¼ 10]; neurofibromas [n¼ 4]) were examined. Histo-
morphologically normal brain areas adjacent to the tumors as

determined by a neuropathologist from 6 meningiomas and 38
neuroepithelial brain tumor patients were used as controls
(Table 1 and Supplementary Table 1).13 The tumors were clas-
sified according to WHO criteria.14 For the immunohistochem-
ical studies, formalin-fixed, paraffin-embedded tissues were
used. For spectrophotometric analysis of OXPHOS enzyme
and citrate synthase activity, 38 frozen tissues were available.
The histologies of the frozen tissues are given in Supplementary
Table 1. In addition, control brain tissue from healthy autopsies
was taken for comparison of enzymatic measurements and
western blot analysis. The controls were aged between 50
and 87 years (3 males, 2 females). The study was performed
according to the Austrian Gene Technology Act. Experiments
were performed in accordance with the Helsinki Declaration
of 1975 (revised 2000) and the guidelines of the Salzburg
State Ethics Research Committee, being no clinical drug trial
or epidemiological investigation. Patients signed consent for
scientific evaluation of the tumor tissue. Furthermore, the
study did not extend to examination of individual case records.
Patient anonymity was ensured at all times.

Immunohistochemical Staining and Analysis

The following antibodies were used: complex I subunit NADH
dehydrogenase:ubiquinone Fe-S protein 4 (NDUFS4; mouse
monoclonal, 1:1000; Abcam), complex II subunit 70 kDa Fp
(mouse monoclonal, 1:2000; MitoSciences), complex III sub-
unit core 2 (mouse monoclonal, 1:1500; MitoSciences), com-
plex IV subunit I (mouse monoclonal, 1:1000; MitoSciences),
complex V subunit alpha (mouse monoclonal, 1:2000; Mito-
Sciences), and porin 31HL (mouse monoclonal, 1:3000; Mito-
Sciences). All antibodies were diluted in Dako antibody diluent
with background-reducing components. Immunohistochemi-
cal staining was performed as described previously.11 The stain-
ing intensities of the tumors were determined by 2 independent
examiners blinded to the diagnosis. Staining intensities were
rated using a 0–3 scoring system, with 0 representing no stain-
ing, 1 mild, 2 moderate, and 3 strong staining.

Table 1. Mean values of the staining intensities of porin and the OXPHOS complexes in meningiomas and normal brain tissues

Tissue (grade) n Porin Complex I Complex II Complex III Complex IV Complex V MtDNA Copy
Number

Mean+SEM Mean+SEM Mean+SEM Mean+SEM Mean+SEM Mean+SEM n Mean+SEM

Brain control 44 2.1+0.1 2.2+0.1 1.5+0.1 2.5+0.1 2.4+0.1 2.2+0.1 17 3486+455
Fibroblastic meningioma (I) 17 1.8+0.1 1.2+0.2** 0.9+0.2* 2.3+0.1 1.2+0.3** 2.2+0.2 17 797+337**
Transitional meningioma (I) 16 2.0+0.1 1.0+0.1** 1.3+0.2 2.5+0.1 1.4+0.2** 2.6+0.1* 16 1244+491**
Meningothelial meningioma (I) 17 1.9+0.1 1.4+0.2* 0.9+0.1** 2.3+0.1 1.6+0.2** 2.4+0.1 17 1241+328**
Psammomatous meningioma (I) 4 1.9+0.1 1.3+0.6 1.1+0.5 1.6+0.6* 1.1+0.6* 1.5+0.5 3 1365+568*
Secretory meningioma (I) 3 2.2+0.3 0.5* 2.2+0.6 2.7+0.3 0.8+0.2* 2.3+0.2 3 1907+723
Atypical meningioma (II) 11 1.9+0.1 1.8+0.2 1.2+0.2 2.4+0.1 2.3+0.2 2.7+0.1* 11 928+146**
Anaplastic meningioma (III) 8 2.0+0.2 1.7+0.4 2.1+0.3* 2.5+0.3 1.6+0.4 2.6+0.2* 8 1060+444*
Schwannoma (I) 10 2.8+0.1* 1.8+0.6 1.6+0.3 1.5+0.2** 0.6+0.1** 1.8+0.2 8 863+310**
Neurofibroma (I) 4 2.4+0.8 0.3+0.1** 0.9+0.4* 1.6+0.3* 0.6+0.1** 0.9+0.2** 4 437+109*

*P , .05, **P , .001.
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Spectrophotometric Measurement of OXPHOS Enzyme
and Citrate Synthase Activity

Spectrophotometric measurement of OXPHOS enzyme and
citrate synthase activity was performed as previously
described.13,15 Tumor tissues (20–100 mg) were homogenized
in extraction buffer (20 mM Tris-HCl, pH 7.6, 250 mM sucrose,
40 mM KCl, 2 mM EGTA). The postnuclear supernatant (600 g
homogenate) containing the mitochondrial fraction was used
for measurement of enzyme activities and western blot
analysis.

Western Blot Analysis

Ten micrograms of protein of 600 g homogenate was separat-
ed on acrylamide/bisacrylamide gels and transferred to nitro-
cellulose membranes. Immunological detection of proteins
was carried out as described previously.13 The following prima-
ry antibodies were used: monoclonal mouse anti-NDUFS4
(Abcam); monoclonal mouse anti-TFAM (mitochondrial tran-
scription factor A; Abcam); monoclonal mouse anti–SDH sub-
unit A (SDHA) 70 kD antibody (MitoSciences), monoclonal
mouse anti – core 2 antibody (MitoSciences), monoclonal
mouse antiporin antibody (MitoSciences), and polyclonal rabbit
anti–glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
antibody (Trevigen).

Determination of Mitochondrial DNA Alterations

Mitochondrial (mt)DNA copy number and the amount of the
common mitochondrial deletion were determined by quantita-
tive real-time (qRT) PCR of 2 mtDNA regions as previously de-
scribed (Supplementary Table 1).16 In addition, the genes of
the mitochondrially encoded subunits of complexes I and IV
and transfer RNA genes were sequenced in samples that
showed staining intensities of OXPHOS complexes (I and IV)
≤1 (Supplementary Table 1). Details about the primers used
for PCR amplification and sequence analysis are given in Sup-
plementary Table 2. Sequences were compared with the com-
plete Homo sapiens mitochondrial genome (GenBank sequence
J01415).

Statistical Analysis

Data were analyzed with PASW statistics 18. Student’s t-test
and the nonparametric Mann-Whitney U-test were applied for
comparison of tumors and normal tissues as well as among
tumor grades. To simplify the analysis, we grouped the intensi-
ties as 0, 0.5, and 1 (low), 1.5 and 2 (moderate), and 2.5 and 3
(high). For correlations of the OXPHOS enzyme expression,
mtDNA copy number, and tumor grades, the nonparametric
Spearman correlation was used.

Results
Immunohistochemical analysis of porin and the 5 OXPHOS
complexes were performed in order to evaluate the status of
aerobic mitochondrial energy metabolism in meningiomas
and PNSTs. Examples for staining intensities 1–3 (0¼ no ex-
pression, 1¼weak, 2¼moderate, 3¼ strong) of porin and

the 5 OXPHOS complexes are shown in Figs 1 and 2. To investi-
gate whether the changes in OXPHOS enzyme expression have
functional consequences, the enzymatic activities of citrate
synthase and the OXPHOS complexes were measured in a sub-
set of the samples (Fig. 3A–F).

We determined the frequencies of the staining intensities in
meningiomas and PNSTs. As shown in Fig. 3, the distributions
for porin, complex III, and complex V in meningiomas are gen-
erally similar to those of the control brain tissue. For complexes
I, II, and IV, the distributions are skewed toward lower staining
intensities in the tumors (Fig. 4).

Meningothelial Meningioma (WHO Grade I)

Significantly lower levels of complexes I (P , .05), II (P , .01),
and IV (P , .01) were observed by immunohistochemistry,
with no difference in mitochondrial mass compared with con-
trol tissue (Figs 1, 2, and 4 and Table 1). Total citrate synthase
activity was higher in meningothelial meningiomas compared
with fibroblastic and transitional meningiomas (Fig. 3A), indi-
cating that the content of the connective tissue/cytoplasmic
matrix component in meningothelial meningiomas is not as
high as in other low-grade meningiomas. Western blot analysis
of porin revealed relatively high expression in 2 of the 3 menin-
gothelial meningiomas examined compared with other low-
grade tumors. Complex I activity did not differ from that of con-
trol brain tissue (Fig. 3A and B).

Fibroblastic Meningioma (WHO Grade I)

Significantly reduced expression of complexes I (P , .01), II (P ,

.05), and IV (P , .01) was detected in fibroblastic meningiomas
compared with control brain tissue by immunohistochemical
analysis (Table 1; Fig. 4). No alterations of porin or complexes
III and V were found. A general reduction in the total activities
of citrate synthase and all OXPHOS complexes (with the excep-
tion of complex V) was found in fibroblastic meningiomas
(Fig. 3). Western blot analysis revealed a general reduction in
the amounts of porin and OXPHOS complexes (Fig. 3G). The
somewhat contradictory results between the immunohisto-
chemical data and the enzymatic measurements might be
due to the high connective tissue content of fibroblastic menin-
giomas, which constitutes a substantial amount of the protein
in the lysates.

Transitional Meningioma (WHO Grade I)

Similar to fibroblastic meningiomas (Fig. 1C and D), the connec-
tive tissue content of transitional meningiomas is highly vari-
able (Fig. 1A and B). Compared with normal brain tissue, no
alterations of mitochondrial mass were observed in transitional
meningiomas, as indicated by porin staining (Table 1). In con-
trast, a significant reduction of complexes I (P , .01) and IV
(P , .01) was found in these tumors, whereas complex V was
increased. The enzymatic activities of citrate synthase and
OXPHOS complexes I, III, and IV were reduced in transitional
meningiomas (Fig. 3). Complex II showed a trend to lower lev-
els compared with control tissue. Complex V activity was equal
in fibroblastic meningiomas and normal brain tissue.
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Psammomatous Meningioma (WHO Grade I)

Significantly lower expression of complexes III (P , .05) and IV
(P , .05) was found in psammomatous meningiomas (Table 1).
However, a trend to lower levels was also observed for com-
plexes I and V. The exclusively nucleus-encoded complex II
was not affected. This is underlined by immunoblot analysis
(Fig. 3G), where 2 of 3 psammomatous meningiomas showed
high complex II expression. The low activity of citrate synthase

and the OXPHOS complexes observed in these tumors might be
due to the presence of psammoma bodies.

Secretory Meningioma (WHO Grade I)

A significant reduction of complexes I and IV was obvious in
secretory meningiomas (Table 1; Fig. 4). No frozen tissues
were available for enzymatic and western blot analysis.

Fig. 1. Porin staining of meningiomas with a high and low content of connective tissue and/or cytoplasmic matrix components. (A and B)
Transitional meningioma (TM1). (A) Region with punctuate cytoplasmic reactivities (staining intensity¼ 2). (B) Region with a sparse connective
tissue content (staining intensity¼ 2); 20× magnification. (C) Area with a low connective tissue content from a fibroblastic meningioma (FM4)
and a weak expression of porin (staining intensity¼ 1). (D) High connective tissue content but strong porin expression in an area of a
meningothelial meningioma (MM4) (staining intensity¼ 2.5). (E) Low connective tissue content and high porin expression in an area of an
atypical meningioma (AM1) (staining intensity¼ 3). (F) Low connective tissue content and high porin expression (staining intensity¼ 2) in an
area of an anaplastic meningioma (ANM2); (C–F) 63× magnification. (A and B) Scale bar¼ 100 mm; (C–F) scale bar¼ 50 mm.
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Fig. 2. Expression of OXPHOS complexes in WHO grade I (meningothelial), II (atypical), and III (anaplastic) meningiomas. (A, G, and M) porin; (B, H,
and N) complex I; (C, I, and O) complex II; (D, J, and P) complex III; (E, K, and Q) complex IV; (F, L, and R) complex V. (A–F) Meningothelial
meningioma (MM1) with a complex II deficiency and a reduction of complexes I and IV (Supplementary Table 1). (G–L) Atypical meningioma
(AM4) with an isolated complex I deficiency (Supplementary Table 1). (M–R) Combined low complexes I, II, and IV in an anaplastic
meningioma (ANM1). (H) Staining intensity¼ 0; 20× magnification. Scale bar¼ 100 mm.
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Atypical Meningioma (WHO Grade II)

The expression levels of porin and OXPHOS complexes in WHO
grade II meningiomas (atypical meningiomas) were similar to
those in controls (Table 1; Fig. 2). Enzymatic measurements re-
vealed a significant reduction in citrate synthase activity
(Fig. 3A). Activities of complexes I, III, and V were normal,
whereas those of complexes II and IV were reduced (Fig. 3A).
Consistent with these findings, complex I expression deter-
mined by western blot analysis was higher in atypical meningi-
omas compared with that in other tumor entities and normal
control tissue (Fig. 3G).

Anaplastic Meningioma (WHO Grade III)

Levels of porin and OXPHOS complexes I, III, and IV in anaplastic
meningiomas (WHO grade III) were comparable to those in nor-
mal brain tissue (Figs 2 and 4). Complex II expression was sig-
nificantly upregulated in anaplastic meningiomas in comparison
with both WHO grades I (P¼ .002) and II (P¼ .035) meningio-
mas as well as normal brain tissue. Complex V was significantly
upregulated compared with control tissue (Table 1). Enzymatic
measurements revealed a general downregulation of citrate
synthase and OXPHOS complexes I–IV (Fig. 3A–E). Complex V
activity (Fig. 3F) was within the normal range.

Fig. 3. Enzymatic activities of the OXPHOS complexes and the citrate synthase in meningiomas, PNSTs, and control brain tissue. (A) Citrate
synthase (CS) activity; (B) complex I activity; (C) complex II activity; (D) complex III activity; (E) complex IV activity; (F) complex V activity.
Absolute enzyme activities are given in mUnits/mg protein. The activities were compared with normal brain tissue. Values are given as mean+
SEM. *P , .05; **P , .01. (G) Immunoblot analysis of meningiomas and PNSTs (for details on tumors, see Supplementary Table 1) and control brain
tissue. BC: control brain; n¼ 5; NF: n¼ 4; SW: n¼ 4; FM: n¼ 4; MM: n¼ 5; TM: n¼ 4; PM: n¼ 4; AM: n¼ 5; ANM: n¼ 3.
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Correlation of the OXPHOS Complexes to Meningioma
Tumor Grade

A significant positive correlation was found among expression
levels of complex I (P¼ .0087, R¼ 0.3008), complex II (P¼
.0124, R¼ 0.2855), complex IV (P¼ .0295, R¼ 0.2498), and
complex V (P¼ .0154, R¼ 0.2769) by immunohistochemical
analysis and meningioma grade. In addition, total (P¼ .0113,
R¼ 0.4980) as well as the citrate synthase normalized activity
of complex II (P¼ .0183, R¼ 0.4930) positively correlated with
tumor grade.

Schwannoma (WHO Grade I)

The mitochondrial mass (porin staining) was increased in
schwannomas. All OXPHOS complexes were reduced, with
exception of the exclusively nuclear-encoded complex II
(Table 1). MtDNA copy number was significantly reduced
compared with control brain tissue (Table 1). Enzymatic
measurement revealed downregulation of citrate synthase
activity and the OXPHOS complexes II, III, and IV. Com-
plexes I and V showed only a trend to lower activities
(Fig. 3).

Fig. 4. Distribution of the staining intensities in meningiomas, PNSTs, and normal brain tissue. (A) Porin, (B) complex I, (C) complex II, (D) complex
III, (E) complex IV, (F) complex V. BC, control brain; FM, fibroblastic meningioma; TM, transitional meningioma; MM, meningothelial meningioma;
PM, psammomatous meningioma; SM, secretory meningioma; AM, atypical meningioma; ANM, anaplastic meningioma; SW, schwannoma; NF,
neurofibroma. L, low expressors (blue) (staining intensities¼ 0–1); M, moderate expressors (red) (staining intensities¼ 1.5–2); H, high
expressors (green) (staining intensities¼ 2.5–3).
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Neurofibromas (WHO Grade I)

A high mitochondrial mass was found in neurofibromas (Table 1).
All OXPHOS complexes and mtDNA copy number were signifi-
cantly reduced compared with brain controls (Table 1). Citrate
synthase and the activity of complexes I–IV were significantly re-
duced. Complex V activity was increased (Fig. 3).

Genetics

MtDNA copy number determined by qRT-PCR was significantly
diminished (P , .01) in all meningioma entities and PNSTs
(Table 1). Since mtDNA deletions can cause combined or gene-
ral reductions of OXPHOS complexes, all meningiomas and
PNSTs were analyzed by qRT-PCR. There were no significant dif-
ferences in the cycle threshold values of the 2 mitochondrial
PCR products of either the COX1 or COX3/NADH dehydrogenase
subunit 3 (ND3) genes, excluding a highly prevalent (,50%)
common deletion in the analyzed tumors.

Sequence analysis of tumors that showed staining intensi-
ties of OXPHOS complexes ≤1 revealed a novel nonsynonymous
mtDNA mutation in one transitional meningioma (case TM6;
Supplementary Table 1). Unfortunately, no matched control tis-
sue was available. The identified mutation (m.13843G . A) af-
fects an amino acid residue with low conservation in the ND5
protein.

Sequencing of nuclear genes encoding SDH subunits (B, C,
and D) in meningothelial meningiomas exhibiting isolated re-
ductions in complex II revealed no pathogenic mutations.

Discussion
Normal mitochondrial mass was observed in meningiomas and
PNSTs regardless of the WHO grade, determined by immuno-
histochemical analysis. The normal mitochondrial mass is in
agreement with ultrastructural studies reporting abundant mi-
tochondria in meningiomas.17 The mtDNA reduction found in
meningiomas and PNSTs could contribute to the reduction of
the OXPHOS complexes. A high mitochondrial mass but low
mtDNA copy number is typical for patients suffering from
mtDNA depletion syndromes. Since the number of mitochond-
rially encoded subunits differs (eg, complex II exclusively nucle-
ar encoded) among the OXPHOS complexes, an mtDNA
depletion can differentially affect the OXPHOS enzymes. Low
levels of citrate synthase activity, a marker enzyme for mito-
chondrial mass, were found in meningiomas. These findings
are consistent with data reported by Herting et al.18 A low ex-
pression of the citrate synthase was also described recently by
Sharma et al (2015).19 PNSTs also exhibited a reduced citrate
synthase activity. Generally, a decrease of citrate synthase
activity indicates a reduction of mitochondrial mass usually
paralleled by a reduction in the amounts of all OXPHOS com-
plexes.20 However, the low citrate synthase activity found in
meningiomas and PNSTs is mainly due to the high amount of
connective tissue and/or cytoplasmic matrix components. For
example, fibroblastic meningiomas synthesize large amounts
of collagen and reticulin that significantly contribute to the pro-
tein concentration determined in tissue extracts when calculat-
ing absolute enzyme activities; large amounts of connective
tissue and/or cytoplasmic matrix components lead to an

underestimation of absolute enzymatic activities. As the mito-
chondrial mass determined by porin staining in meningioma
and PNST cells is similar to that of control tissue, the diminished
citrate synthase activity cannot be explained by changes of the
mitochondrial mass. Hence, immunohistochemistry is more
suitable to elucidate the level of certain proteins in tumor tis-
sues to be able to directly compare the expression of tumor
cells and nontumor cells, whereas techniques like western
blot analysis and enzymatic analysis using frozen tissue speci-
mens can determine only the overall content/activity of a pro-
tein. Especially in inhomogeneous tumors, functional analysis
does not allow assertion regarding alterations in tumor cells
only.

A reduction of complex I in meningiomas and neurofibro-
mas compared with normal brain tissue was detected by im-
munohistochemical analysis. Since neurons are used as the
reference cell type, this finding should be considered critically,
because it is supposed that meningiomas originate from non-
neuronal, arachnoidal cap cells. In the study by Herting and col-
leagues, upregulation of complex I activity was detected in
meningiomas,18 whereas we found significantly lower absolute
activity of complex I in fibroblastic and transitional meningio-
mas, which is in agreement with the study by Sharma et al
(2015), who reported a reduced expression of numerous com-
plex I subunits.19 However, complex I activity normalized to cit-
rate synthase activity was higher in all analyzed meningioma
entities compared with brain tissue.

The total complex III and IV activity was lower in most me-
ningioma entities compared with control brain tissue. Again,
the reduction of these complexes is likely due to the high
amount of connective tissue and/or cytoplasmic matrix com-
ponents. Immunohistochemical analysis revealed a downregu-
lation of complex IV in meningiomas (with the exception of
atypical meningiomas), which is consistent with our enzymatic
analysis. In agreement, complex II was reduced in low-grade
meningiomas. Interestingly, we found a significant positive cor-
relation between complex II expression as well as complex II
activity and meningioma tumor grade. This is in agreement
with recently reported reduced levels of the SDHA subunit in
low-grade meningiomas and normal levels in atypical meningi-
omas.19 Expression of complexes I, IV, and V in tumor cells also
significantly correlated with tumor grade.

The respiratory chain complexes are organized into super-
complexes. Complexes I, III, and IV are assembled into supra-
molecular structures.21 Since complex IV is required for
assembly and stability of complex I,22 loss of complex IV can
lead to a secondary reduction of all other OXPHOS complexes.
Recently, several studies identified factors that cause combined
OXPHOS deficiencies. Interestingly, depending on the affected
protein, different OXPHOS defects result.23 – 25 We propose
that alterations of an unknown etiological factor lead to the ex-
clusive reduction of complexes I, II, and IV of the respiratory
chain, as observed in meningiomas.

It is becoming more and more evident that several signaling
pathways affecting mitochondrial function play a role in tumor
development and progression. In meningiomas and PNSTs,
many frequently affected proteins belong to the same energy
metabolism network. Dysregulation of any of these factors
could contribute to the Warburg effect and thereby contribute
to tumorigenesis in meningiomas/PNSTs.
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The frequencies of chromosome losses in WHO grade II me-
ningiomas are: 22q (85%), 14q (60%), 1p (55%), 6q (25%), and
18q (20%).26 Guan et al27 detected a candidate common
loss-of-heterozygosity region on 1p36.11. Monosomy 1p is cor-
related with enhanced in vivo glucose metabolism in meningi-
omas.28 The SDHB gene lies within this region. Loss of complex
II leads to the accumulation of succinate, which in turn causes
stabilization of hypoxia-inducible factor 1a (HIF-1a).29 HIF-1a is
a master regulator of energy metabolism and known to be re-
sponsible for the glycolytic switch in tumor cells, thus providing
a possible link between monosomy 1p and increased glycolysis
in meningioma cells. Accordingly, HIF-1a is elevated in transi-
tional meningiomas.30 Several transcriptional targets of
HIF-1a are also elevated in meningiomas—for example, the
hypoxia marker carbonic anhydrase 9 in anaplastic meningio-
mas.31 The VHL protein, which has ubiquitin E3 ligase activity,
regulates the degradation of HIF-1a. VHL deletions were de-
tected in 12 of 15 meningiomas of different WHO grades.32 A
decrease of OXPHOS complexes was observed in tumors with
VHL mutations.33 Recently it was shown that transfection of
VHL-deficient renal cell carcinoma cell lines with VHL causes
an upregulation of the expression of OXPHOS complexes.34 Me-
ningiomas are well-vascularized tumors, which might also be
explained by loss of VHL. Targeted inactivation of VHL leads
to the development of highly vascularized tumors.35 The fact
that blood supply, and therefore oxygen delivery to meningio-
mas, presumably is high suggests that the Warburg effect and
HIF-1a stabilization in meningiomas are not induced by hypox-
ia but possibly via a VHL-dependent mechanism.

Recently it was shown that p53, which is frequently mutated
in meningiomas, is a secondary master regulator of energy me-
tabolism besides HIF-1a.36 Loss of p53 can cause mtDNA de-
pletion and can regulate expression of COX 2 (synthesis of
cytochrome oxidase 2).37 Telomerase activity has been detected
in most cancers, suggesting a role for telomerase in supporting
the proliferative capacity of cells progressing toward malignancy.
It is hypothesized that reactivation of telomerase is required to
maintain tumor growth. No telomerase activity is present in
benign meningiomas.38 Mitochondrial telomerase reverse tran-
scriptase (TERT) binds to and protects mtDNA from damage in
mice. TERT binds at the coding regions of the ND1 and ND2
genes. TERT binding protects against ethidium bromide–induced
damage and increases overall respiratory chain activity.39 In a
recent study it was shown that TERT knockout mice exhibited
a decrease in complex I activity, as well as reductions in complex
II- and complex IV-dependent respiration.40 Meningiomas fre-
quently show alterations in telomerase activity and exhibit a re-
duction of nucleus-encoded complex II, among others. We
suggest that alterations to telomere function might contribute
to the decline of OXPHOS enzyme expression in meningiomas.

As mentioned above, loss of chromosome 22q, which in-
cludes the NF2 gene, can be found in 85% of meningiomas.26

Almost all mutations of NF2 disrupt the function of merlin, the
NF2 gene product.41 Most fascinating, merlin neutralizes the in-
hibitory effect of murine double minute on p53.42 In addition, it
was shown that merlin may play a role in the regulation of
mammalian target of rapamycin (mTOR) complex 1.43,44 Inhi-
bition of mTOR enhances aerobic glycolysis and decreases mi-
tochondrial respiration.45 – 47 Loss of merlin might therefore also
lead to decreased OXPHOS.

With a proteomics approach, Sharma and colleagues identi-
fied several pathways affected in meningiomas, including mito-
chondrial function, OXPHOS, telomere extension, mTOR
signaling, glycolysis, hypoxia, and vascular endothelial growth
factor signaling. Numerous subunits of the OXPHOS complexes
were reduced, depending on tumor grade. In addition, levels of
some amino acids were altered in meningiomas.48,49

The fact that meningiomas show OXPHOS deficiencies may
have therapeutic implications, since tumor cells depend on glu-
cose for ATP production. The ketogenic diet is a high-fat, low-
carbohydrate, energy-balanced diet that mimics the metabolic
state of long-term fasting. During fasting or on a ketogenic diet,
ketone bodies generated by the oxidation of fatty acids serve as
fuel for the mitochondrial respiratory chain to cover the energy
demands of normal body cells. By means of a ketogenic diet, it
should be possible to target the increased glucose dependence
of tumor cells to selectively starve them out. This should selec-
tively slow down the proliferation and possibly kill cancer cells,
whereas normal cells can use ketone bodies for energy produc-
tion by OXPHOS. In case of meningiomas, ketogenic therapy
might be applied when the tumor cannot be resected
completely or is not operatively accessible. The different bioen-
ergetic phenotypes of meningiomas probably influence the ef-
fect on tumor progression in individuals under a ketogenic diet
as adjuvant therapy. In a few tumors of the central nervous
system (astrocytic tumors, glioblastomas), it was shown that
a calorie-restricted ketogenic diet had a growth inhibitory
effect.50

Supplementary Material
Supplementary material is available at Neuro-Oncology Journal
online (http://neuro-oncology.oxfordjournals.org/).

Funding
This work was supported by the Salzburg Cancer Foundation, “Vereini-
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