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Abstract Paragangliomas (PGLs) are rare neuroendocrine
tumours. About 30–40 % of these tumours are mutated in
one of the different susceptibility genes, including those
encoding the different subunits of the succinate dehydroge-
nase, a complex involved both in the tricarboxylic acid cycle
and in the oxygen transport chain. The aim of this work was to
investigate whether SDHB mutations may account for alter-
ations in cell metabolism and functions. Since human PGL
cell lines are not available, we used the neuroblastoma cell line
(SK-N-AS) stably transfected with the wild-type human
SDHB or different SDHB-mutated constructs carrying some
significant mutations found in our patients affected by PGLs.
Similarly to succinate dehydrogenase (SDH)-mutated tumour
cells, mutated SK-N-AS clones showed reduced SDH enzyme
activity. All clones showed normal citrate synthase activity,

reduced oxygen consumption and reduced carbonic anhydride
production, thus demonstrating a decreased in mitochondrial
metabolism. In two of the three mutated SK-N-AS, we also
found an increase in HIF1α expression. Surprisingly and
unexpectedly, in all the SDHB-mutated clones, we found a
significant decrease in glucose uptake and in lactate culture
medium concentration, suggesting also a decrease of cytosolic
metabolism. Finally, we found that these energetic changes
were associated to an increase in cell proliferation and migra-
tion. Overall, these data demonstrate that although SDHB
mutations significantly downregulate both mitochondrial and
cytoplasmic cellular metabolism, these mutations are associ-
ated to an upregulation of some cellular functions, such as
growth rate and invasiveness.

Introduction

Paragangliomas (PGLs) are rare neuroendocrine tumours aris-
ing from neural crest-derived cells [1]. In the last two decades,
it has been demonstrated that about 30–40% of these tumours
are mutated in one of the different susceptibility genes
[reviewed in 2, 3]. These genes include those encoding the
four subunits of the succinate dehydrogenase (SDHA, SDHB,
SDHC and SDHD) [4–7] and SDHAF2, which is responsible
for the flavination of the SDHA subunit [8]. Mitochondrial
succinate dehydrogenase (SDH) is an enzyme involved in the
tricarboxylic acid (TCA) cycle, where it catalyses the oxida-
tion of succinate to fumarate, and in the mitochondrial elec-
tron transport chain. SDHA and SDHB are the two catalytic
subunits, while SDHC and SDHD are the structural subunits,
which anchor the complex into the inner mitochondrial
membrane.

Heterozygous germ line mutations in SDHA have been
shown to cause abdominal PGL [4], while germ line muta-
tions in SDHB, SDHC and SDHD, and SDHAF2 genes are
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responsible for the occurrence of syndromes named PGL4,
PGL3, PGL1 and PGL2, respectively. These syndromes are
characterized by the occurrence of PGL at different sites in the
body (head and neck, thorax, abdomen) [8–16]. In particular,
it has been demonstrated that SDHB germ line mutations are
very often associated to malignant PGLs.

We have recently demonstrated that in patients affected by
PGLs, genetic defects in one of SDH-encoding genes signif-
icantly affect the complex expression and function [17]. Al-
though the correlation between the onset of these tumours and
genetic mutations has been well-established, very few infor-
mation are available on the biochemical/functional modifica-
tions induced in the cells by SDH mutations. Such dynamic
studies cannot be carried out in tumour tissues and need to be
performed on living cells. Unfortunately, at present, SDH
knockdown animal models or a human neural crest-derived
cell line are not available. Therefore, to overcome this prob-
lem, we used the neuroblastoma cell line SK-N-AS to inves-
tigate whether SDHB mutations account for different func-
tional and metabolic alterations in these cells after
transfection.

The characterization and the comprehension of the cellular
changes due to SDH mutations, that lead to tumour develop-
ment, may constitute a first step to a therapeutic pharmaco-
logical approach for these aggressive tumours.

Materials and Methods

SDHB Cloning and Site-Direct Mutagenesis

RNAwas extracted from tissue using the commercial RNeasy
Mini extraction kit (Qiagen) following the manufacturer’s
instruction. Full-length SDHB complementary DNA (cDNA)
was synthesized from 0.5 μg total RNA samples as follows.
RNA, preheated at 80 °C for 5 min, was reverse-transcribed in
10 μl of reaction buffer (50 mM Tris HCl, pH 8.3, 75 mM
KCl, 15 mM MgCl2, 10 mM DTT and 500 mM dNTP)
containing 10 pmol of specific primers and 100 units of
Superscript II in the presence of 15 units of RNase at 42 °C
for 50 min.

A 2-μl human cDNA coding of SDHB was first amplified
using 0.2 mM of the following primers: 5′-GCTGGACGTC
AGGAGCC-3′ (forward) and 5′-GCTCTGAGGTGGTTAT
AAATC-3′ (reverse), mixed with 2X GC Buffer I, 200 mM
dNTP, 5 U TaKaRa LATaq polymerase (TaKaRa Bio Inc.) in
a final volume of 50 μl. After an initial step of 2 min at 95 °C,
40 cycles at 95 °C for 30 s, 58 °C for 30 s and 72 °C for 2 min
were performed before a final extension at 72 °C for 7 min.
Total amplified product was then analysed on a 1-% agarose
ethidium bromide gel using DNA molecular weight (Roche,
Indianapolis, USA). Once obtained, the cDNA has been

cloned using TOPO TA Cloning Kit (Invitrogen, Carlsbad,
CA) following the manufacturer’s instruction.

The mutant constructs were generated by site-directed mu-
tagenesis using the QuikChange mutagenesis kit (Stratagene,
La Jolla, CA). SDHBwild-type gene cloned in the pcDNA3.1/
V5-His-TOPO® TA plasmid was used as template. We gen-
erated three missense mutations (Table 1).

The corresponding modified primers used to generate mu-
tated alleles are the following:

for p.Cys101Tyr
5′-CATCTGTGGCTCTTATGCAATGAACATCAA-3′
(forward)
5′-TTGATGTTCATTGCATAAGAGCCACAGATG-3′
(reverse)
for p.Cys191Tyr
5′-GCATTCTCTGTGCCTACTGTAGCACCAGCT-3′
(forward)
5′-AGCTGGTGCTACAGTAGGCACAGAGAATGC-
3′ (reverse)
for p.Ser163Pro
5′-AAGAAGGATGAACCTCAGGAAGGCAAGCAG-
3′ (forward)
5′-CTGCTTGCCTTCCTGAGGTTCATCCTTCTT-3′
(reverse).

In bold are the base change. For both wild type and each
mutant, the sequence of the SDHB gene was verified by
sequencing the entire encoding region.

Cell Transfection and Clone Selection

The neuroblastoma cell line SK-N-AS was grown in
Dulbecco’s Modified Eagle Medium (DMEM), supplemented
with 10% foetal calf serum (FCS), 2 mM L-glutamine, 100 U/
ml penicillin and 100 μg/ml streptomycin at 37 °C in 5 %
CO2-humidified atmosphere, to about 90 % confluence and
transfected with the different constructs using Lipofectamine
2000 (Invitrogen) following manufacturer’s instruction. Cells
were split 48 h later, and the standardmediumwas replaced by
medium containing 0.6 mg/ml G418. After 3 weeks of selec-
tion, DNA was purified from the different cell clones and
verified by sequencing. Positive clones were grown in media
with lower amount of G418 for maintenance (0.2 mg/ml).

Cell Homogenates and Lysates Preparation

Unless specified, all reagents were purchased from Sigma
(Sigma-Aldrich, Milan, Italy). Homogenates were prepared
as already described [18] with minor modifications. Briefly,
the cell pellets were resuspended in a solution containing
120 mM KCl, 20 mM HEPES, 2 mMMgCl2, 1 mM ethylene
glycol tetraacetic acid (EGTA) and 5 mg/ml BSA and
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homogenized in a hand-held homogenizer. The homogenate
was centrifuged at 800g for 10 min at 4 °C, and the enzyme
assays were performed on the supernatant. For Western blot,
cell pellets were lysed in lysis buffer (containing 50 mM Tris
HCl pH=7.5, 120 mM NaCl, 1 mM EGTA, 6 mM EDTA,
15 mM Na4P2O7, 20 mM NaF, 1 % Triton X-100, protease
inhibitor cocktail) homogenized in a hand-held homogenizer,
incubated for 30 min on ice. Lysates were clarified by centri-
fugation at 10,000g for 15 min at 4 °C. Supernatants were
quantified for protein content (Coomassie Blue reagent was
from Bio-Rad, Hercules, CA, USA) [19]. All procedures were
carried out on ice or at 4 °C.

SDH and Citrate Synthase Activity Measurement

Tissue homogenates (50 μg) were incubated in a phosphate
b u f f e r c o n t a i n i n g s o d i u m a z i d e ; 2 , 6
dichlorophenolindophenol (DCPIP); sodium succinate and
phenazine methosulfate. Complex II specific activity was
evaluated by measuring the decrease in absorbance due to
the oxidation of DCPIP at 600 nm [18]. CS activity was
measured by incubating the homogenates (25 μg) in a Tris
buffer, containing acetyl coenzyme A, 5,5′dithiobis(2-
nitrobenzoic acid) and oxaloacetate, and measuring the in-
crease in absorbance at 412 nm [18]. The enzymatic activities
were evaluated by photometry using the VICTOR3 1420
Multilabel Counter (Packard Instruments, Perkin-Elmer).

Western Blot Analysis

Samples of clarified lysates (30 μg of proteins) were separated
by SDS/PAGE and transferred onto PVDF (Immobilon,
Millipore, MA, USA), as previously described [19]. Bound
antibodies were detected using ECL reagents (Immobilon,
Millipore, MA, USA) and analysed with a Bio-Rad
ChemiDoc Imaging System for dedicated chemiluminescent
image acquisition (Imaging and Analysis Software by Bio-

Rad, Quantity One). The polyclonal anti-SDHB was from
Atlas Antibodies (Atlas Antibodies, Stockholm, Sweden),
and the monoclonal anti-subunit IVof complex IV was from
Invitrogen (Molecular Probes, Inc., Eugene, OR, USA). The
monoclonal anti-hypoxia-inducible factor (HIF)1α was from
BD Transduction Laboratories (BD Biosciences, NJ, USA).
The polyclonal anti-VDAC1, the polyclonal anti-actin and all
the secondary antibodies, such as the anti-rabbit, the anti-
mouse and the anti-goat immunoglobulin G conjugated to
horseradish peroxidase, were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

Transmission Electron Microscopy

The different neuroblastoma cell clones were pelleted by
centrifugation, fixed in 4 % glutaraldehyde, post-fixed in
1 % osmium tetroxide and embedded in Epon 812. Ultra-
thin sections were stained with uranyl acetate and alkaline
bismuth subnitrate and examined under a JEM 1010 electron
microscope (Jeol, Tokyo, Japan) at 80 kV. Micrographs were
taken at ×12,000 and ×50,000 final magnification using a
MegaView III digital camera (SIS-Soft Imaging System,
Munster, Germany). The first were used for count for point
determination of mitochondrial amount, and the latter ones
were used for analysis of mitochondrial and internal cristae
volumes. Briefly, to analyse the number of mitochondria, five
cytoplasmic fields for single clone were chosen at random and
a count by point was performed. Areas of mitochondria and
areas of cristae were measured using iTEM image analysis
software (SIS).

Glucose Uptake Measurement

Glucose transport was assayed essentially as previously de-
scribed [20]. Briefly, to determine glucose uptake, cells were
seeded in six-well plates and serum-starved in DMEM with
low glucose (1 g/l) overnight. 2-deoxy-glucose uptake was
evaluated in a buffered solution (140 mM NaCl, 20 mM
HEPES/Na, 2.5 mM MgSO4, 1 mM CaCl2 and 5 mM KCl,
pH 7.4) containing 0.5 μCi/ml [3H]deoxy-glucose. Glucose
uptake was allowed at 37 °C for 10 min. Cells were subse-
quently washed with cold phosphate-buffered saline (PBS)
and lysed with 0.1 M NaOH. Incorporated radioactive was
assayed by liquid scintillation counting.

Oxygen Consumption Analysis

Quantitation of oxygen consumption by the SDHB wild-type
and the SDHB-mutated neuroblastoma clone cells was con-
ducted by means of the Oxygraph system (Hansatech Instru-
ments, Norfolk, UK). Cells (300,000) were loaded in the
chamber containing 300 μl of DMEM with glutamine 2 mM

Table 1 Neuroblastoma cell clones

Clone Variation Type of mutation

pcDNA Empty vector No

SDHB Wild type No

SDHB c.302 G>A
p.Cys101Tyr

Missense

SDHB c.572 G>A
p.Cys191Tyr

Missense

SDHB c.487 T>C
p.Ser163Pro

Missense

cDNA for wild-type SDHB subunit was cloned, and cDNAs correspond-
ing to mutations were generated by site-directed mutagenesis on the wild-
type sequence. Neuroblastoma cells were stably transfected with the
different constructs. pcDNA and SDHB wt clones were used as controls
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and 10 % foetal calf serum. Oxygen consumption was mon-
itored for 5 min at 37 °C.

Detection of Released CO2 by Radioactive Glucose

The production of 14CO2 was measured from the
D-[U-14C]glucose oxidation as previously described [21].
Briefly, cells were plated in six-well dishes, serum deprived
for 24 h and then incubated with the medium added with
0.2 μCi/ml of D-[U-14C]glucose. Each dish was covered with
a disc ofWhatman paper. The paper was wetted with 100μl of
phenylethylamine-methanol (1:1) to trap the produced CO2.

After incubation, 200 μl of 4MH2SO4 was added to the wells.
Finally, after 1 h at 37 °C, the papers were removed and
transferred to scintillation vials for radioactive measurements,
by scintillation counting (Tri-Carb 2800TR Liquid Scintilla-
tion Analyzer, Perkin-Elmer). Resulted values were normal-
ized on protein concentration.

Lactate Concentration Measurement

Cells were seeded in six-well plates, let them grown to con-
fluence, washed twice with PBS and culturing media replaced
with fresh one. After 24 h, media were collected and
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Fig. 1 Succinate dehydrogenase (SDH) and citrate synthase (CS) activ-
ities and mitochondrial protein expression in SDHB-mutated neuroblas-
toma clones. The histogram represents a the SDH and c CS activities
expressed as the percentage of the activity measured in cell homogenates.
All themutated clones showed a significantly decreased SDH activity. CS
activities were comparable among all the samples. Bars are the means of
five independent experiments (each of them conducted in duplicate
samples)±SD, *p<0.05 compared to controls (pcDNA and wt-
transfected clones). b Total protein lysates were assessed for

mitochondrial proteins such as SDHB, voltage-dependent anion channel
(VDAC) and subunit IVof the cytochrome c oxidase (COX) by Western
blot analysis. Blot is representative of five independent experiments, and
actin immunoblot has been used as loading control. d Densitometric
analysis of Western blot bands of SDHB, performed using imaging and
analysis software by Bio-Rad (Quantity One), showed no differences in
protein expression in all the different clones. Bars are the means of five
independent experiments
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centrifuged at 16,000×g, 10 min at 4 °C, and the supernatants
were transferred in clean tubes. Lactate was measured in the
culturedmedia with Lactate Assay kit (Source Bioscience Life
Sciences) according to the manufacturer’s instruction.

Proliferation Assay

To evaluate [3H]thymidine incorporation, cells at 50 % con-
fluence and previously serum-starved for 24 h were chal-
lenged with 1 % FCS for 24 h. [3H]thymidine (0.5 μCi/well)
was added for the last 2 h of incubation. Cells were washed
twice in ice-cold phosphate-buffered saline (PBS) before the
addition of 500 μl of 10 % trichloroacetic acid for 30 min at
4 °C. Washed twice with 250 μl of 5 % trichloroacetic acid,
the cells were then lysed in 0.25 N NaOH (500μl/well) for 1 h
at 37 °C. Incorporation of [3H]thymidine was measured by
scintillation counting (Tri-Carb 2800TR Liquid Scintillation
Analyzer, Perkin-Elmer) [20].

Wound-Healing Migration Assay

Confluent cells were serum-starved for 24 h, and the dishes
were scored with a sterile 200 μl micropipette tip and
photographed. Thereafter, cells were treated with 1 % serum.
After 24 h, the wounds were photographed again to visualize
incoming cells [22]. Briefly, to analyse the wound healings,
we measured the pixels number in which cells were absent,
both at T=0 and T=24 h, and the difference was expressed as
percentage of healing. For each clone, experiments were re-
peated four times.

Statistical Analysis

Statistical analysis was performed using Student’s t test, and
p<0.05 was considered significant. Data are reported as
means±SD of at least three experiments with similar results.

Results

SDHB Mutations Induce a Decrease in SDH Activity
and an Increase in HIF1α Expression Without Impairing
Protein Expression and Mitochondria Number
and Morphology

To assess if different SDHB mutations might confer different
biochemical and/or functional characteristics to neuroblasto-
ma cells, we cloned the wild-type (wt) human SDHB gene into
pcDNA3.1/TOPO vector. Subsequently, we generated SDHB
mutant constructs by site-directed mutagenesis. The missense
mutations have been chosen among those found in our cohort
of patients affected by PGLs (Table 1).

The neuroblastoma cell line (SK-N-AS) was screened for
all the SDH subunit genes and found wild type. Subsequently,
the line was stably transfected with the wild-type human
SDHB or the different SDHBmutant constructs. The presence
of the SDHB wild-type or mutated sequences in the different
SK-N-AS clones was verified by sequencing the entire SDHB
encoding region purified from the different cell populations.
We then evaluated the SDH activity of the different cell clones
and found a significant decrease, ranging from 27 to 47 %, in
all the SDHB-mutated clones compared to the cells overex-
pressing the SDHBwild-type sequence (control; Fig. 1a). The
expression of the complex, as evaluated by Western blot
analysis, did not correlate with the results of the enzymatic
assay. In fact, we did not find any difference in the SDHB
expression levels among the clones (Fig. 1b).

In order to evaluate if the expression of mutated SDHB
could somehow affect the activity of other mitochondrial
enzymes, we also analysed the activity of the citrate synthase
(CS) in the different clones. This enzyme is present in the
mitochondrial matrix and is involved in the TCA cycle. Dif-
ferently from SDH, the activity of CS was found comparable
among all the samples (Fig. 1c). Also, the expression of other
mitochondrial proteins, such as the voltage-dependent anion
channel (VDAC), a protein located on the mitochondrial outer
membrane, and the cytochrome c oxidase (COX), which is an
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Fig. 2 HIF1α expression in SDHB-mutated neuroblastoma clones. a
Total protein lysates were assessed for HIF1α by Western blot analysis.
Blot is representative of three independent experiments, and actin immu-
noblot has been used as loading control. b The histogram represent the
densitometric analysis of Western blot bands, performed using imaging
and analysis software by Bio-Rad (Quantity One). Bars are the means of
three independent experiments±SD, *p<0.05 compared to controls (wt-
transfected clones)
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enzyme of the respiratory chain located in the inner mitochon-
drial membrane, resulted unchanged in the different neuro-
blastoma cell clones (Fig. 1b). These results suggest that the
expression of different SDHBmutations did not induce, in our
model, a generalized impairment of the mitochondria, but
altered the SDH activity specifically.

It is known that alterations of SDH enzymatic activity are
coupled to increased levels of HIF1α [23]. As expected, in the
mutated clones, we found an increase in HIF1α expression
(Fig. 2a). At densitometric analysis, the increase was found

statistically significant in the two clones expressing the mis-
sense mutations, p.Cys101Tyr and p.Cys191Tyr (Fig. 2b).

It has been demonstrated that in PGLs, SDH mutations
result not only in a destabilization of the complex II, with loss
of the enzymatic activity, but also in an abnormal mitochon-
drial morphology [24]. In order to confirm the data obtained
by the Western blot analysis suggesting no alteration in the
mitochondria and to check their morphology, we used the
electron microscopy approach. As shown in Fig. 3, and con-
firmed by using the count-for-point method (Table 2), both the

wt p.Cys101Tyr

p.Cys191Tyr p.Ser163Pro

pcDNA 1 µm

Fig. 3 Transmission electron
microscopy of ultra-thin sections
of the different neuroblastoma
cell clones examined under a JEM
1010 electron microscope.
Micrographs were taken at
×12,000 final magnification using
a MegaView III digital camera
(SIS-Soft Imaging System,
Munster, Germany). Images are
representative of five cytoplasmic
fields for single clone

Table 2 Analysis of mitochondria

Clone % of mitochondria % of mitochondria areas (ma) % of internal cristae areas (ica) ma/ica ratio

pcDNA 17±0.2 100±24 100±15 6

SDHB wt 18±2 101±22 101±13 5.9

SDHB p.Cys101Tyr 17±3 91±24 99±16 5.5

SDHB p.Cys191Tyr 19±4 124±22 104±7 7.2

SDHB p.Ser163Pro 18±3 129±21 119±18 6.5

Briefly, to analyse the number of mitochondria, five cytoplasmic fields for single clone were chosen at random, and a count by point was performed.
Areas of mitochondria and areas of cristae were measured using iTEM image analysis software (SIS). Mitochondrial swelling/disruption was estimated
by the ratio between the surface area and overall areas of cristae
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mitochondrial shape and amount were found comparable in all
the samples. Moreover, the analysis of the area ratios showed
that also the internal mitochondrial membranes forming the
cristae were similar in all the neuroblastoma clones (Table 2).

SDHB Mutations Affect Cell Metabolism in All
Neuroblastoma Clones

It is well-known that the TCA cycle sustains the oxidative
phosphorylation carried out by the mitochondrial respiratory
chain, ending in oxygen reduction and ATP production. Thus,
we measured mitochondrial oxygen consumption in each
neuroblastoma clone, and we found that in all the SDHB-

mutated cells, oxygen consumption was significantly lower
than that in the wild-type ones in agreement with the finding
of the decreased SDH activity (Fig. 4a, b). In order to under-
stand the energy status of these cells, we also measured the
CO2 production. In keeping with the oxygen consumption
data, the CO2 levels were slightly but significantly lower in
all the SDH-mutated clones (18 to 22 %, Fig. 3c) than in the
wild-type ones.

Cancer cells undergo deep changes in their metabolism. In
fact, tumour cells undergo aerobic glycolysis, also called
Warburg effect, coupled with increased glucose uptake due
to incomplete glucose oxidation, thus promoting the produc-
tion of glycolytic intermediates, needed to increase cancer
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Fig. 4 Study of O2 consumption, CO2 production, glucose uptake and
lactate secretion in SDHB-mutated neuroblastoma clones. a Representa-
tive traces of oxygen consumption measured by means of the Oxygraph
system (Hansatech Instruments, Norfolk, UK). Cells were loaded in the
chamber containing 300 μl of DMEM+10% FCS. Oxygen consumption
was monitored for about 4 min at 37 °C. b Oxygen consumption was
significantly decreased in all the mutated clones (the black bar is the
control, dark grey is p.Cys101Tyr, the grey is p.Cys191Tyr and light grey
is p.Ser163Pro). Bars are the means of three independent experiments±
SD, *p<0.05 compared to control (wt clone). c Basal CO2 levels were
measured in cells serum-starved for 24 h and then incubated with the
medium containing 0.2 μCi/ml D-[U-14C]glucose. CO2 amounts were
slightly, but significantly lower in all the SDH-mutated clones (18 to
22 %, Fig. 3c) than in the wild-type ones. Bars are the means of three
independent experiments, performed in duplicate, ± SD. *p<0.05 com-
pared to control (pcDNA and wt clones). dGlucose uptake was measured

in cells serum-starved in DMEM with low glucose (1 g/l) overnight. 2-
deoxy-glucose uptake was allowed at 37 °C for 10 min. Incorporated
radioactive was assayed by liquid scintillation counting. All the mutated
clones showed a slight, but significant decrease in glucose uptake. Bars
are the means of three independent experiments (each of them conducted
in triplicate samples)±SD, *p<0.05 compared to controls (pcDNA and
wt). e Culturing media were replaced with fresh ones once cells reached
100 % confluence. After 24 h, media were collected and centrifuged, and
the supernatants were transferred in clean tubes. Lactate was immediately
measured in the cultured media with Lactate Assay kit (Source Biosci-
ence Life Sciences) according to the manufacturer’s instruction. Again,
the media of all the mutated clones showed a slight, but significant
decrease in lactate concentration. Bars are the means of three independent
experiments±SD, *p<0.05 compared to control (pcDNA and wt)
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biomass [25, 26]. To ascertain whether the different SDHB
mutations might induce different effect on glycolysis, we
measured the glucose uptake after having starved the cells
overnight in the absence of serum and at low glucose concen-
tration. Unexpectedly, we observed that glucose uptake was
slightly, but significantly decreased in all the mutated clones.
These decrements were ranging from 13 to 21 % (Fig. 4d). To
address the possibility that the inversion of the Warburg
phenotype could be dependent on a preferential lactate versus
glucose uptake, we measured the lactate levels in the culturing
medium. Indeed, the concentration of lactate was significantly
lower in the media of all the mutated clones (16 to 30 %,
Fig. 4e), suggesting an increase in the utilization of this
substrate.

Proliferation and Migration is Increased in SDHB-Mutated
Cells

The effects of the different mutations on cell growth rate and
motility were evaluated in all the transfected cell types.

Cell proliferation was assessed by measuring [3H]thymi-
dine incorporation, as an index of DNA synthesis. Thymidine
incorporation was measured in the different clones challenged
with 1 % of serum. As shown in Fig. 5, two of the three cell
clones expressing the missense mutations, p.Cys101Tyr and
p.Cys191Tyr, showed a statistically significant increased pro-
liferation in comparison to controls.

The wound-healing migration assay was planned to mea-
sure cell migration potential. Confluent cells were scraped
with a sterile micropipette tip, challenged with 1 % serum
and photographed at different times to visualize cell progres-
sion [22]. When compared to controls, all the mutated clones
showed a significantly increased migration (Fig. 6).

Discussion

In the past few years, the correlation between SDH mutations
and the onset of PGLs have been very well-established. More-
over, by studying tumour transcription profile, the intracellular
pathways involved in tumour pathogenesis have been
highlighted. Indeed, it has been demonstrated that SDHx-
mutated tumours show a transcription profile associated with
“pseudo-hypoxic” signalling [27]. In fact, succinate accumu-
lation inhibits HIF degradation causing an activation of the
hypoxia-induced angiogenesis. Also, von Hippel-Lindau
(VHL) protein is involved in HIF degradation thus explaining
the pseudo-hypoxic profiles found in VHL-mutated tumours.
On the other hand, RET- and NF1-mutated PGLs are associ-
ated with abnormal activation of RAS/RAF/MAPK and
PI3K/AKT/mTOR intracellular pathways, involved in cell
proliferation and differentiation [28, 29]. Although SDH is a
key enzyme involved in both the TCA and the oxidative

phosphorylation, data on the consequences of SDHmutations
on cellular metabolism are not yet available. In this paper, for
the first time, we report the effects of different SDHB muta-
tions on cellular metabolism. In a previous work, we demon-
strated that SDHx-mutated tumours show a significant de-
crease in SDH activity and complex expression [17]. In the
cell model used in this paper, we found a significant and
specific decrease in SDH activity in all the SDHB-mutated
clones but we could not reveal any differences in the complex
expression. This finding may have different explanations: (a)
the SDHB subunit is overexpressed in our clones and, al-
though the half-life of the mutated protein is much shorter
than that of the wt one [30], the protein levels might be still
high, so that, small differences in protein levels might not be
detectable byWestern blot analysis; (b) the difference between
the mutated and the wt isoforms is limited to a single amino
acid, and this difference might not be detected by the antibody
we used. In any case, also in view of the increased HIF1α
expression we found, we believe that the significant decrease
in SDH activity found in the mutated clones suggests that in
our cultured cells, there is a dominant effect of the mutations
similar to that observed in our patients, thus making our cell
model suitable for evaluating the functional consequences of
an impaired SDH activity similar to that found in SDH-
mutated tumour tissue.

Nowadays, it is well-known that mitochondria are dynamic
organelles that can change in number and morphology.
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Fig. 5 Effects of SDHB mutations on proliferation of neuroblastoma
clones. Labelled thymidine incorporation was measured in 24 h serum-
starved neuroblastoma clones, at approximately 50 % confluence, treated
with 1 % FCS for 24 h. Data are means of three independent experiments
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Mitochondrial integrity is maintained through a continuous
process by which mitochondria divide and fuse forming a
dynamic interconnecting network undergoing remarkable
structural changes both during apoptosis and under oxidative
stress. According to the very limited data of the literature,
PGL cells from SDHD mutation carriers are reported to pres-
ent an increased number of swollen mitochondria [24]. By
electron microscopy and Western blot analysis, we could
demonstrate that, in our experimental conditions, both the
number and the morphology of mitochondria are not im-
paired. Also in this case, the discrepancy with data obtained
from tumour tissues might be due to the presence of the wt
SDHB protein that is probably sufficient not to drastically
impair mitochondrial homeostasis. In spite of that, the meta-
bolic functions of the SDHB-mutated clones resulted signifi-
cantly changed. Reducing equivalents, coming from the TCA,
are necessary for the respiratory chain to work properly. As
expected, oxygen consumption was significantly decreased in

all the clones, confirming that a compromised SDH activity
influences the reduction of oxygen to water. In line with these
results, we also found a decreased CO2 production, suggesting
a reduced glucose decarboxylation and an increased HIF1α
expression in two clones. These results are in agreement with
a recent study in which the authors demonstrated the presence
of differences in determinants of energy metabolism in PGLs
[31]. In particular, the authors reported that in all SDH-mutat-
ed tumours, they found an accumulation of succinate associ-
ated with a very low content of ATP/ADP/AMP.

In contrast, the data on glucose uptake and lactate produc-
tion were somehow surprising. In fact, our hypothesis was that
a reduction in SDH activity might be associated to a marked
Warburg effect causing a shift from a complete glycolysis to
an aerobic glycolysis, with an increased glucose uptake and
lactate production. On the contrary, we found a reduced glu-
cose uptake and a reduced lactate concentration in the medium
of all the clones. Recently, Fiaschi and colleagues [32]

1% serum T=0

p.Cys191Tyrp.Cys101Tyr p.Ser163ProwtpcDNA

100 µm

1% serum T=24h

p.Cys191Tyrp.Cys101TyrpcDNA p.Ser163Prowt

pixels2

T=0 T=24h % of healing
pcDNA 60910 30594 49,77179
SDHB wt 41998 25413 39,48998
SDHB p.Cys101Tyr 39747 6610 83,36981*
SDHB p.Cys191Tyr 55618 14452 74,01561*
SDHB p.Ser163Pro 49451 13488 72,72452*

Fig. 6 Effects of SDHBmutations onmigration of neuroblastoma clones.
Wound-healing migration assay: confluent and serum-starved cells were
scratched with a micropipette tip and photographed (time T=0). Cells
were challenged with 1 % FCS, and after 24 h, the wounds were
photographed again (time T=24 h) to visualize the incoming cells. The
experiment was repeated four times with similar results. Cell-free pixels,

representing the wounds, were measured both at T=0 and T=24 h. The
difference, expressed as percentage, represents the healing. In the figure
are shown the representative pixels values, for each clone; experiments
were repeated four times. *p<0.05 compared to controls (pcDNA andwt-
transfected clones)
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demonstrated that there was a metabolic reprogramming of
prostate cancer cells, which gradually became independent
from glucose use, while increasing lactate uploading and
consumption. In our experimental conditions, the decreased
lactate concentration in the medium, coupled to a decreased
glucose uptake, suggests a shift in metabolite consumption
and energy metabolism in the different mutated clones, simi-
larly to the prostate cancer cells.

In our study, this reprogramming in energy production,
induced by SDHB mutations, is associated to differences in
cell proliferation and migration, as demonstrated by the in-
creased thymidine incorporation and wound-healing assays.
Although not experimentally proved, it is reasonable to hy-
pothesize that these increases in proliferation and migration
are consequences of the mutated metabolism and not the other
way round, that is an adaptation of the metabolism to an
increased cell division rate or migration. It is worth noting
that the twomutated clones presenting a significant increase in
cell growth are the same, presenting also a significant increase
in HIF1α expression, thus suggesting a direct link between
cell growth and hypoxia.

To the best of our knowledge this is the first study evalu-
ating the metabolic and functional cell modifications induced
by SDHBmutations. We are well aware that our experimental
model may not closely resemble the in vivo conditions of
SDHB-mutated tumour cells, but it, nevertheless, allowed us
to dynamically evaluate the functional consequences of an
impaired SDH activity at the cellular level. Such a resulted
decrease is associated to a shift in energy metabolism, cell
proliferation and migration.

An improved comprehension of the cellular mechanisms
leading to tumour development may constitute the first step
for a therapeutic pharmacological approach aimed at limiting
the biological aggressiveness of the SDHB-mutated PGLs.
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