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The tricarboxylic acid (TCA) cycle enzyme succinate dehydrogenase (SDH) is a tumor suppressor.
Heterozygosity for defective SDH subunit genes predisposes to familial paraganglioma (PGL) or pheochro-
mocytoma (PHEO). Models invoking reactive oxygen species (ROS) or succinate accumulation have been
proposed to explain the link between TCA cycle dysfunction and oncogenesis. Here we study the biochemi-
cal consequences of a common familial PGL-linked mutation, loss of the SDHB subunit, in a yeast model.
This strain has increased ROS production but no evidence of mutagenic DNA damage. Because the strain
lacks SDH activity, succinate accumulates dramatically and inhibits a-ketoglutarate («KG)-dependent
enzyme JIp1, involved in sulfur metabolism, and «KG-dependent histone demethylase Jhd1. We show that
mammalian JmjC-domain histone demethylases are also vulnerable to succinate inhibition in vitro and in cul-
tured cells. Our results suggest that any aKG-dependent enzyme is a potential target of accumulated succi-
nate in oncogenesis. The possible role that inhibition of these enzymes by succinate may have in

oncogenesis is discussed.

INTRODUCTION

Mitochondrial complex II (succinate dehydrogenase, SDH)
contains four nuclear-encoded subunits (SDHA-D) localized
to the inner mitochondrial membrane. The SDHA subunit cat-
alyzes the oxidation of succinate to fumarate in the tricar-
boxylic acid (TCA) cycle. The resulting electrons are passed
through the iron-sulfur clusters of SDHB, which is anchored
to the inner mitochondrial membrane by SDHC and SDHD
subunits. Electrons ultimately flow to the ubiquinone pool of
the electron transport chain (ETC) to generate ATP. Mutations
in genes encoding SDH subunits have been linked to severe
encephalopathy and, more recently, to familial paraganglioma
(PGL) and pheochromocytoma (PHEO) (PHEO: adrenal gland
PGL). Mutations affecting SDHA are rare and associated with
Leigh Syndrome, a neurological disorder typical of mitochon-
drial ETC defects (1). In contrast, mutations in genes encoding
SDHB, C, and D predispose carriers to familial PGL and
PHEO in an autosomal dominant fashion (2—4). A broad spec-
trum of SDH mutations has been reported in familial PGL.

This range of mutations suggests that loss of function of
SDH subunits SDHB, SDHC, or SDHD is the common predis-
posing factor in familial PGL.

Two plausible hypotheses have been proposed to explain
the peculiar linkage between disruption of electron flow
through mitochondrial complex II and tumorigenesis in neuro-
endocrine cells (Fig. 1). In the reactive oxygen species (ROS)
hypothesis (Fig. 1A), it is proposed that an intact, catalytically
active SDHA subunit generates genotoxic ROS by uncoupled
electron flow from succinate to oxygen or water in cells where
one of the electron-carrying subunits (SDHB, SDHC or
SDHD) is missing or inactive (5,6). The ROS model implies
that genotoxic ROS mutagenize nuclear proto-oncogenes or
tumor suppressors. This model predicts that ROS should be
increased in cells lacking SDHB, SDHC or SDHD, but not
when SDHA is missing. Although certain mutations in these
genes result in ROS production in Caenorhabditis elegans,
Saccharomyces cerevisiae and mammalian cell lines (5-8),
it is not clear that ROS accumulate to levels that are
mutagenic.
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Figure 1. Two models for the origin of human familial PGL resulting from
loss of SDHB. (A) ROS model. The loss of SDHB results in release of an
uncoupled, catalytically active SDHA subunit that oxidizes succinate but
passes electrons inappropriately to oxygen or water to generate ROS. (B)
Succinate accumulation model. The loss of SDHB results in loss of SDH
activity and causes succinate accumulation. Excess succinate is shuttled
from the mitochondrial matrix to the cytoplasm, where it inhibits any of
several aKG-dependent enzymes (E) that regulate levels or activities of
important regulatory proteins (black box). IMS, inner membrane space;
IMM, inner mitochondrial membrane.

In the succinate accumulation hypothesis (Fig. 1B), loss or
inactivation of SDHB, C or D proteins yields a catalytically
inactive SDHA subunit, resulting in blockade of the TCA
cycle and diffusion of accumulated succinate to the cytoplasm.
Succinate can then act as an inhibitor of a-ketoglutarate
(aKG)-dependent enzymes that use ferrous iron and molecular
oxygen as cofactors to hydroxylate their substrates and gener-
ate succinate as a product (9—11). It has been demonstrated
that two such aKG-dependent enzymes, the prolyl hydroxy-
lases EgIN1 and EgIN3, are inhibited by succinate accumu-
lation in cells that have lost SDHD function (9,11). EgIN1
and EgIN3 are involved in the regulation of HIF-la and
c-Jun-dependent apoptosis, respectively. Inhibition of EgIN1
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by succinate results in stabilization of the oxygen-sensing tran-
scription factor, HIF-la, even when adequate oxygen is
present (11). Inhibition of EgIN3 has been hypothesized to
prevent normal neuronal cell culling by blocking
c-Jun-dependent apoptosis during development (9).

Enzymes subject to succinate inhibition are not limited to
EgIN1 and EgIN3. Other aKG-dependent enzyme superfamily
members have also recently been identified and implicated in
cancer. For example, p53 induces the oKG-dependent
enzyme, alpha(Il) collagen prolyl-4-hydroxylase, resulting in
anti-angiogenic collagen fragments (12). In addition, human
JmjC-domain histone demethylases (JHDMs) are part of the
aKG-dependent enzyme superfamily by virtue of the JmjC
domain (13). Recently, five JmjC-domain-containing ORFs
in S. cerevisiae were identified and four were characterized
as true aKG-dependent histone demethylases (14). Multiple
oK G-dependent histone demethylases may participate in epi-
genetic regulation of oncogenes and tumor suppressor genes.
Enzymes of this superfamily are potential targets for inhibition
by succinate accumulation.

To evaluate the ROS and succinate accumulation hypoth-
eses in a genetically and biochemically tractable system, we
characterized an S. cerevisiae strain lacking Sdh2 (the yeast
ortholog of mammalian SDHB) as a model of a typical famil-
ial PGL mutation. We report that yeast cells disrupted in
SDH2 (sdh2A) show increases in ROS production and
protein oxidation but no detectable increase in DNA
damage. More strikingly, sdh2A cells dramatically accumulate
succinate resulting in inhibition of at least two oKG-
dependent enzymes that generate succinate as a by-product.
One of these enzymes is an aKG-dependent JHDM. We
show that a corresponding human JHDM is susceptible to suc-
cinate inhibition, both as a purified enzyme and when
expressed in mammalian cells. Inhibition of JHDMs has the
potential to derange epigenetic regulation of growth control
genes. These results strongly support the succinate accumu-
lation hypothesis of familial PGL causation by SDH
mutations. Moreover, these results emphasize that oKG-
dependent enzyme targets other than mammalian EgIN1
and EgIN3 may be important in understanding how a TCA
cycle enzyme functions as a tumor suppressor in neuroendo-
crine cells.

RESULTS
ROS production in cells lacking SDH?2

According to the ROS hypothesis, loss-of-function SDHB
mutations disrupt complex II without affecting SDHA cataly-
sis. This hypothesis predicts that yeast Sdh1 (yeast ortholog of
mammalian SDHA) should persist in the absence of Sdh2.
Because no commercial antibody against yeast Sdhl was
available, we modified the chromosomal copy of SDHI in
yeast so that Sdhl was C-terminally tagged with GFP to
allow its detection by western blotting and microscopy. To
demonstrate that the GFP tag did not interfere with Sdh1 func-
tion, the growth of cells expressing GFP-tagged Sdhl was
compared with wild-type (WT) cells on different carbon
sources. Yeast cells supplemented with a fermentable carbon
source such as glucose survive by glycolysis. In contrast,
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yeast grown on a non-fermentable carbon source such as gly-
cerol requires a functional ETC. WT, Sdh1-GFP (WT*) and
sdhlA cells grew equally on glucose (Fig. 2A). We found
that cells producing GFP-tagged Sdhl grew almost as
rapidly as WT cells on glycerol, whereas sdhlIA cells grew
slowly under these conditions (Fig. 2A). This result shows
that the GFP tag does not inactivate Sdhl.

We created sdh2A cells carrying the chromosomal
SDHI-GFP gene (sdh2A*). Western blotting and fluorescence
microscopy showed that, like WT* cells, sdh2A* cells produce
Sdh1-GFP that is localized to mitochondria (Fig. 2B and C).
This persistence of Sdhl in the absence of Sdh2 meets one
prediction of the ROS hypothesis. We performed several
experiments to determine if deletion of SDH2 indeed leads
to ROS generation in yeast. It has previously been shown
that inhibition of Complex III in the ETC by antimycin A
causes a 3-fold increase in superoxide production in S. cerevi-
siae as determined by fluorescence detection of dihydroethi-
dine (DHE) oxidation to ethidium (15). Interestingly, we
observed that the sdh2A strain produced elevated levels of
superoxide comparable to yeast treated with antimycin A, con-
sistent with the ROS hypothesis (Fig. 3A and B). However, we
found that superoxide levels were also increased in sdhlA
cells. This result shows that SDH disruptions can induce
ROS, but it is not consistent with an ROS model that
invokes a functional but uncoupled catalytic Sdh1 subunit as
the ROS source.

It has been demonstrated that loss of superoxide dismutasel
(sodIA) results in increased sensitivity to oxidative stress in
yeast (16). We found that sdh2A cells were sensitized to
hydrogen peroxide to an extent comparable to an sodlA
mutant (Fig. 3C). Slow growth on non-fermentable ethanol
due to oxidative stress could be modestly ameliorated with
antioxidant treatment, as seen with sodIA cells (Fig. 3D).
The slow growth phenotype of sdh2A cells on ethanol
medium appears to be due to both oxidative stress and the
inefficient utilization of the non-fermentable carbon source
(non-functional TCA cycle). Slow growth caused by inability
to metabolize EtOH cannot be reversed with antioxidants.
However, the small contribution of oxidative stress to the
slow growth phenotype of sdh2A cells on YPE was revealed
by modest growth improvement upon antioxidant treatment
(Fig. 3D). We conclude that sdh2A cells accumulate super-
oxide to levels that cause hypersensitivity to H,O, and that
antioxidants can improve growth of sdh2A cells. In this
respect, the behaviors of sdh2A and sodIA cells are surpris-
ingly similar.

Significance of induced ROS in SDH mutant yeast

If superoxide is mutagenic in sdh2A cells, DNA and proteins
should show evidence of oxidative damage. Superoxide rad-
icals can react with cellular iron via Fenton chemistry to
produce extremely reactive hydroxyl radicals and other ROS
(17). These species oxidize proteins and damage DNA with
the potential to generate oncogenic mutations. The absence
of SDH subunits resulted in a 3—4-fold increase in superoxide
production relative to WT yeast (Fig. 3B). To determine the
toxicity of superoxide produced in sdh2A cells, protein oxi-
dation and DNA damage were assessed. A western blot was

performed to monitor accumulation of carbonyl groups in
proteins as a marker of oxidative damage. Protein oxidation
was increased in sdh2A cells relative to WT cells (Fig. 4A).
The increase in protein oxidation was comparable to that
observed in sod2A cells (Fig. 4A).

Nuclear DNA vulnerability to mutagenesis in the presence
of SDH mutations was previously assessed in a genome-wide
screen of the BY4741 deletion strain library (18). Mutation
frequency was assayed by measuring the rate of spontaneous
reversion mutagenesis for several marker genes. The role of
sodl in genomic stability has been well documented (19—
21). An sodIA strain was found to have a mutator phenotype
in this assay with a spontaneous mutation rate comparable to
strains deleted in DNA repair genes, rad5A and msh6A (18).
In contrast, the spontancous mutation frequency in the
sdh2A mutant was reported to be similar to WT cells, demon-
strating that enhanced ROS production in sdh2A cells does not
detectably increase the rate of nuclear DNA mutations.

Although there is no evidence to suggest enhanced muta-
genesis of nuclear DNA in sdh2A mutants, dysfunctional
complex II is likely to produce the highest ROS concentrations
locally in the mitochondria. We therefore tested if mtDNA
experiences oxidative damage in the sdh2A strain. We used
quantitative PCR to amplify a 6.9 kbp segment of the mito-
chondrial COXI] gene in an assessment of mtDNA damage
(22). Oxidative DNA lesions inhibit DNA polymerase. The
level of oxidative damage can be estimated by comparing
the rate of 6.9 kbp template amplification relative to amplifica-
tion of a 298 bp reference region of COXI. Amplification of
the short COXI segment controls for mitochondrial genome
copy number because of the low probability of an oxidative
lesion within such a small target. Whereas hydrogen peroxide
caused detectable mitochondrial DNA damage in WT cells
(Fig. 4B), levels of endogenous ROS in sdhlIA, sdh2A and
sodIA cells were insufficient to cause detectable mitochon-
drial DNA damage (Fig. 4B). Although based upon a rela-
tively insensitive assay, this result suggests that endogenous
ROS damage to mtDNA in yeast cells with SDH gene disrup-
tions does not exceed the level in sod/A cells. Combined with
previous genetic evidence that SDH gene disruption does not
produce a mutator phenotype (18), this result argues against
acute genotoxicity by ROS in SDH mutant yeast.

We further analyzed yeast strains for evidence of signaling
in response to oxidative stress. Yeast transcription factor
yAP-1 is activated by oxidative stress, providing a biosensor
for the level of superoxide generated in sdh2A cells (23). A
plasmid with a /lacZ reporter gene under the control of
yAP-1 binding sites was tested in WT, sdhl/A and sdh2A
strains. The reporter responded equally to hydrogen peroxide
treatment in each strain, and there was no difference in basal
yAP-1 activation (Table 1). These results confirm that the
increased ROS detected by sensitive assays in sdhlA and
sdh2A cells are not inducing detectable DNA damage or an
oxidative stress response in yeast.

Succinate accumulation upon SDH disruption

According to the succinate accumulation hypothesis of PGL
origin, loss of SDHB results in loss of SDH activity and sub-
sequent succinate accumulation inhibits «KG-dependent

Zz0z 1snbny 9| uo Jasn sonsnr jo Juswpedaq 'S N Aq 860869/9€ L £/¥2/9L/a101e/Bluy/woodno-ojwepeoe//:sdiy wolj papeojumoq



A Glucose

extra-mt + -
mit . +

1 2

Human Molecular Genetics, 2007, Vol. 16, No. 24 3139

Glycerol

sdh2A*
+ -
= +

3 4

Figure 2. Sdhl is present in the absence of Sdh2. (A) GFP-tagged Sdhl is functional. Ten-fold serial dilutions of the indicated yeast strains grown on media with
glucose or glycerol as the only carbon source. Yeast strains producing GFP-tagged Sdh1 are indicated (asterisk). (B) Western blot for GFP-tagged Sdh1 showing
the presence of Sdhl in sdh2A cells. Extra-mt: extra-mitochondrial extract; mt: mitochondrial extract. (C) WT* and sdh2A* cells (panel 1) are stained with
tetramethylrhodamine to indicate mitochondria (panel 2) or excited at 470 nm to visualize GFP fluorescence at 525 nm (panel 3). Panel 4 shows the overlay

of panels 2 and 3.

enzymes such as EgIN1 and EgIN3 (Fig. 1B). We tested the
succinate accumulation hypothesis in yeast by first analyzing
the activities of ETC components. We found that neither
sdhlA, nor sdh2A cells have measurable SDH activity (Sup-
plementary Material, Table S1). This result confirms that
although Sdhl is stable in the absence of Sdh2 (Fig. 2), the
persisting Sdhl is not enzymatically active. Furthermore,
complex II4III activity was completely abolished in both
SDH mutants without a corresponding compensation in
NADH dehydrogenase activity (Supplementary Material,
Table S1). As a result, complex IV activity was decreased

in the SDH mutants (Supplementary Material, Table S1).
Disruption of complex II activity should alter TCA cycle
metabolite levels in the mitochondrial matrix. Indeed, gas
chromatography/mass spectrometry (GC/MS) analysis of
yeast lysates revealed that succinate accumulates to 8-fold
higher levels in sdh2A cells relative to WT cells (Fig. 5, Sup-
plementary Material, Table S2). Fumarate and malate levels
are reduced at least 50-fold, whereas citrate and aconitate
are not affected (Fig. 5). aKG extracted from both WT
and sdh2A cells was below the level of detection for this
sensitive assay.
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Figure 3. ROS in sdh2A yeast cells. (A and B) Measurement of superoxide.
The presence of superoxide radicals was probed with DHE in WT with or
without antimycin A (ant. A), sdhIA and sdh2A yeast strains by microscopy
(A) and independently by fluorometry where data are represented as
mean + SEM (B). (C and D) Superoxide sensitivity. Equal samples of the indi-
cated yeast strains were grown on media with an increasing gradient of hydro-
gen peroxide in galactose (Gal) medium (C) or antioxidant in ethanol (EtOH)
medium (D). Cells grown in glucose (Glc) are shown for comparison.
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Figure 4. Effect of ROS on macromolecules. (A) Protein oxidation by western
blot. Left: equal protein loading shown by Amido black stain. Right: protein
carbonyl detection. (B) Damage assessment of mtDNA by QPCR. 6.9 kbp
mtDNA product abundance normalized to 298 bp mtDNA product abundance

for WT, sdhlA, sdh2A and sodIA cells as well as WT cells treated with
increasing concentrations of H,O,. Data are represented as mean + SEM.

Table 1. ROS signaling in SDH mutant yeast®

WT sdhl A sdh2 A
Basal 147+1.5 15.7+4.5 16.0+2.6
Induced (100 pm H,05) 477+17.4 49.0+3.6 543+18.9

B-Galactosidase reporter activity from yAP-1-driven reporter plasmid in
Miller units.

EgIN1 and EgIN3 enzymes have been suggested as targets
of inhibition by succinate accumulation in SDH-deficient
mammalian cell lines. Other members of the aKG-dependent
enzyme superfamily should also be susceptible to inhibition by
succinate accumulation. We tested this hypothesis by studying
aKG-dependent yeast enzymes. Saccharomyces cerevisiae
encodes a sulfur-scavenging pathway that requires the func-
tion of an aKG-dependent enzyme, Jlpl, when sulfonate
esters such as isethionate replace sulfate as the only sulfur
source [Fig. 6A (24)]. WT, jlpIA and sdh2A cells grew
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Figure 5. Krebs cycle metabolite levels in yeast strains. Succinate, fumarate, malate, citrate and aconitate levels were measured by GC/MS analysis of whole cell
lysates for WT and sdh2A strains grown to log phase. Data are represented as the mean + SEM of pg metabolite/mg total protein extract for sdh2A yeast normal-

ized to the corresponding WT value.

equally well in the presence of ammonium sulfate (Fig. 6B). In
contrast, when isethionate was the only sulfur source, both
JjlpIA and sdh2A cells grew slowly (Fig. 6C). This result is
consistent with Jlpl poisoning by succinate accumulation in
the sdh2A strain. We found that WT cells were not poisoned
by exogenous succinate if ammonium sulfate was the only
sulfur source (Fig. 6D). However, growth of WT cells was
strongly inhibited by exogenous succinate when isethionate
was the only sulfur source (Fig. 6E). We hypothesized that
repression of JIpl function by exogenous succinate was a
result of product inhibition, suggesting that increasing the con-
centration of Jlpl co-substrate aKG could shift the equili-
brium in favor of isethionate catabolism. Remarkably,
succinate poisoning of Jlpl enzyme activity in WT cells was
indeed rescued by treatment with aKG (Fig. 6E).

In addition to the sulfur-scavenging enzyme, JIpl, S. cerevi-
siae also encodes a histone demethylase, Jhdl, that belongs to
the JmjC-domain-containing histone demethylase (JHDM)
class. Jhdl is an aKG-dependent enzyme by virtue of its
JmjC domain. The JmjC domain is predicted to fold into an
eight B-sheet ‘jellyroll’ structure that contains highly con-
served residues essential for catalytic activity (13,25). Jhdl
is orthologous to mammalian JHDMs whose histone substrate

specificity is conferred by non-catalytic residues in the JmjC
domain and flanking domains. Both yeast and mammalian
oKG-dependent JHDMs should be susceptible to inhibition
by succinate accumulation (product inhibition). It has been
reported that yeast SET72 encodes a histone H3 lysine36
(H3-K36) methylase and disruption of SE72 results in
the complete absence of H3-K36 methylation (26). Yeast
Jhdl specifically demethylates dimethylated H3-K36
(H3-K36me2) [Fig. 7A (27)]. We hypothesized that loss of
the H3-K36 demethylase Jhdl or inhibition of Jhdl by succi-
nate in sdh2A cells should therefore cause accumulation of
H3-K36me2. Indeed, we found that both jhdIA and sdh2A
cells showed an increase in H3-K36me?2 relative to WT cells
(Fig. 7B). We hypothesized that treatment of WT cells with
exogenous succinate and/or aKG would affect the extent of
H3-K36 methylation. We found by western blot that WT
cells treated with exogenous succinate increased H3-K36me2
levels and that co-treatment with a«KG showed the detectable
(though subtle) ability to partially reverse this effect (Fig. 7C).

To extend this evidence for succinate inhibition of JHDM
activity, we monitored the in vitro histone demethylase
activity of human histone demethylase JMJD2D (a JHDM3
family member). JIMJD2D specifically demethylates trimethy-
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Figure 6. Succinate accumulation in the sd42A mutant inhibits the «KG-dependent enzyme JIp1. (A) Oxidative metabolism of sulfonate esters by Jlp1. (B and C)
Comparison of yeast growth in ammonium sulfate minimal media (B) or isethionate minimal media (C). (D and E) Comparison of WT yeast growth in
ammonium sulfate minimal media supplemented with succinate (D) or isethionate minimal media supplemented with the indicated combinations of succinate

and/or aKG (E). Data in (B—E) are represented as mean + SEM.

lated histone H3 lysine 9 (H3-K9me3) (13). We confirmed
the in vitro histone demethylase activity was specific to
the purified JmjC domain by showing complete absence of
H3-K9me3 demethylase activity in an HI192A mutant that
abolishes the iron binding capacity of the JmjC domain
(Fig. 7D, lanes 1-3). On the basis of our observations for
yeast Jhdl in vivo, we predicted that increasing concentrations
of succinate would inhibit the purified human JMJID2D
enzyme. We confirmed JMJD2D inhibition by 1—10 mm suc-
cinate (Fig. 7D, lanes 3—5). Succinate inhibition could be
relieved with increasing concentrations of aKG, as expected
(Fig. 7D, lanes 5-8).

We next studied the effect of succinate on mammalian
histone demethylases in vivo by treating cultured T293 cells

with the membrane-permeable dimethyl ester form of succinate,
dimethylsuccinate (DMS) that has previously been used to
cause intracellular succinate accumulation (11). We found
that overexpression of JMID2D specifically demethylates
H3-K9me3 residues and that treatment with DMS inhibits
this effect (Fig. 7E). These results formally open the possi-
bility that succinate poisoning of histone demethylases could
alter gene expression by an epigenetic mechanism.

DISCUSSION

SDH mutations predisposing to human familial PGL are fre-
quently loss-of-function alleles due to protein truncation by
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Figure 7. Succinate accumulation inhibits yeast and human enzymes. (A)
Demethylase reaction mechanism of Jhdl. (B) Comparison of H3-K36me2
abundance by western blotting in WT, set2A, jhdIA and sdh2A yeast
strains. Histone H3 (H3), loading control. (C) Comparison of H3-K36me2
abundance by western blotting in WT yeast cells treated with 50 mm succinate
and/or 1 mm aKG. (D) Comparison of in vitro human JMJD2D WT and
H192A mutant histone demethylase activities (lanes 1-3) in the presence of
0—10 mm succinate (lanes 3—5) followed by increasing concentrations of
oKG in the presence of 10 mm succinate (lanes 5—8). Lane 1 shows reaction
without enzyme. (E) Comparison of human JMJD2D histone demethylase
activity in cultured cells in the absence or presence of 100 mm DMS.

premature nonsense codons. Mutational ‘hot spots’ are not
observed. Deletion of yeast SDH?2 is therefore superior to
particular missense mutations as a model of human familial
PGL predisposition. We studied an S. cerevisiae model of
loss of function of SDH2 (mammalian SDHB) for evidence
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of increased oxidative stress and/or succinate accumulation
associated with inhibition of aKG-dependent enzymes. Indi-
viduals who inherit a heterozygous mutation in SDHB,
SDHC or SDHD are predisposed to familial PGL by sub-
sequent loss of heterozygosity in neuroendocrine cells
(3,4,28,29). It is counter-intuitive that loss of SDH, an
enzyme that contributes to energy production, leads to neo-
plastic transformation rather than cell death. However, it has
been observed that most primary and metastatic human
cancers exhibit features of the classic ‘Warburg effect’,
showing significantly increased glucose uptake and metab-
olism in the presence of oxygen, with steady or decreasing
oxidative phosphorylation (30,31). In fact, there is a positive
correlation between levels of glycolysis in hypoxic tumors
and their invasiveness and metastasis (31-33). Furthermore,
many tumors carry mtDNA mutations that compromise oxi-
dative phosphorylation, requiring tumors to survive on ATP
derived from glycolysis (34—37). S. cerevisiae is a eukaryotic
model organism that preferentially uses fermentation for ATP
production. In this regard, an sdh2A yeast strain provides a rel-
evant model of a familial PGL cancer cell that has impaired
SDH function and depends upon glycolysis.

It has been hypothesized that SDH mutations result in ROS
generation by disrupting proper electron flow (29,38,39). We
hypothesized that yeast lacking the Sdh2 subunit continue to
produce a catalytically active, but uncoupled Sdhl subunit
that donates electrons improperly to oxygen or water to
produce ROS. A previous report suggested loss or mislocaliza-
tion of the Sdhl subunit when the SDH2 gene is disrupted
(40). However, we provide western blot and microscopic evi-
dence for a stable Sdh1 subunit localized to the mitochondria
in sdh2A cells. This result is reminiscent of observations in
SDHB- and SDHD-linked PGL tumors that have lost SDHB
expression but display enhanced SDHA abundance (41). A
3-fold increase in superoxide production is observed in
sdh2A cells, though the origin of ROS is unclear. Preliminary
data suggest that the SOD2 gene encoding mitochondrial SOD
is expressed at reduced levels in sdh2A cells, perhaps contri-
buting to an increase in superoxide. Our data suggest that
Sdhl subunits are not catalytically active in the absence of
Sdh2. In fact, we found that ROS levels are higher in sdhlA
cells than in sdh2A cells.

ROS have been proposed to play a role in cellular trans-
formation by tumorigenic mutagenesis (29,38,39). Previous
reports correlating specific SDH point mutations with ROS
generation have shown that SDHC missense mutations in
certain models can lead to increased superoxide production,
oxidative stress and genomic instability (6,8,42). Partial
knockdown of SDHD by RNAi in rat pheochromocytoma
(PC12) cells resulted in superoxide generation, whereas
SDHD knockdown in human embryonic kidney (HEK293)
cells did not (9,11). We found no evidence that superoxide
generated in sdh2A cells activates oxidative stress signaling
via yAP-1. However, we report here that sdh2A cells show a
mild sensitivity to hydrogen peroxide that can be overcome
by antioxidant treatment in a manner comparable to an
sodIA mutant (43,44).

Previous reports indicate a dramatic increase in nuclear
DNA mutation rate in sodIA cells that is not seen in sdh2A
cells (18). In contrast, we report here that neither sod/A nor
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sdh2A cells show detectable mtDNA damage in a PCR assay.
Despite this, oxidized proteins accumulate in sdh2A cells.
Interestingly, sdhlA cells that produce slightly more super-
oxide than sdh2A cells show less signs of oxidative stress.
Our results demonstrate a superoxide increase in sdh2A cells
that results in hypersensitivity to hydrogen peroxide and
increased protein damage. These effects are comparable to
those observed in sodlA and sod2A cells. These results there-
fore do not exclude a possible role for ROS in SDH mutants in
PGL tumorigenesis.

The succinate accumulation hypothesis suggests a different
mechanism for SDH mutations in familial PGL, though ROS
and succinate accumulation hypotheses are not mutually
exclusive (Fig. 1B). Mutations in SDHB, SDHC or SDHD
may result in loss of SDH activity and a consequent accumu-
lation of the substrate, succinate, which has the potential to
inhibit aKG-dependent enzymes that normally produce succi-
nate as a byproduct. The focus of the succinate accumulation
hypothesis has been on two aKG-dependent enzymes, EgIN1
and EgIN3. It has been shown that SDHD knockdown using
RNAIi in HEK293 cells results in succinate-mediated inhi-
bition of EgIN1, an aKG-dependent prolyl hydroxylase that
regulates HIF-a stability (11). There is also evidence that
SDHD inhibition in PC12 cells results in succinate-mediated
inhibition of EgIN3, another «aKG-dependent enzyme
thought to play a role in c-Jun-dependent apoptosis (9).

Although HIF-la dysregulation by succinate inhibition of
EgIN1 suggests an obvious mechanism in hereditary PGL,
some discrepancies have been noted (9). HIF-la acts as an
oxygen sensor that is constitutively degraded by VHL under
normoxic conditions. VHL is an E3 ubiquitin ligase that
recognizes a HIF1-a hydroxylated proline residue, a modifi-
cation catalyzed by EgINI1. Mutations in VHL, a factor
upstream of EgIN1 in HIF-la regulation, predispose individ-
uals to hemangioblastoma, clear cell renal carcinoma and
PHEO, presumably by inappropriate stabilization of HIF-1a.
Interestingly though, PHEO development is dependent on
the type of VHL mutation. For instance, VHL mutations that
pose a high risk for PHEO such as L188V appear normal
with respect to HIF regulation (45,46). Additionally, VHL
null mutations pose a low risk of PHEO versus VHL missense
mutations that pose a high risk of PHEO (47). Further, biallelic
inactivation of VHL is rarely seen in PHEO compared with its
more classic tumor suppressor role in hemangioblastoma and
clear cell renal carcinoma (48). These results imply that com-
plete loss of VHL function would cause HIF-1a stabilization
but pose little threat of PGL (9).

Our studies corroborate and extend previous reports that
loss of SDH function results in succinate accumulation with
inhibition of aKG-dependent enzymes. Succinate accumulates
8-fold in sdh2A yeast cells relative to WT cells and we show
for the first time that this succinate accumulation results in
inhibition of the o«oKG-dependent enzyme Jlpl. This
sulfur-scavenging enzyme enables yeast to utilize sulfonate
esters as their sole sulfur source (24). JIpl is inhibited not
only by succinate accumulation in sdh2A cells, but also
by exogenous succinate in WT cells. Remarkably, succinate
inhibition of JIpl can be overcome by treatment with exogen-
ous aKG. There is no evidence to suggest that yeast sulfur
metabolism has a correlate in mammalian tumorigenesis.

Nonetheless, these results substantiate that inhibition of
aKG-dependent enzymes by succinate accumulation is a
general consequence of SDH loss.

It remains unclear which aKG-dependent enzymes are the
relevant targets for succinate inhibition in the etiology of
familial PGL. Our work provides evidence that targets are
not limited to EgIN1 and EgIN3. JHDMs utilize an aKG-
dependent enzyme mechanism and have recently been ident-
ified and characterized in humans and S. cerevisiae (13,14).
Including Jhdl, a total of five JmjC domain enzymes exist
in S. cerevisiae, with four demonstrated to be functional
histone demethylases (14). We hypothesized that Jhdl, a
yeast JHDM that specifically demethylates H3-K36me2
could be inhibited by the succinate accumulated in sdh2A
cells, corresponding to the phenotype of jhdIA yeast.
Indeed, we observed increased levels of H3-K36me2 in both
sdh2A and jhdIA cells. Furthermore, we demonstrated that
extracellular succinate and «KG influence the level of
H3-K36me2. A previous transcription profiling study of
sdh2A yeast indicated that expression of 58 genes changed
by at least 2.5-fold relative to WT (49). Intriguingly, seven
of these genes encode protein kinases, signaling components
and transcription factors not obviously related to regulation
of metabolism.

To demonstrate the potential for succinate inhibition of
human JHDMs, we measured the histone demethylase activity
of a human JHDM, JMJD2D, under varying conditions
in vitro. We show that a range of succinate concentrations
inhibits JMJD2D demethylation of H3-K9me3 and that this
effect could be reversed with increasing concentrations of
aKG. We also found that exogenous succinate can cause
human JMJD2D inhibition in living cells. The implications
of succinate inhibition on histone demethylases are profound.
It will prove challenging to determine what demethylases are
most susceptible to succinate poisoning in a neuroectodermal
environment relevant to PGL development.

Inhibition of the H3K36me2 demethylase by elevated levels
of succinate has crucial implications for the potential role
of epigenetics in familial PGL tumorigenesis. The post-
translational modification of histone tails profoundly affects
chromatin structure and function (50). Histone methylation
occurring on lysine or arginine residues of H3 and H4 tail
domains can target chromatin for activation or repression
(51,52). The yeast H3-K36 methylase, Set2, mediates tran-
scriptional repression (53,54). Conversely, it has been demon-
strated that the yeast H3-K36 demethylase, Jhdl, acts as a
transcriptional activator (55). We hypothesize that succinate-
mediated inhibition of the mammalian JHDMs could play a
role in cellular transformation by misregulation of genes that
are responsible for DNA repair, growth inhibition or induction
of apoptosis. Experiments to assess the growth-control pheno-
type upon histone demethylase inhibition are complicated by
the presence of four such functional enzymes in S. cerevisiae
(14). Future efforts to identify JHDMs inhibited by succinate
and the genes affected by their inhibition will provide
insight into the role of succinate inhibition of the mammalian
JHDMs and its impact on development of familial PGL.
Indeed, specific histone methylation marks are required for
DNA transcriptional regulation and DNA repair (56). Deregu-
lation of histone demethylases in cancer etiology is an import-
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ant topic for future research. The potential deregulation of epi-
genetic gene control in PGL is provocative in light of the
imprinted pattern of inheritance of SDHD mutations (1,3).

Not only has succinate accumulation been reported here in
an in vivo yeast model of SDHB loss and in in vitro exper-
iments that target SDHD with siRNA (9,11), but also succinate
accumulation has been reported in at least two patients with
SDHB mutant PGL tumors. Both patients carried an SDHB
mutation in the iron-sulfur cluster region of the gene (I127S)
and lost the second copy of SDHB in PGL tumors (57). A
10-fold increase in tumor succinate was reported, comparable
to the 8-fold succinate increase we measured in sdh2A yeast
cells relative to WT cells. These findings substantiate the
potential role of accumulated succinate in hereditary PGL
tumors.

As highlighted by a recent report of an anti-angiogenic
prolyl hydroxylase of the same «aKG-dependent enzyme
superfamily (12), other candidate aKG-dependent enzymes
also remain to be explored as possible links between succinate
accumulation and oncogenesis. Our work points to the
potential significance of such enzymes in the etiology of
familial PGL.

MATERIALS AND METHODS
Strains, media and culture conditions

The sdhlA, sdh2A, sodIA, jhdIA and set2A strains and their
parental strain BY4741 (MATa his31 leu20 metl150 ura30),
as well as sdh2A and jlpIA strains, and their parental strain
BY4742 (MATa ura3 leu2 his3 lys2) were the kind gifts of
D. Katzmann. Sdhl was C-terminally tagged with GFP in
WT and sdh2A yeast using the pFA6a-GFP(S65T)-HIS3MX6
module as described (58). Yeast strains were grown in YPD
(1% yeast extract, 2% peptone, 2% dextrose) medium (BD
Biosciences), YPGal (1% yeast extract, 2% peptone, 2% galac-
tose) medium, YPGlycerol (1% yeast extract, 2% peptone, 3%
glycerol) or YPE (1% yeast extract, 2% peptone, 2% ethanol).
Yeast cells containing lacZ reporter plasmids were grown on
uracil dropout medium containing dextrose. Nutritional
assays with different sulfur sources were performed in
minimal medium devoid of sulfur as described (59), sup-
plemented with isethionate (20 wM) or ammonium sulfate
(250 mwm) as indicated. Preparative cultures were grown aero-
bically with shaking (250 r.p.m.) at 30°C. Growth was moni-
tored by measuring the culture optical density at 600 nm

(ODs00)-

B-Galactosidase assays

Plasmid pJ1291 (original name pCEP14) was the generous gift
of S. Moye-Rowley. This is a URA3-containing CEN plasmid
(pSEYC102 backbone) that carries four AP1 binding sites
upstream of the CYC1 promoter fused to lacZ. Yeast strains
were transformed using a standard lithium acetate transform-
ation protocol (60). Cells were incubated with or without
100 pm H,0, for 90 min at 30°C. (B-Galactosidase assays
were conducted using the substrate o-nitrophenyl-
D-galactopyranoside as described (61). Data representing tri-
plicate experiments are expressed as activities in Miller units.
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Yeast whole cell extraction and western blot analysis

Transformants expressing Sdh1-GFP were grown in YPGal
and harvested at mid-log phase (ODggo=0.8—1.0). Equal
samples (five ODggy) were precipitated with trichloroacetic
acid (10% final volume) and broken by sonication and glass
bead lysis in sample buffer (62.5 mm Tris—HCI, pH 6.8, 2%
SDS, 5% B-mercaptoethanol, 10% glycerol, 0.01% bromophe-
nol blue). After clarification, supernatants were collected and
assayed immediately or stored at —80°C. Equal volumes of
yeast extract were electrophoresed through denaturing 10%
bis-Tris polyacrylamide gels and transferred to nitrocellulose
membrane. Equal loading was demonstrated by Ponceau S
stain (Sigma). After blocking (5% non-fat dry milk, Tris-
buffered saline, 1% Tween-20), membranes were probed
with polyclonal anti-GFP (BD Biosciences) at a dilution of
1:1000. Horseradish peroxidase-conjugated anti-mouse sec-
ondary antibody (Pierce) and an ECL kit (Amersham) were
used to detect immunoreactive proteins.

Yeast nuclei preparation and western blot analysis

Yeast nuclei were prepared from overnight cultures grown in
YPGal that were at 1.5-2.0 OD/ml as described (62). Cells
were grown in the absence or presence of 50 mMm succinate
and/or 1 mm aKG, where indicated. Nuclear protein was quan-
titated by Bradford assay (BioRad). Protein samples (40 pg)
were sonicated briefly and boiled for 5 min and clarified
before electrophoresis through a denaturing 10% bis-Tris
polyacrylamide gel and transferred to nitrocellulose mem-
brane. After blocking, membranes were probed with polyclo-
nal anti-H3-K36me2 antibody (Upstate, #07-274) at a
dilution of 1:2000 or polyclonal anti-H3 antibody (generous
gift of Z. Zhang). Horseradish peroxidase-conjugated anti-
rabbit secondary antibody (Zymed) and an ECL Plus kit
(Amersham) were used to detect immunoreactive proteins.

Fluorescence microscopy

Yeast transformants expressing Sdh1-GFP were grown over-
night at 26°C, diluted and grown to early exponential phase
(ODgpp=0.4—0.6). Cells were pelleted and resuspended in
yeast nitrogen medium without tryptophan (YNB-Trp), con-
taining 10 nm tetramethylrhodamine (the generous gift of
C. McMurray). After incubation for 10 min at 25°C, cells
were pelleted and resuspended in YNB-Trp. Microscopy was
performed on living cells using a fluorescence microscope
(Nikon) fitted with FITC and rhodamine filters and a digital
camera (Coolsnap HQ; Photometrix). Images were decon-
volved using Delta Vision software (Applied Precision, Inc.)
and processed with Adobe Photoshop 5.0 software.

Superoxide sensitivity

Yeast growth was assessed on solid YPGal medium containing
a H,0, gradient of up to 18 mm or on YPE containing an anti-
oxidant gradient up to 1x (antioxidant supplement A1345,
Sigma). Yeast (2 ODgo9) were pelleted from cultures grown
to saturation in YPGal, washed once with sterile water, and
resuspended in 1 mL sterile water. Yeast were diluted by a
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factor of 10°> and 3.5 pL of dilution was spotted on solid
medium.

Isolation of mitochondria and enzyme assays

Yeast cells grown to stationary phase in YPGal were harvested
by centrifugation and lysed by vortexing with 0.5-mm acid-
washed glass beads in mannitol buffer (210 mM mannitol,
70 mm sucrose, 5 mm Tris—HCI pH 7.5, 5 mm EDTA) using
three 5 min pulses interspersed with 3 min cooling periods
on ice. Complete protease inhibitor mixture tablets (Roche
Diagnostics) were added prior to cell lysis. Mitochondria
were isolated by differential centrifugation (22). The lysate
was subjected to 5 min centrifugation in a benchtop microfuge
at 20g, then the resulting supernatant was subjected to cen-
trifugation at 6400g for 20 min and the pellet was resuspended
in cold mannitol buffer at 4°C. SDH activity was measured
spectrophotometrically at 30°C as the malonate-sensitive
reduction of 2,6-dichlorophenolindophenol (DCPIP, 50 mm)
at Agoo in the presence of 4 mm sodium azide, 20 mM succinate
and with or without 14 mm malonate (40). NADH dehydro-
genase, complex II+III and complex IV activities were
measured spectrophotometrically at 37°C as described (63).

Krebs cycle metabolites

Yeast whole cell extracts were prepared by glass bead lysis
from cultures grown to mid-log phase in YPGal. Organic
acids were assayed as described (64). Briefly, yeast extracts
were acidified with HCI (0.5wm final concentration), then
extracted with ethyl acetate. After evaporation, the dry
residue was silyated with N,0-bis (trismethylsilyl) trifluoroa-
cetamide containing 1% trimethylchlorosilane and analyzed
using a Hewlett Packard 6890/5973 or 6890/5972 capillary
GC/MS instrument with MSD 5973 or 5972 detector.

Detection of superoxide radicals

DHE (Molecular Probes) was added to early exponential phase
cultures of WT, sdhIA or sdh2A cells. Cultures were then
grown in YPGal medium to Agpn=0.4—0.5. As a control,
WT cells (BY4741) were treated with 250 wg/ml antimycin
A for 1h before assay. Cultures were incubated in 50 mm
Tris pH 7.6 containing 150 mm DHE for 30 min and washed
once with Tris buffer before analysis by fluorometry (exci-
tation/emission: 485/595 nm) or microscopy (excitation/emis-
sion: 580/630 nm).

Detection of protein oxidation

Aldehyde oxidation products were immunologically detected
in proteins using an OxyBlot kit (Intergen). Equal amounts
of yeast extract were treated with 2,4-dinitrophenylhydrazine
to derivatize carbonyl groups to 2,4-dinitrophenylhydrazone
(DNP-hydrazone) as described by the manufacturer. Proteins
were then separated on a 10% denaturing bis—Tris polyacryl-
amide gel and transferred to nitrocellulose. The membrane
was probed with a primary antibody specific for
DNP-hydrazone protein derivatives, followed by a secondary
antibody conjugated to horseradish peroxidase. Modified pro-

teins were detected with ECL reagents (Amersham Pharmacia)
and imaged by exposure to Kodak BioMax XAR film.

Dna isolation and damage analysis by qpcr

DNA was extracted from yeast strains (MasterPure Yeast
DNA purification kit, Epicentre). Control DNA was harvested
from WT yeast incubated with 0.5, 1 or 5 mm H,O, for 1 h at
30°C. Mitochondrial DNA (mtDNA) was analyzed by QPCR
assay of 298 bp and 6.9 kbp mtDNA regions near the COX/
gene as described in (15). Results reflect the mean of three
sets of PCR amplifications for each target gene.

Preparation of GST fusion proteins

Glutathione S-transferase (GST) fusion proteins of JHDM3/
JMID2D and its H192A mutant were produced in Escherichia
coli and purified on glutathione-agarose beads according to
standard procedures (65). After elution with 20 mm gluta-
thione/100 mm Tris pH 8, GST fusion proteins were dialyzed
against 10 mm HEPES pH 7.4, 50 mm NaCl, 1 mm DTT,
0.2 mm PMSF, 10% glycerol and then stored at —80°C after
freezing in liquid nitrogen.

Histone extracts for in vivo histone demethylase activity

293T cells were grown in 6cm dishes coated with
poly-L-lysine and transiently transfected by the calcium
phosphate coprecipitation method (66,67) utilizing 9 g
pBluescript KS™ and either 0.3 pg pEV3S vector or 0.3 pg
(or 0.9 ng) Flag-JIMJD2D expression vector (68). Twelve
hours after removal of the precipitate, cells were treated
with 100 mm DMS where indicated and incubated for
another 24 h at 37°C in a humidified atmosphere containing
10% CO, as described before (69). Then, cells were lysed in
75-150 ul of 10mm Tris, 30 mm NaysP,0, pH 7.1,
200 mm NaCl, 50 mm NaF, 0.5mm Na3;VOy 1% Triton
X-100, 1 mm dithiothreitol, 20 g/ml leupeptin, 4 pg/ml apro-
tinin, 2 pg/ml pepstatin A, 1 mm phenylmethylsulfonyl fluor-
ide. An equal volume of 2x Laemmli sample buffer was
added after 30 min and the extracts were boiled for 10 min.
Debris was removed by centrifugation and supernatants
employed for Western blotting as described before (70).

Measurement of in vitro histone demethylase activity

Histone demethylase activity was assessed in fresh assay
buffer (50 mm HEPES, 50 mm NaCl, 50 mm KCI, 2 mm ascor-
bate, 0.2 mm Fe(NH,4),SO,) and a range of aKG (0.01-5 mwm)
and succinate (0—10 mm) concentrations. One microgram of
GST fusion protein was incubated with 1 pug histones (USB)
in a 15 pl reaction at 37°C for 1.5 h. Reactions were quenched
on ice, treated with LDS sample buffer (Invitrogen) and 0.5 pl
BME and boiled for 5 min. Samples were loaded on a denatur-
ing 12% bis-Tris polyacrylamide gel and transferred to nitro-
cellulose (as described above). The top portion of the
membrane (proteins greater than 30 kDa) was removed and
stained with Coomassie blue dye to demonstrate equal
loading of JHDM3 (JMJD2D). The lower portion of the mem-
brane was blocked with 5% milk/TBST and probed with
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anti-H3-K9me3 antibody (Abcam, ab8898) at a dilution of
1:1000. Horseradish peroxidase-conjugated anti-rabbit sec-
ondary antibody (Zymed) and an ECL kit (Pierce) were used
to detect immunoreactive proteins.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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