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Mitochondrial complex II is a tumor suppressor comprised of four subunits (SdhA, SdhB, SdhC, and SdhD).
Mutations in any of these should disrupt complex II enzymatic activity, yet defects in SdhA produce bioener-
getic deficiency while defects in SdhB, SdhC, or SdhD induce tumor formation. The mechanisms underlying
these differences are not known. We show that the inhibition of distal subunits of complex II, either pharma-
cologically or via RNA interference of SdhB, increases normoxic reactive oxygen species (ROS) production,
increases hypoxia-inducible factor alpha (HIF-a) stabilization in an ROS-dependent manner, and increases
growth rates in vitro and in vivo without affecting hypoxia-mediated activation of HIF-a. Proximal pharma-
cologic inhibition or RNA interference of complex II at SdhA, however, does not increase normoxic ROS
production or HIF-a stabilization and results in decreased growth rates in vitro and in vivo. Furthermore, the
enhanced growth rates resulting from SdhB suppression are inhibited by the suppression of HIF-1a and/or
HIF-2q, indicating that the mechanism of SdhB-induced tumor formation relies upon ROS production and
subsequent HIF-a activation. Therefore, differences in ROS production, HIF proliferation, and cell prolifer-
ation contribute to the differences in tumor phenotype in cells lacking SdhB as opposed to those lacking SdhA.

Mitochondrial complex II (succinate-ubiquinone oxi-
doreductase [Sdh]) is comprised of four subunits that are en-
coded in the nuclear genome (SdhA, SdhB, SdhC, and SdhD).
Genetic defects in complex II are associated with a diverse
collection of disorders. Mutations in SdhA are rare and have
been linked to severe metabolic disorders resulting from de-
creased activity of the Krebs cycle, impaired oxidative phos-
phorylation, and bioenergetic deficiency (38). These autosome-
recessive conditions manifest as childhood encephalopathy,
myopathy, adult optic atrophy, and Leigh syndrome. However,
mutations in subunit SdhB, SdhC, or SdhD are linked to tu-
morigenesis in the form of autosome-dominant familial para-
gangliomas and pheochromocytomas (1, 3, 16, 19, 33). Para-
gangliomas are benign, highly vascular tumors located within
sympathetic paraganglia in the head and neck, and they are
derived from neural crest cells (38). These include tumors of
the carotid body (36), which normally is responsible for sensing
oxygen levels in arterial blood. Furthermore, the numbers of
carotid body paragangliomas are increased in populations liv-
ing at higher altitudes (2), which suggests that the pathways
activated by Sdh mutations overlap with those activated by
hypoxia. These observations suggest that defects in SdhB,
SdhC, or SdhD, but not SdhA, lead to an abnormal activation
of hypoxia-inducible factor la (HIF-1a), which regulates the
expression of vascular mitogens, including vascular endothelial
growth factor (VEGF) (19, 46).

We previously reported that mitochondrial reactive oxygen
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species (ROS) signals arising from complex III trigger HIF-1a
stabilization during hypoxia (10, 21, 31). It therefore is possible
that increases in ROS production at complex II caused by
defects in SdhB, SdhC, or SdhD could activate HIF by mim-
icking the hypoxia signaling pathway, thereby promoting cell
proliferation, angiogenesis, and the tumor phenotype observed
clinically.

Complex II links succinate dehydrogenase activity in the
Krebs cycle to the mitochondrial electron transport chain.
Complex II oxidizes succinate to fumarate and transfers the
electrons to ubiquinone through a sequence of steps involving
a flavin moiety in SdhA, a set of iron-sulfur clusters in SdhB, a
heme group in SdhC, and the ubiquinone binding site in SdhC
and SdhD (Fig. 1) (1, 9). When complex II is disrupted at
SdhB, SdhC, or SdhD, the succinate dehydrogenase activity
within SdhA can remain intact even though overall complex II
function is disabled (51). In that situation, the oxidation of
succinate and electron transfer to the flavin group in SdhA may
be normal, while subsequent transfer to the iron-sulfur clusters
and to ubiquinone is impaired (38). An impairment in the
normal removal of electrons from the flavin group in SdhA
could promote superoxide generation through the autoxida-
tion of the reduced flavin group by O, in the matrix (34, 38, 46,
51). Consistent with this model, Ishii et al. detected increases
in superoxide production, along with an increase in tumorigen-
esis, in cells with a mutated SdhC gene (26). In contrast, we
predict that defects that impair the ability of SdhA to oxidize
succinate could inhibit overall complex II function without
increasing ROS production, because the flavin group would
remain oxidized. Therefore, the differences in tumor pheno-
type observed clinically with defects in SdhA, as opposed to
those in SdhB, SdhC, or SdhD, could be explained by the
differential effects of these defects on ROS production from
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FIG. 1. Mitochondrial complex II. The relationships among the
four subunits are shown, along with the sites of activation or inhibition.

SdhA and the consequent effects on HIF-« stabilization. How-
ever, no analysis comparing ROS production, HIF-« stabiliza-
tion, and tumor growth in SdhA, SdhB, SdhC, or SdhD defects
has been reported.

HIF-1a stability is regulated by its hydroxylation by a 2-oxo-
glutarate-dependent dioxygenase, the HIF prolyl hydroxylase
(PHD). Selak et al. reported that complex II deficiency
achieved by the suppression of SdhD induces normoxic
HIF-1a stabilization via the accumulation of succinate without
inducing a detectable increase in ROS production (43, 44).
According to that model, the inhibition of complex II should
promote HIF-la stability through the succinate-mediated in-
hibition of PHD regardless of which subunit is interrupted. A
similar model of substrate-mediated PHD inhibition has been
described (23, 37, 42) in which the loss of fumarate hydratase
activity leads to the accumulation of fumarate, which also can
inhibit PHD competitively. A study by Lee et al. reported that
prolyl inhibition by succinate, in the setting of Sdh mutations,
contributes to pheochromocytoma pathogenesis through an
inhibition of apoptosis (29). While intriguing, those reports
still do not address the observed differences in tumor pheno-
type associated with defects in SdhB, SdhC, and SdhD and
those associated with defects in SdhA.

All functional mutations in complex II should cause cellular
succinate levels to increase, regardless of which subunit is
responsible for the decrease in activity. However, mutations in
SdhB, SdhC, and SdhD in complex II have been more strongly
associated with increased HIF-1a stabilization and tumorigen-
esis than have defects in SdhA. We therefore set out to address
this question by using in vitro and in vivo models employing
genetic and pharmacological tools to modify SdhA and SdhB
activity in multiple tumor cell lines. We show that the inhibi-
tion of distal subunits of complex II, either pharmacologically
or via RNA interference of SdhB, increases normoxic ROS
production, increases HIF-a stabilization in an ROS-depen-
dent manner, and increases growth rates in vitro and in vivo
without affecting the hypoxia-mediated activation of HIF-a.
Proximal pharmacologic inhibition or RNA interference of
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complex II at SdhA, however, does not increase normoxic ROS
production or HIF-a stabilization but rather results in de-
creased growth rates in vitro and in vivo. Furthermore, the
enhanced growth rates resulting from SdhB suppression are
inhibited by the suppression of HIF-1a and/or HIF-2«, indi-
cating that the mechanism of SdhB-induced tumor formation
relies upon ROS production and subsequent HIF-a activation.

MATERIALS AND METHODS

Cell culture and reagents. Hep3B human hepatoma cells, A549 human alve-
olar epithelium-derived tumor cells, and 143B human osteosarcoma cells were
obtained from the ATCC and maintained in a humidified incubator at 37°C and
5% CO,. Medium was formulated according to manufacturer’s recommenda-
tions. Cells with stable suppression of SdhB or SdhA were supplemented with
uridine and pyruvate. Thenoyl-trifluoroacetone (TTFA), 3-nitropropionic acid
(3-NPA), malonate (MA), methyl-MA (MMA), ebselen, 4,4'-diisothiocyano-
2,2'-disulfonic acid (DIDS), and dimethyl succinate (DMS) were purchased from
Sigma Chemicals. The selection of cells with stable transfection was achieved
using G418 at 0.6 mg/ml (Hep3B cells), 0.7 mg/ml (143B cells), or 1.0 mg/ml
(A549 cells), while puromycin was used at 1 pg/ml for simultaneous selection in
the HIF-1a and HIF-2a suppression studies.

RNA interference. RNA interference constructs for complex II subunit B
(SdhB) and subunit A (SdhA) in human 143B, A549, and Hep3B cells were
generated by using six primers generated from mRNA sequences identified using
the RNAI Oligoretriever application at http://katahdin.cshl.org:9331/RNAi/html
/rnai.html. We employed a previously described PCR-based strategy (35) to
design six different small hairpin RNA (shRNA) PCR primers. This primer then
was used with an SP6 primer to PCR amplify the shRNA hairpin directly
downstream of the U6 promoter, using pPGEM-U6 as a template. After TOPO
cloning and sequencing the PCR product, we cloned the U6-shRNA cassette into
pPNT using EcoRI (pPNT-shRNA). pPNT confers resistance to G418.

Cells were electroporated with a pPNT or pPNT-shRNA vector containing a
single ShRNA sequence, and after 24 h cells were selected with G418 (0.7 mg/ml
for 143B cells, 1.0 mg/ml for A549 cells, and 0.6 mg/ml for Hep3B cells). Stable
G418-resistant clones were maintained in medium containing G418, uridine, and
pyruvate until clonal colonies emerged, at which time clones were collected.
Clones generated from each of the six shiRNA vectors or the empty (wild-type)
pPNT vector were screened via immunoblotting for the expression of SdhB or
SdhA, and clones demonstrating a significant reduction of SdhB or SdhA ex-
pression were further analyzed. The wild-type control cells shown in the figures
were stably transfected with pPNT and are resistant to G418.

The stable suppression of HIF-1a and/or HIF-2a was carried out by infecting
SdhB shRNA 143B cells with retroviruses encoding HIF-la shRNA and/or
HIF-2a shRNA sequences driven by a U6 promoter. Selection was carried out
using puromycin, and resistant clones were selected, screened, and used for
experiments.

Western blotting. Whole-cell lysates were generated by washing cells once or
twice with phosphate-buffered saline (PBS) and then lysing attached cells with a
whole-cell extract buffer (50 mM Tris, 150 mM NaCl, 0.1% sodium dodecyl
sulfate, 5 mM EDTA, 4 mg/ml B-glycerophosphate) containing freshly added
protease inhibitor cocktail (Roche), 1 mM phenylmethylsulfonyl fluoride, 10 mM
sodium fluoride, and 250 uM sodium orthovanadate. Cell extracts were vigor-
ously vortexed and incubated on ice for 20 min. Extracts then were centrifuged
at 14,000 rpm (16,000 X g) for 20 min, and the supernatant was stored at —70°C.
Protein extracts were run at 100 V on a sodium dodecyl sulfate-polyacrylamide
gel and were transferred to a nitrocellulose membrane at 100 V for 1 h. Transfers
were verified with Ponceau S staining, and membranes were blocked with a
solution of Tris-buffered saline (TBS), 0.1% Tween-20 (TBS-T) containing 5%
nonfat milk. Primary antibodies against human HIF-1a (BD Biosciences), SdhB,
SdhA (Molecular Probes), and B-actin (Abcam) were added to a solution of
TBS-T, 5% milk, 0.01% azide and were incubated with the membrane overnight
at 4°C. Membranes were washed with TBS-T, and secondary antibodies conju-
gated with horseradish peroxidase were added to the membrane with TBS-T and
5% milk for 2 h at room temperature. Membranes were washed with TBS-T,
stained with ECL reagent (Amersham), and exposed to film. Exposed blots were
scanned, and densitometric analysis was carried out using Image J (NIH).

Complex II assay. For the complex II assay, cells (2 X 10°) were collected by
trypsinization and washed in PBS. The cells then were resuspended in a KH,PO,
solution (25 mM) with 0.1% Triton X-100. Succinate (20 mM) was added to the
cell suspension. After 15 min at room temperature, azide (10 mM), antimycin A



720 GUZY ET AL. MoL. CELL. BIOL.

A E

Normoxia Hypoxia Normoxia
TTFA (uM) 50 200 50 200 TTFA (200uM) + + o+
B s HIF-10 3-NPA (100pM) +
. MMA (1mM) +
— LS B-actin - HIF-1et
B = e [-actin
Normoxia Hypoxia
3-NPA (uM) 1 100 1000 1 100 1000 F
g - e HIF g, L (. .
—o=3-NPA 100uM .-j|
ﬁ-actin éﬂﬁ& —a—MMA 2mM /
# ' T O
o £
'g E 110
C g lﬁ Add Compound
. ) £ 5105
Normoxia Hypoxia N l p
MMA (mM) 02 1 5 02 1 5 %LW_WM
s W - F.q = w
95

-——E s e 0 2 % 4

Time (min)

0+
Control TTFA 3-NPA MMA

HRE-Luc
Normalized to Control
DHE Fluorescence - % of Control

U\
Q?\ *@P\&
H

o]
(=3
o

50

Mito-SOX Fluorescence - % of Control

S R P TR TS
Cao& x«ev. («"«0 q’é x'@ " x«Q
& &
® ‘(6 ,béQ @‘@?
FIG. 2. HIF-la stabilization and ROS production during pharmacological inhibition of complex II. Wild-type Hep3B cells were treated with
TTFA (200 pM) (A), 3-NPA (100 uM) (B), MMA (1 mM) (C), or combinations of these drugs (E) for 4 h under normoxic or hypoxic conditions.

HIF-1a and B-actin were detected via immunoblotting. (D) Wild-type 143B cells were transfected with plasmids containing HRE-luciferase
(HRE-Luc) and CMV-B-galactosidase and then treated with TTFA (200 uM), 3-NPA (100 uM), or MMA (1 mM) for 4 h. Lysates were analyzed
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(AA; 1 pg/ml), rotenone (1 wg/ml), and decylubiquinone (50 wM) were added.
Sodium 2,6-dichloroindophenolate DCIP (50 wM) then was added, and the
absorbance at 600 nm was monitored for 2 to 3 min. TTFA (50 uM) then was
added to determine the nonspecific reduction rates of DCIP. The TTFA-sensi-
tive rate of complex II-mediated DCIP reduction then was calculated.

HRE-luciferase reporter gene assay. For the hypoxia response element
(HRE)-luciferase reporter gene assay, cells were transfected for 3.5 h with a
plasmid encoding the HRE-luciferase reporter gene as well as a plasmid carrying
a cytomegalovirus (CMV)—f-galactosidase gene using Lipofectamine 2000. After
the transfection reagent was removed, cells were allowed to recover overnight
before starting the indicated treatments. Cells were lysed with a reporter lysis
buffer (Promega) and cleared of debris by centrifugation at 14,000 rpm for 15
min at 4°C, and luciferase and B-galactosidase activities were measured (Pro-
mega).

ROS measurements. For measurements of ROS using the ratiometric redox-
sensitive probe roGFP, cells were plated on glass coverslips and infected with an
adenovirus expressing roGFP for 24 h before the start of the experiment. Cells
were imaged using an epifluorescence microscope while continuously being su-
perfused with balanced salt solutions at 37°C, and they were excited at a wave-
length of 400 nm followed by one at 485 nm, while emission was measured at 530
nm. The roGFP ratio was determined by dividing the 485-nm excitation/530-nm
emission intensity by the 400-nm excitation/530-nm emission intensity. As the
roGFP thiols are chemically reduced, the roGFP ratio increases, whereas the
roGFP ratio decreases upon thiol oxidation (15). The percentage of oxidation/
reduction in the cells was determined by first measuring the roGFP ratio, after
which the probe was calibrated by perfusion with dithiothreitol (1 mM) to
maximally reduce the protein sensor, followed by the addition of #-butyl hy-
droperoxide (TBP; 1 mM) to maximally oxidize the protein sensor. Values are
expressed as percentages of reduction or oxidation of the probe, with 100% being
fully reduced and 1% being fully oxidized.

For dihydroethidium (DHE) and Mito-SOX experiments, cells were treated
with the appropriate conditions for 5 to 6 h before the addition of DHE (10 pM)
or Mito-SOX (1 pM) to the culture medium. Cells were incubated for an
additional 1.5 h before being trypsinized and resuspended. Fluorescence was
measured via flow cytometry, and a minimum of 2,000 cells were counted for
each sample.

In vitro growth assay. For the in vitro growth assay, cells (2 X 10*) were plated
in individual wells of a 6-well plate. Cells were trypsinized, collected, and counted
in duplicate every 24 h from a single well. Trypan blue was used to stain
nonviable cells, and only unstained cells were counted.

Nude mouse xenograft tumor experiments. For the nude mouse xenograft
tumor experiments, cells (1 X 10°) were resuspended in 100 wl PBS and injected
subcutaneously into the flank of 6-week-old male athymic nude mice (Foxn;
Harlan) anesthetized with isoflurane. Mice were monitored for 25 to 35 days,
during which time tumors were measured in two dimensions. Tumors then were
excised, measured in three dimensions, weighed, and homogenized for Western
blot analysis. All mouse procedures were carried out after institutional review
and approval by the Animal Care and Use Committee at Northwestern Univer-
sity.

RESULTS

Inhibitors of SdhD, but not SdhA, induce ROS production
and normoxic HIF-1la stabilization. Pharmacological agents
that inhibit SdhB, SdhC, or SdhD should mimic genetic defects
in these subunits in terms of increasing ROS and HIF-la
stabilization, whereas agents that interfere with SdhA should
fail to produce that effect. TTFA inhibits complex II at the

SdhB DISRUPTION ALTERS ROS, HIF, AND TUMOR GROWTH 721

ubiquinol binding site in SdhD (Fig. 1). When applied to
Hep3B cells, TTFA elicits a dose-dependent increase in
HIF-1a stabilization during normoxia without interfering with
the response to hypoxia (Fig. 2A). TTFA also elicits an in-
crease in normoxic HIF-dependent transcription of the HRE-
luciferase reporter gene (Fig. 2D). In contrast, 3-NPA, MA,
and MMA all inhibit complex II at the succinate binding site
on SdhA (41). Both 3-NPA and MMA have no significant
effect on HIF-1a stabilization during normoxia or hypoxia in
Hep3B cells (Fig. 2B and C) or on normoxic HRE-luciferase
expression (Fig. 2D). Unlike TTFA, both 3-NPA and MMA
tend to inhibit the baseline normoxic stabilization of HIF-1a
(Fig. 2B and C) at the highest doses tested. Furthermore,
3-NPA and MMA inhibit the normoxic HIF-1a stabilization
induced by TTFA (Fig. 2E), suggesting that the effect of TTFA
is specific to its action on complex II and that electrons must
enter the SdhA subunit for TTFA to have an effect on HIF-1a
stabilization.

Mitochondrial ROS production has been implicated in the
stabilization of HIF-a during hypoxia (21, 31), and the flavin
group in SdhA is capable of mediating the production of su-
peroxide (51). We therefore tested whether TTFA stabilizes
HIF-1a by triggering ROS generation. Using a novel, engi-
neered, ratiometric fluorescent protein redox sensor (roGFP)
(15, 22) expressed in cells by using a recombinant adenovirus,
we find that the acute administration of TTFA significantly
increases the rate of protein thiol oxidation compared to that
induced by 3-NPA, MMA (Fig. 2F), or MA (data not shown).
TTFA-induced ROS production also was detected by using the
cytosolic oxidant-sensitive probe DHE (Fig. 2G) and the mi-
tochondrial ROS sensor Mito-SOX red, a derivative of DHE
targeted to the mitochondrial matrix (Fig. 2H). Oxidation of
Mito-SOX under all conditions is inhibited by the superoxide
dismutase (SOD)-mimetic Mn(III)tetrakis(4-benzoic acid)
porphyrin chloride (TBAP), confirming that the signal de-
tected by this probe is superoxide. Interestingly, 3-NPA and
MMA increase Mito-SOX oxidation but not DHE oxidation,
suggesting that these compounds generate a small ROS signal
within the mitochondrial matrix that does not escape into the
cytosol, whereas the larger oxidant signal elicited by TTFA is
sufficient to escape to the cytosol. Furthermore, the stabiliza-
tion of HIF-1a by TTFA is inhibited by the administration of
the mitochondrial antioxidant Mito-Q (40; also data not
shown), suggesting that mitochondrial ROS production is re-
quired for TTFA-induced HIF-1a stabilization. No increase in
cell death was detected in 143B or Hep3B cells after 6 h of
incubation with TTFA, 3-NPA, or MMA, indicating that these
drugs were not toxic at the concentrations used in this study
(data not shown).

for luciferase activity and corrected for transfection efficiency using B-galactosidase. *, P < 0.05. (F) 143B cells were infected with an adenovirus
encoding roGFP, allowed to recover for 24 h, and imaged every 60 s during perfusion with buffer containing the indicated compounds for 30 min.
The ratio of baseline oxidation of roGFP is indicated as 100%; values greater than 100% represent oxidation, whereas values less than 100%
represent the reduction of the level of the sensor relative to baseline redox levels. (G) Superoxide production as assessed by DHE fluorescence
in wild-type 143B cells treated with AA (1 pM), TTFA (200 wM), 3-NPA (100 pM), or MMA (1 mM). After treatment for 5 h, DHE (1 uM) was
added for an additional hour. Cells were trypsinized, collected, and analyzed by flow cytometry. Values are shown as percentages relative to values
for controls. *, P < 0.05. (H) Cells were treated with the indicated compounds for 5 h, after which Mito-SOX (1 wM) was added for an additional
hour. Cells were trypsinized, collected, and analyzed by flow cytometry. Cont, control. Values are shown as percentages relative to values for

controls. *, P < 0.05.
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clones 4F and SE. (C) Normoxic levels of HIF-1a measured by immunoblotting in A549 WT cells and SdhB shRNA clone 4-2 in the presence of
the antioxidant ebselen (25 wM), 3-NPA (100 nM), or MMA (10 mM). Also shown are normoxic levels of HIF-1a measured in WT Hep3B cells
and SdhB shRNA polyclonal cell line 2, in the presence of DMS (20 mM) or ebselen (25 pM), via immunoblotting. (D) Normoxic levels of HIF-1a
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Mito-Q (1 uM). Immunoblots were quantified via densitometry and are presented as the increase (n-fold) above levels for WT normoxia controls.
*, P < 0.05. (E) Normoxic HRE-luciferase expression analyzed in 143B WT, 143B mock shRNA, 143B SdhB shRNA clone 5E, A549 WT, and

A549 SdhB clone 4-2 cells. Data are presented as the increase (n-fold) above the level for the cell-type-specific WT control. %, P < 0.05.

Genetic suppression of SdhB expression leads to normoxic
HIF-1« stabilization through ROS signaling. To inhibit com-
plex II activity, SdhB expression was stably suppressed using
RNA interference in 143B osteosarcoma, A549, and Hep3B
cell lines (SdhB shRNA). Clones generated from shRNA con-
structs demonstrate significant suppression of SdhB activity;
the same clones exhibit increases in normoxic HIF-1a stabili-
zation (Fig. 3A and B) and HIF-2« stabilization (data not
shown). Stable suppression of SdhB also causes increased nor-
moxic expression of VEGF mRNA, as detected by quantitative
real-time PCR (data not shown). In contrast, cells stably trans-
fected with a mock shRNA vector show no decrease in SdhB
and no increase in normoxic HIF-1a protein (data not shown)
or HRE-luciferase reporter gene expression (Fig. 3E). Hy-
poxia-induced stabilization of HIF-1« is normal in all of these
cells (data not shown).

To determine whether the response to SdhB suppression is
unique to 143B cells, we generated additional clones with sta-
ble RNA interference of SdhB in A549 and Hep3B cell lines.
We also tested whether normoxic HIF-1a stabilization is de-
pendent on ROS generated by the SdhA subunit. Using the
antioxidant ebselen and SdhA inhibitors 3-NPA and MMA, we
find that the increased normoxic HIF-1a stabilization in A549
SdhB shRNA clones, especially in clone 4-2, is dependent upon
ROS and on electron transfer from succinate into SdhA (Fig.
3C). Significant decreases in complex II activity are evident in
A549 shRNA clones and in mass culture lines of Hep3B cells
stably transfected with SdhB shRNA construct 2 (Fig. 3A). The
Hep3B SdhB shRNA polyclonal line also exhibits increased
normoxic HIF-1a stabilization that is inhibited by ebselen (Fig.
30).

Densitometric analysis of multiple experiments using 143B
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SdhB shRNA cells and A549 SdhB shRNA cells shows that the
addition of the mitochondrion-specific antioxidant Mito-Q re-
sults in a significant attenuation of normoxic HIF-1a stabiliza-
tion (Fig. 3D). Similar to the case of HIF stabilization induced
by TTFA, the elevated levels of normoxic HIF-1la also are
significantly attenuated in these same SdhB shRNA lines by
3-NPA, again suggesting that electrons need to enter complex
II in order to induce HIF-la stabilization during SdhB sup-
pression (Fig. 3D). Suppression of SdhB expression in 143B
and A549 cells also results in increased normoxic HRE-lucif-
erase reporter gene expression (Fig. 3E), which is similarly
inhibited with antioxidants and 3-NPA (data not shown).
These data are consistent with the conclusion that the in-
creased HIF-1a stabilization during SdhB suppression is the
result of increased ROS generation from SdhA.

If ROS production from SdhA increases when SdhB, SdhC,
or SdhD is disrupted, then increasing the amount of succinate
available for electron transfer into SdhA might increase ROS
production and HIF-1a stabilization in cells with decreased
SdhB levels. In contrast, normal cells should cope with in-
creased succinate levels by augmenting the overall rate of elec-
tron flux through complex II to ubiquinone. The addition of
the cell-permeable succinate analog DMS produces a slight
increase in normoxic HIF-la stabilization in wild-type cells
and a larger increase in HIF-1la stabilization in Hep3B SdhB
construct 2 cells (Fig. 3C). This response is abolished by the
antioxidant Mito-Q (see Fig. 5E), indicating that increased
electron flux through complex II, under conditions in which
SdhB activity is limited, causes HIF activation in a ROS-de-
pendent manner. Therefore, in cells with SdhB inhibition, nor-
moxic HIF-1a stabilization may be a consequence of increased
intracellular succinate and ROS, both of which act in combi-
nation to inhibit HIF PHD.

Effect of SdhB shRNA on ROS production. We tested
whether the suppression of SdhB expression elicits an increase
in ROS production by assessing cytosolic protein thiol oxida-
tion using adenovirus-mediated expression of the roGFP sen-
sor (15). In both polyclonal and monoclonal Hep3B shRNA
cell lines exhibiting a significant decrease in complex II activity,
an increase in basal oxidation of the roGFP probe is evident
under normoxic conditions (Fig. 4A). Under baseline condi-
tions, the amount of roGFP probe primarily is reduced, and
therefore the oxidation of the probe can be expressed as a
decrease in the amount of reduced probe relative to the
amount of probe in wild-type cells. The calibration of the
sensor was achieved in each study by comparing baseline flu-
orescence ratios to those obtained after the maximal reduction
of the probe (dithiothreitol; 1 mM) followed by maximal oxi-
dation (TBP; 1 mM). This permits the calculation of the per-
cent oxidation/reduction of the protein under baseline condi-
tions. The administration of exogenous TBP (20 uM) or TTFA
produces the partial oxidation (decreased reduction) of roGFP
(Fig. 4A). In 143B cells, mock shRNA does not change basal
levels of roGFP oxidation, whereas SdhB shRNA significantly
increased basal oxidation of the roGFP sensor (Fig. 4B). These
results demonstrate that SdhB suppression specifically in-
creases basal cytosolic oxidant stress. The calibration of the
roGFP response to oxidants shows that the oxidation seen in
SdhB shRNA cells is equivalent to low micromolar concentra-
tions of cytosolic oxidant signals (data not shown).
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Mito-SOX also was used to detect changes in matrix oxidant
stress under normoxic conditions. In 143B cells, SdhB shRNA
results in an increase in baseline Mito-SOX oxidation, which is
abolished and restored to wild-type baseline levels by the
SOD-mimetic TBAP (Fig. 4C). Cells stably transfected with a
mock shRNA vector show no increase in Mito-SOX oxidation.
As stated earlier, the addition of DMS to SdhB shRNA cells
increases the level of normoxic HIF-1« stabilization compared
to that of wild-type controls (Fig. 3C). We therefore tested
whether exogenous succinate also increases ROS production.
The addition of DMS results in a significant increase in Mito-
SOX oxidation in all cells tested, but SdhB shRNA cells dem-
onstrate a significantly greater oxidation of Mito-SOX than do
wild-type controls when given DMS (Fig. 4D). These results
strengthen the conclusion that the generation of superoxide
increases when the electron flux through complex II is in-
creased and that even greater increases in ROS occur when
SdhB also is suppressed. These increases in basal ROS pro-
duction, likely in combination with increases in succinate, con-
tribute to the normoxic stabilization of HIF.

Suppression of SdhA expression does not increase ROS
generation, HIF-1a stabilization, or activity during normoxia.
In a previous study, the suppression of SdhD expression led to
an increase in HIF-1a stabilization, a response that was attrib-
uted to the inhibition of PHD by succinate that accumulated as
a consequence of the impairment in complex II activity (43).
SdhA suppression therefore should yield the same HIF re-
sponse as SdhB suppression if succinate is solely responsible
for the phenotype (8). On the other hand, if increases in ROS
signals from SdhA contribute to the inhibition of PHD when
SdhB is suppressed, then the ROS and HIF-a stabilization
responses should be different when SdhA is suppressed com-
pared to that when SdhB is suppressed. We therefore tested
whether genetic suppression of SdhA produces the same cel-
lular phenotype as SdhB suppression. In 143B cells, we gener-
ated stable SdhA shRNA cell lines with significant suppression
of SdhA that were either polyclonal (SdhA clone 3) or mono-
clonal (SdhA clones 3C and 3L). These clones demonstrate a
significant decrease in SdhA as detected by Western blotting
(Fig. 5A) or by complex II activity (Fig. 5B). We find no
significant increase in HIF-1a stabilization via Western blot-
ting during normoxia in any of these lines (Fig. 5A). Although
an increase in normoxic reporter gene expression using HRE-
luciferase is evident in the monoclonal lines but not in the
polyclonal line, this increase is small compared to that seen in
SdhB shRNA cells (Fig. SA). No significant increase in nor-
moxic Mito-SOX oxidation was detected (Fig. 5C), with the
exception of SdhA clone 3C, which again shows a small in-
crease relative to the level of oxidation of SdhB shRNA cells.
Using the roGFP sensor to assess the protein-thiol redox state
in the cytosol, no significant change in oxidant stress was de-
tected in 143B SdhA shRNA clones compared to levels for
mock shRNA cells (Fig. 5D). Furthermore, SdhA shRNA cells
do not demonstrate an increase in HIF-lo stabilization in
response to DMS, indicating that an intact SdhA is necessary
for DMS-mediated HIF-1a stabilization and that both ROS
and succinate are required for PHD inhibition in response to
exogenous succinate (Fig. 5E). Both SdhB and SdhA shRNA
cell lines respond normally to hypoxia (data not shown), indi-
cating that the disruption of complex II does not affect the
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FIG. 4. Increased ROS production in cells with sShRNA suppression of SdhB. (A) Cells were infected with an adenovirus expressing the
cytosolic oxidant-sensitive roGFP sensor, and the baseline oxidation of roGFP was measured and expressed as percent reduction. Oxidation of
roGFP therefore causes a decrease in the reduction of the probe, as indicated by arrows to the right. The percent reduction of the roGFP probe
relative to the level of probe of wild-type (WT) controls is presented in conjunction with complex II activity levels in Hep3B SdhB shRNA clones.
All cell lines are monoclonal, except for Hep3B SdhB lines 2 and 4, which are polyclonal cell lines. TBP (20 wM) and TTFA (200 uM) are shown
as controls. *, P < 0.05. (B) Oxidant stress assessed by the cytosolic oxidant-sensitive roGFP sensor in 143B wild-type cells, 143B cells with stable
expression of mock shRNA, or 143B SdhB shRNA clone 5E cells, presented in conjunction with complex II activity levels. %, P < 0.05.
(C) Normoxic ROS production in the mitochondrial matrix detected using the probe Mito-SOX red in WT 143B cells, 143B cells with stable
expression of mock shRNA, or 143B SdhB shRNA clone 5E cells. Fluorescence intensity was measured by flow cytometry. Incubation with the
SOD-mimetic TBAP was performed to assess the specificity of Mito-SOX for superoxide. Data are presented as percentages of WT control levels.
*, P < 0.05. (D) Normoxic ROS production in the mitochondrial matrix detected using Mito-SOX red in the presence or absence of DMS (20 mM)
and measured by flow cytometry in 143B cell lines. *, P < 0.05 compared to WT 143B cells and P < 0.05 for SdhB mutant cells with DMS compared
to 143B WT cells with DMS.

oxygen-dependent regulation of HIF-1a and HIF-2a during activation observed in normoxic SdhB shRNA cells stimulates
hypoxia, which is mediated by ROS production from complex proliferation, we compared the growth rates of cells in vitro
III (21, 31). Collectively, these data reveal that the suppression after the stable suppression of SdhB to those after the stable
of SdhA produces a different cellular phenotype than does suppression of SdhA. Stable transfection with a mock shRNA
SdhB suppression, indicating that factors other than a loss of vector does not significantly affect growth in vitro (Fig. 6A).

overall complex II function contribute to the phenotypes ob- However, the stable suppression of SdhB significantly in-
served during the stable suppression of the individual subunits. creases growth rates in 143B cells (Fig. 6A) and tends to
Suppression of SdhB causes increased cell growth in vitro. increase growth in A549 cells (data not shown). In contrast, the

HIF-dependent genes stimulate cell proliferation (45), and the suppression of SdhA leads to a decrease in cell growth rates in
suppression of HIF-1a has been shown to decrease cell growth culture (Fig. 6B). These data suggest that the increases in ROS
rates in vitro and in vivo (14). To determine whether the HIF and normoxic HIF-1a stabilization in the SdhB shRNA cells
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FIG. 5. Effects of siRNA suppression of SdhA on ROS production and HIF-« stabilization. (A) 143B cells stably transfected with SdhA shRNA

demonstrated a significant decrease in SdhA expression compared to that of wild-type (WT) or SdhB shRNA cells. Levels of SdhA and HIF-1a
under normoxic conditions were detected by immunoblotting and were quantified using densitometric analysis (Image J). Cells were either left
untreated or cotransfected with HRE-luciferase and CMV—-B-galactosidase reporter plasmids in order to assess HRE-luciferase expression, as
described in Materials and Methods. *, P < 0.05 compared to levels for WT 143B cells; #, P < 0.05 compared to levels for SdhB shRNA clone
SE. (B) Complex II activity of a polyclonal SdhA shRNA line (SdhA polyclonal line 3) and a monoclonal SdhA shRNA line (SdhA polyclonal line
3C). Complex II activity was measured as described in Materials and Methods, and activity is expressed as the percentage of the level for WT 143B
cells. *, P < 0.05. (C) Mito-SOX fluorescence in normoxic cells, determined as previously described. *, P < 0.05. (D) Percent reduction of the
roGFP cytosolic redox sensor in mock shRNA, SdhA polyclonal line 3, and SdhA clone 3C cells under normoxia. No significant differences were
detected. (E) 143B WT and SdhA shRNA cells were exposed to DMS (20 mM) or DMS plus Mito-Q (1 M) under normoxic conditions. Normoxic
HIF-1a levels were measured via immunoblotting and were quantified using densitometric analysis (Image J). Data are presented as percentages

of normoxic HIF-1a expression for each cell type. *, P < 0.05.

contribute to an increased rate of proliferation in vitro, while
the lack of ROS and HIF-la stabilization in SdhA shRNA
cells, in combination with decreased complex II activity, leads
to decreased rates of growth in vitro.

Suppression of SdhB causes increased tumor growth in a
mouse xenograft model. To determine whether the differences
in growth rates of SdhB- and SdhA-suppressed cells in vitro is
recapitulated in vivo, athymic nude mice were injected subcu-
taneously in the flank with identical numbers of cells, and
tumor growth was monitored over time. Stable suppression of
SdhB results in a marked increase in tumor dimensional
growth rates and tumor mass (Fig. 7A to C), whereas mock
shRNA cells do not exhibit a detectable change in growth rate
or tissue mass compared to those of wild-type controls. By

comparison, cells with stable suppression of SdhA generate
tumors that grow more slowly (Fig. 7B and C) than wild-type
controls or SdhB shRNA cells. Protein lysates from SdhB
shRNA-derived tumors, but not SdhA shRNA-derived tumors,
exhibit increased levels of HIF-1a, HIF-2a, and VEGF protein
expression, as determined by immunoblotting (Fig. 7D). We
also find that SdhB shRNA cells are not different from wild-
type cells in their susceptibility to death induced by staurospor-
ine (24 h) or anoxia (48 h) (data not shown), indicating that the
increased cell and tumor growth rates are not likely to be the
result of an enhanced resistance to apoptosis. These data in-
dicate that the suppression of SdhB, but not SdhA, results
in increased tumor growth, in association with an increase in
HIF-« stabilization.
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FIG. 6. Increased rate of cell growth in vitro in SdhB shRNA, but
not SdhA shRNA, cells. (A) 143B wild-type (WT), mock shRNA, and
SdhB shRNA cells plated at 20,000 cells/well in 6-well plates were
trypsinized, collected, and counted every 12 to 24 h. (B) 143B WT,
SdhA shRNA polyclonal line 3, SdhA shRNA clone 3C, and SdhA
shRNA clone 3L cells plated at 20,000 cells/well in 6-well plates were
trypsinized, collected, and counted every 24 h. *, P < 0.05.

Tumor growth of SdhB shRNA cells is HIF dependent. To
determine the roles of HIF-1a and HIF-2a in promoting the
rate of cell growth in vitro and tumor growth in vivo, we
generated stable suppression of HIF-1a, HIF-2a, or HIF-1a
and HIF-2a (referred to as HIF-1a+HIF-2« hereafter) in the
143B SdhB shRNA cell line using retrovirally delivered
HIF-1a and/or HIF-2a shRNA constructs. A control line of
SdhB shRNA cells was stably transfected with a Drosophila
melanogaster HIF shRNA construct (dHIF), which differs in
sequence from that of the human HIF shRNA and therefore is
ineffective in suppressing HIF-la expression. Compared to
hypoxic HIF-a stabilization responses of SdhB dHIF controls,
cells with suppression of HIF-1a and/or HIF-2a show attenu-
ation of hypoxic HIF-a stabilization responses in various
clones (Fig. 8A). Suppression of HIF-1a, HIF-2a, and HIF-
la+HIF-2a results in a significant decrease of cell growth in
vitro (Fig. 8B), significantly slower tumor growth in vivo (Fig.
8C), and significantly smaller tumor mass at harvest (Fig. 8D)
compared to those of the SdhB dHIF control cells. These
results demonstrate that both HIF-1a and HIF-2a are neces-
sary for the increased rates of growth in vitro and in vivo in
SdhB shRNA cells.

MoL. CELL. BIOL.

DISCUSSION

Overview. Five mechanisms have been proposed to explain
the linkage between succinate dehydrogenase (Sdh) mutations
and tumorigenesis. The first model suggests that Sdh inhibition
arising from mutations in the B, C, or D subunit leads to an
increase in ROS production, resulting in oxidative damage to
DNA, genomic instability, and tumorigenesis. The second
model proposes that Sdh mutations lead to an increase in
mitochondrial ROS production, but these oxidants act as signal
transduction messengers to trigger HIF-1a stabilization by in-
hibiting PHD, which regulates the stability of the protein
through the hydroxylation of two proline residues. Activation
of HIF then would drive tumorigenesis through the enhanced
expression of genes involved in cell proliferation, tumor angio-
genesis, cell migration, and cell survival (32). A third model
suggests that HIF-1a is stabilized by an increase in succinate,
which accumulates when Sdh activity declines. Succinate inhib-
its PHD competitively, so this mechanism would mimic the
hypoxic response without the need for a decrease in [O,] or an
increase in ROS. A fourth model proposes that Sdh inhibition
leads to an increase in ROS generation, which mediates the
nonenzymatic decarboxylation of a-ketoglutarate and oxaloac-
etate. Decarboxylation of oxaloacetate yields MA, which fur-
ther inhibits Sdh, while succinate produced by the decarboxyl-
ation of a-ketoglutarate transits to the cytosol and inhibits
PHD. A fifth model suggests that neuronal precursor cells with
mutations in Sdh fail to undergo normal apoptosis in response
to growth factor withdrawal during embryogenesis. This apop-
tosis requires PHD; succinate accumulation resulting from Sdh
inhibition impairs its activity while contributing to later pheo-
chromocytoma progression by amplifying HIF-1« stabilization.
Investigators have examined these mechanisms in diverse
model systems, and controversy has arisen with respect to (i)
whether or not an ROS increase is involved in the response
and (ii) why tumorigenesis is associated with mutations in the
B, C, and D subunits but not the A subunit. In the present
study, we used stable shRNA inhibition of SdhA or SdhB in
multiple oncogenic cell lines to address these issues in cell
culture and tumor xenograft models.

Generation of ROS in response to Sdh inhibition. We found
that the inhibition of SdhB caused an increase in oxidant stress
during normoxia, which was detected in the cytosol by the
redox-sensitive protein roGFP and in the mitochondrial matrix
with the fluorescent probe Mito-Sox red. The ratiometric be-
havior of the roGFP sensor permits its calibration in live cells,
which facilitates a comparison of the percent oxidation under
basal conditions across various cell lines with stable genetic
suppression of different Sdh subunits. The increase in oxidant
stress in SdhB knockdown clones was small but statistically
significant, while no evidence of increased cytosolic oxidant
stress was detected in the SdhA knockdown cells. Similar in-
creases in cytosolic oxidant stress also were detected in re-
sponse to TTFA, which inhibits electron flux at SdhD (47). In
both cases, these changes in oxidant stress were sufficient to
trigger HIF-1a stabilization, indicating their biological signifi-
cance. Other studies with diverse model systems also indicate
that mutations in complex II can cause increases in ROS pro-
duction (24, 25, 46, 51, 54).

Superoxide generated at complex II should be released into
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FIG. 7. Increased rate of tumor growth and increased HIF-a stabilization in SdhB shRNA cell-derived tumors. (A and B) Athymic nude mice
were injected with 1 X 10° cells (143B wild type [WT], 143B mock shRNA, 143B SdhB shRNA clone 5E, or 143B SdhA shRNA polyclonal line
3 and clone 3C). Tumor growth was monitored for 35 days. Growth rates for SdhA shRNA polyclonal line 3 and 3C cell lines were virtually identical
and have been combined in this graph. *, P < 0.05. (C) Upon excision, tumors were washed in cold PBS, and their mass was measured. *, P <
0.05. (D) Portions of the tumors were homogenized and lysed. Protein levels were measured by immunoblotting. Densitometric analysis of blots
was carried out (Image J), corrected for B-actin levels, and normalized to WT levels. %, P < 0.05. Avg., average.

the mitochondrial matrix, based on the assembly of Sdh sub-
units in that compartment. Accordingly, SdhB knockdown cells
demonstrated significant increases in Mito-SOX oxidation by
superoxide. Oxidant stress in the matrix was amplified in all
cell lines when DMS, a cell-permeable succinate analog, was
administered to enhance enzymatic activity and electron flux in
Sdh. However, the greatest increases in ROS production, com-
pared to the ROS production of wild-type or mock knockdown
cells, were seen when DMS was administered to SdhB knock-
down cells. These findings demonstrate that SdhB suppression
is associated with an increase in basal superoxide generation in
the matrix compartment. Hydrogen peroxide (H,O,) arising
from the dismutation of superoxide by Mn-SOD appears to
escape to the cytosol in SdhB shRNA cells, where it can be
detected by the roGFP sensor and where it inhibits PHD and
triggers HIF-a stabilization.

Using DHE, Selak and coworkers were unable to detect
oxidant stress in HEK293 cells that had been subjected to
SdhD suppression by shRNA transfection (43, 44). Based on
those results, they concluded that redox stress is not essential
for the phenotype observed in cells with Sdh inhibition. How-
ever, although DHE is rapidly oxidized by superoxide, it is
insensitive to H,O,. Because DHE remains in the cytosol and
nuclear compartments, it would not detect superoxide within
the mitochondrial matrix. Like Selak et al., we were unable to

detect increased oxidant stress using DHE in our SdhB knock-
down cells (data not shown). We therefore suspect that their
inability to detect increased DHE oxidation during SdhD sup-
pression was due to the lack of mitochondrial matrix superox-
ide escape to the cytosol. As positive controls they used AA
(44) or the overexpression of p53 (43) to validate their ability
to detect ROS with DHE. Those interventions would be ex-
pected to increase cytosolic superoxide levels, because AA
generates superoxide at the outer surface of the inner mito-
chondrial membrane (50) while p53 induces the expression of
a variety of nonmitochondrial oxidase systems (53). Indeed, by
using these approaches, their DHE measurements successfully
detected an increase in ROS production. We therefore suggest
that the differences in ROS production between our study and
theirs relates to the methods used to detect oxidant production
during Sdh inhibition. However, we cannot rule out the possi-
bility that HIF accumulation associated with SdhD deficiency
proceeds by a different mechanism than that associated with
SdhB suppression.

Sites of ROS production in complex II. Controversy exists
regarding the sites in complex II at which ROS generation
occurs when electron flux is disrupted as a consequence of
alterations in the B, C, or D subunit. Some evidence suggests
that the flavin adenine dinucleotide site in SdhA is the princi-
pal source of superoxide generation, due to the exposure of
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FIG. 8. Effect of HIF-a suppression on cell growth and tumor formation. (A) 143B SdhB shRNA cells were stably infected with retroviruses
expressing ShRNA constructs targeting dHIF as controls or human HIF-1a and/or HIF-2a. HRE-luciferase expression and HIF-1a and HIF-2a
protein levels were measured during hypoxia (1.5% O,). Values are normalized to those of the SdhB dHIF shRNA controls. *, P < 0.05. Ln 2,
line 2. (B) Comparison of cell growth rates in cultures of SdhB shRNA cells with simultaneous dHIF, HIF-1a, and/or HIF-2a shRNA suppression.
Cells plated at 20,000 cells/well in 6-well plates were trypsinized, collected, and counted every 24 h. *, P < 0.05. (C) Athymic nude mice were
injected with 1 X 10° cells (143B SdhB shRNA plus dHIF, HIF-1q, and/or HIF-2a shRNA suppression). Tumor growth was monitored for 25 days.
*, P < 0.05. Avg., average. (D) Tumor weight in 143B SdhB shRNA cells with simultaneous dHIF, HIF-1«, and/or HIF-2a shRNA suppression

after 25 days of growth in vivo. *, P < 0.05.

that moiety to the aqueous environment and the high electron
density that develops when the electron flux downstream from
that site is obstructed (34, 51). However, other studies suggest
that mutations in SdhB, SdhC, or SdhD influence superoxide
generation at the ubiquinone binding site in SdhD through
intermolecular interactions (20, 48). Our data are consistent
with the former model, as increases in ROS were detected in
response to the suppression of SdhB expression, implying that
the backup of electrons at SdhA was responsible. However, our
results certainly do not refute the possibility that mutations in
SdhB, SdhC, or SdhD could influence ROS production at the

D subunit through the latter mechanism. In either case, the
increase in ROS production likely would occur within the ma-
trix compartment.

SdhB inhibition triggers normoxic HIF-1e and HIF-2« sta-
bilization through an ROS-dependent mechanism. The stable
suppression of SdhB, but not SdhA, caused HIF-1a stabiliza-
tion under normoxia. Likewise, TTFA, which inhibits SdhD,
produced an increase in roGFP oxidation and dose-dependent
HIF-1a stabilization. In contrast, proximal inhibitors 3-NPA
and MMA, which bind at SdhA, failed to augment cytosolic
oxidant stress or to stabilize HIF-a. In fact, proximal inhibitors
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of Sdh suppressed the normoxic stabilization of HIF-1la by
TTFA, as did the antioxidants ebselen and Mito-Q. The SdhA
inhibitors probably abolish the TTFA response by limiting
electron entry at the SdhA subunit and thereby decreasing
ROS production, whereas Mito-Q acts by scavenging mito-
chondrial ROS. The effects of Sdh inhibition on HIF-1a pro-
tein stabilization were further confirmed by HRE-luciferase
reporter assays. However, pharmacologic or genetic manipu-
lation of SdhA failed to produce any increase in cytosolic ROS
and failed to augment HIF-1a stabilization under normoxia.
Collectively, these results support the conclusion that oxidant
stress generated by the inhibition of SdhD or genetic alter-
ations in SdhB is sufficient to mimic the response to hypoxia in
terms of HIF-« stabilization and HIF-dependent transcription.

Role of increases in succinate. HIF-1a stabilization in the
setting of complex II dysfunction has been attributed to an
inhibition of PHD by succinate (8, 13, 37, 43). Decreases in
Sdh activity should cause an accumulation of succinate, which
can transit to the cytosol through the dicarboxylate carrier.
There, it potentially can inhibit PHD and cause HIF-a stabi-
lization through a pseudohypoxia pathway that does not re-
quire ROS (43, 44). However, for a given level of Sdh inhibi-
tion, one would expect to find a similar increase in succinate
regardless of which subunit is responsible for the inhibition in
overall enzyme activity. However, SdhB, SdhC, and SdhD mu-
tations are associated with a tumor phenotype, whereas SdhA
mutations are not. Some authors have explained this paradox
by suggesting that two isoforms of SdhA exist (8, 49) and that
distinct genetic loci encode these two SdhA variants (49).
However, genetic analysis reveals that the two variants arise
from a single, highly polymorphic SdhA gene, resulting from
the persistence of two distinct haplogroups in the human ge-
nome (4). Therefore, the different phenotypic responses asso-
ciated with SdhA mutations and SdhB, SdhC, or SdhD muta-
tions cannot be explained by the rescue of SdhA activity by a
second isoform. In light of this information, the factors respon-
sible for the phenotypic difference are not established.

Our results suggest that the additional activation induced by
ROS signaling in cells with SdhB, SdhC, or SdhD mutations
will amplify the pseudohypoxic response beyond that seen in
SdhA mutants. We agree that increases in succinate represent
an important contribution to the stabilization of HIF-« in cells
with Sdh inhibition (43). However, mutations in SdhB, SdhC,
or SdhD would be expected to cause both an ROS-mediated
and a succinate-mediated effect, whereas SdhA mutations
would act by augmenting succinate alone. Mutations in SdhA
may be sufficient to induce nuclear translocation of HIF-1a
(8), although the present study did not detect any increase in
HIF-1a stabilization or tumor progression in the SdhA shRNA
cells. We suggest that the additional activation mediated by
ROS can explain the difference in phenotype that has been
noted. In this regard, our findings are consistent with those of
the model proposed by Szeto et al., who suggested, based on
experiments with Saccharomyces cerevisiae, that mutations in
Sdh promote tumor progression by contributing to both ROS
production and succinate accumulation (48).

Studies by Lee et al. related pheochromocytomas to germ
line mutations in Sdh by observing that the apoptosis of neu-
ronal precursor cells, induced by the withdrawal of neural
growth factor, requires c-Jun-dependent apoptosis mediated
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by the PHD EgIN3 (29). Mutations in Sdh that inhibit enzyme
function impair this apoptosis by causing succinate accumula-
tion, which inhibits EgIN3. While interesting, these findings do
not address why phenotypic differences occur with SdhA mu-
tations and SdhB, SdhC, or SdhD mutations, as a mutation in
any subunit that affects succinate levels (and, thus, EgIN3 ac-
tivity) also would affect Krebs cycle function and bioenergetics,
yet SdhA defects are not tumorigenic. We assessed the ability
of SdhA and SdhB knockdown cells to undergo apoptosis in
response to serum withdrawal or staurosporine, but we were
unable to detect any differences. We therefore conclude that
the augmented tumor growth in our SdhB shRNA cells was not
due to a decrease in apoptotic potential.

ROS-induced increases in succinate accumulation. Another
possibility is that increases in ROS production resulting from
genetic mutations in SdhB, SdhC, or SdhD could contribute to
the accumulation of succinate through a mechanism involving
H,O,-mediated nonenzymatic decarboxylation of a-ketogluta-
rate and oxaloacetate. As described by Fedotcheva et al., mi-
tochondrial treatment with H,O, led to an increase in a-keto-
glutarate oxidation to succinate and oxaloacetate decarboxylation
to MA (17). The former reaction would promote the formation of
succinate, while MA released by the latter reaction would inhibit
succinate oxidation by Sdh. The net effect would be to augment
succinate accumulation, which then could exit to the cytosol and
inhibit PHD. While our data are not inconsistent with this model,
our results suggest that MA inhibition at SdhA tends to inhibit
ROS production at complex II by preventing succinate dehydro-
genation and electron entry into the system. Also, the concentra-
tion of exogenous H,O, needed to produce this effect was rela-
tively high (100 to 500 wM), and it is not clear whether these levels
of ROS are achieved in the mitochondria.

Tumor progression and the role of HIF-1 and HIF-2. We
observed a stark contrast between the effects of SdhA suppres-
sion and those of SdhB suppression on cell growth in vitro and
tumor growth in vivo. The stable suppression of SdhB en-
hanced xenograft tumor formation, which mirrors the clinical
tumor syndromes linked to mutations in SdhB, SdhC, or SdhD
(5). In contrast, cell proliferation and tumor growth rates in
SdhA shRNA cells were inhibited, consistent with results of
clinical studies linking SdhA mutations to a bioenergetic defi-
ciency rather than a tumor phenotype (7). Transgenic cell lines
with a mutated SdhC gene also exhibit increased ROS produc-
tion and increased tumor formation rates in a nude mouse
model (26). The enhanced tumor progression in our SdhB cells
can be attributed to the effects of HIF-1 and HIF-2, because
simultaneous stable shiRNA suppression of HIF-1o or HIF-2«
led to a reversal of that response. The data reveal that HIF-1a
and HIF-2« are required for supporting the growth of tumors
derived from the SdhB shRNA cells, such that the loss of either
factor slows growth measurably. These results underscore the
importance of HIF activation for cell proliferation and tumor
progression in these cell lines. This is consistent with previous
observations that the activation of HIF activity through its
overexpression (28) or chronic hypoxia (52) leads to increased
tumor growth. Conversely, decreasing HIF transcriptional ac-
tivity through antisense, dominant-negative, or short interfer-
ing RNA constructs (12, 14, 27, 30, 39) slows tumor progres-
sion. ROS signals are sufficient to trigger the stabilization of
HIF-a (21, 31), and a recent study indicates that antioxidant
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therapy significantly inhibits tumor progression in vivo by in-
hibiting HIF activation (18). Collectively, these observations
are consistent with a model in which SdhB, SdhC, or SdhD
mutations lead to increased tumorigenicity through an ROS-
mediated enhancement of HIF activation.

Relationship to oxygen sensing. Previous studies have im-
plicated complex IIT in the cellular O,-sensing pathway in-
volved in the regulation of HIF-« stability during hypoxia (10,
21). Genetic and pharmacologic interventions that limit ROS
production at complex III inhibit the ability of cells to respond
to acute hypoxia without limiting their ability to respond to
interventions that mimic hypoxia (6, 10, 11, 21, 31). None of
our complex II inhibitors prevented the stabilization of HIF-1a
during hypoxia, and SdhB shRNA cells responded normally to
hypoxia in terms of HIF-1a stabilization. Consistent with that
finding, O, sensing was not abolished by the genetic deletion of
SdhD in a previous study (36). The observation that O, sensing
is maintained despite the loss of complex II is expected, be-
cause the oxygen-sensing mechanism functions by releasing
ROS from complex III. However, our results indicate that
mutations in SdhB, SdhC, or SdhD leading to increases in ROS
production by complex II can mimic the ROS signal that arises
from complex III during hypoxia, thereby activating the hy-
poxic response under normoxic conditions. Complex II has
been classified as a tumor suppressor, but our results suggest
that it functions as a protooncogene capable of activating HIF
when defects in SdhB, SdhC, or SdhD cause an increase in
ROS production, leading to the stimulation of HIF-dependent
gene expression and cell proliferation.
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