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Hereditary leiomyomatosis and renal cell cancer (HLRCC) is an inherited cancer syndrome linked to
biallelic inactivation of the gene encoding the tricarboxylic acid cycle enzyme fumarate hydratase (FH).
Individuals with HLRCC are at risk to develop cutaneous and uterine leiomyomas and an aggressive form of
kidney cancer. Pseudohypoxic drive—the aberrant activation of cellular hypoxia response pathways despite
normal oxygen tension—is considered to be a likely mechanism underlying the etiology of this tumor.
Pseudohypoxia requires the oxygen-independent stabilization of the « subunit of the hypoxia-inducible tran-
scription factor (HIF-1a). Under normoxic conditions, proline hydroxylation of HIF-1a permits VHL recog-
nition and subsequent targeting for proteasomal degradation. Here, we demonstrate that inactivating muta-
tions of FH in an HLRCC-derived cell line result in glucose-mediated generation of cellular reactive oxygen
species (ROS) and ROS-dependent HIF-1a stabilization. Additionally, we demonstrate that stable knockdown
of FH in immortalized renal epithelial cells results in ROS-dependent HIF-1« stabilization. These data reveal
that the obligate glycolytic switch present in HLRCC is critical to HIF stabilization via ROS generation.

Patients with hereditary leiomyomatosis and renal cell can-
cer (HLRCC) harbor germ line mutations of the FH gene,
which encodes the tricarboxylic acid cycle enzyme fumarate
hydratase, and affected individuals are at risk for the develop-
ment of leiomyomas of the skin and uterus (fibroids) as well as
kidney cancer (11, 25, 37). Genetic analysis of tumor samples
indicates that FH acts as a tumor suppressor gene (37). The
renal tumors that develop in HLRCC patients are notable for
their aggressiveness, and effective systemic therapies are lack-
ing at this time. Hence, identification of the molecular mech-
anisms that underlie the pathogenesis of this disease is needed
to facilitate the development of targeted therapeutic strategies.
Moreover, such studies may provide further insight into the
role of mitochondrial metabolism in both normal and aberrant
cellular physiology.

FH catalyzes the enzymatic step of the tricarboxylic (TCA)
cycle that hydrates fumarate to form malate. Proposed mech-
anisms for HLRCC tumor formation include apoptotic resis-
tance, oxidative stress, and pseudohypoxic drive (10). Of these,
most reports to date support a role for pseudohypoxic drive,
based specifically on studies of hypoxia-inducible transcription
factor 1a (HIF-1a) expression. Pseudohypoxia is defined as the
aberrant activation of hypoxia response pathways under nor-
mal oxygen conditions. HIF-1a expression is elevated both in
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HLRCC tumor specimens and in normoxic cells in which FH
expression has been transiently suppressed with small interfer-
ing RNA (siRNA) (16). HIF-2« expression is also elevated in
HLRCC tumor samples, although to a lesser extent than is
HIF-1a. In addition, there is clear evidence of upregulated
transcription of HIF target genes in HLRCC tumor samples
and in FH siRNA-treated cells (16, 30). Further support for
hypoxia-independent HIF activation in HLRCC tumor sam-
ples is provided by a recent study of FH knockout mice, in
which developing renal cysts were characterized by elevated
nuclear HIF-1a expression and increased transcription of the
HIF target genes Glutl and VEGF (32).

Cellular sensing of oxygen levels is tightly regulated by en-
zymes termed HIF prolyl hydroxylases (HPHs) (3, 5, 17, 18).
These enzymes require the cofactors Fe** and ascorbate as
well as the cosubstrates molecular oxygen (O,) and 2-oxoglu-
tarate (2-OG) (19). The reaction catalyzed by the HPHs results
in hydroxylation of conserved HIF proline residues, using mo-
lecular oxygen as the hydroxyl group donor and producing
succinate as a side reactant. In their hydroxylated form, HIF-«
(either HIF-1a or HIF-2«) proteins are recognized by the E3
ubiquitin ligase pVHL, resulting in proteasome targeting and
degradation (17). When O, levels are limiting (e.g., hypoxia)
HIF-a remains unhydroxylated and able to heterodimerize
with its constitutively expressed partner protein HIF-13 (for a
review, see reference 9). This heterocomplex transcriptionally
upregulates several genes, including EPO, VEGF, GLUTI, a
number of glycolytic enzyme genes, and TGFa, all of which
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serve to coordinate the cellular and organismal response to
hypoxia. Interestingly, VHL mutations are found in the major-
ity of clear cell renal carcinomas, the most common histologic
variant of kidney cancer (8). Consistent with the function of
VHL, stabilization of HIF-1a is often found in clear cell renal
carcinomas with identifiable VHL mutations (41).

Thus far, VHL mutation status has not been characterized in
HLRCC tumors. However, the link between FFH mutation/loss
and normoxic stabilization of HIF may depend instead on the
biochemical consequences of reduced or absent FH activity.
An FH-deficient tumor is likely to contain elevated levels of
fumarate, and, using magnetic resonance spectroscopy, this has
been confirmed in HLRCC fibroids (31). We have proposed
that fumarate may initiate pseudohypoxia by competitively in-
hibiting 2-OG-dependent HIF-a hydroxylation (35). Indeed,
we recently reported fumarate to be a potent competitive in-
hibitor of purified HPH and an inhibitor of HIF-« hydroxyla-
tion in vitro and in vivo (16).

Oxidative stress has also been proposed as a possible mech-
anism of tumorigenesis in several model systems, and abun-
dant evidence suggests that reactive oxygen species (ROS) can
promote stabilization of HIF-a. As ROS generation is one of
the earliest cellular responses to high intracellular glucose
(13), the dramatic increase in glucose utilization following ex-
perimental abrogation of FH activity (16) suggests that ROS
generation may be an inescapable by-product of HLRCC me-
tabolism. Since our previous study examined only the acute
impact of diminished FH activity on HIF, we wished to assess
the possible contribution of long-term glycolytic addiction to
HIF stabilization, as this is more likely to reflect the in vivo
situation in HLRCC tumor cells.

In this report, we demonstrate that ROS is constitutively
elevated and is an important mediator of HIF-1« stabilization
in the first reported HLRCC-derived tumor cell line, as well as
in other renal epithelial cells whose FH expression has been
stably suppressed. Moreover, we propose that the obligate
glycolytic phenotype of HLRCC tumor cells contributes to
elevated levels of cellular ROS. These data identify a promi-
nent role for ROS in maintaining the pseudohypoxic gene
expression profile characteristic of HLRCC.

MATERIALS AND METHODS

Reagents and cell culture. All chemical reagents were purchased from Sigma,
except dimethyloxalylglycine (DMOG) (Cayman) and PS341 (Millenium).
UOK262 cells were obtained from a patient undergoing clinically indicated
surgical resection for kidney cancer. Samples were obtained as part of a clinical/
research protocol approved by the Institutional Review Board of the National
Cancer Institute. Tumor cells were harvested from a metastatic deposit in an
HLRCC patient (germ line FH mutation present) with advanced kidney cancer
and immediately placed into cell culture without any transformation-based ma-
nipulations. UOK262 cells were confirmed to have absent FH enzymatic activity
utilizing an assay as previously described (29). The resultant cell line is described
in further detail elsewhere (Y. Yang, V. A. Valera Romero, H. M. Padillia-Nash,
C. Sourbier, C. D. Vocke, M. A. Vira, M. S. Abu-Asab, G. Bratslavsky, M.
Tsokos, M. J. Merino, P. A. Pinto, R. Srinivasan, T. Ried, L. M. Neckers, and
W. M. Linehan, submitted for publication). UOK262 cells were stably trans-
fected utilizing retrovirus with a control vector (CV; pBabePuro) or a vector
containing wild-type FH with a C-terminal FLAG tag. Puromycin-resistant
clones were selected and screened for transgene expression via immunoblotting.
All cell lines except HK-2 were cultured in high-glucose (4.5 g/liter) Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with penicillin (100 U/ml),
streptomycin (100 mg/ml), 10% heat-inactivated fetal bovine serum, and HEPES
(10 mM). HK-2 cells were purchased from ATCC and were cultured in DMEM/
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Ham’s F-12 media with L-glutamine supplemented with penicillin (100 U/ml),
streptomycin (100 mg/ml), 10% heat-inactivated fetal bovine serum, and HEPES
(10 mM).

Lactate measurements. A total of 5 X 10° cells were allowed to adhere
overnight in standard media. Plates were washed, and cells were incubated in
modified Krebs buffer (1.3 mM CaCl,, 1.3 mM MgCl,, 124 mM NaCl, 3.5 mM
KCl, 1.25 mM K,HPO,, 26.3 mM NaHCOj; supplemented with 10 mM HEPES)
with glucose (5 mM). After 24 h in Krebs buffer, media were harvested and
analyzed for lactate levels using a Synchron LX20 analyzer (Beckman Coulter).

Western blotting. All HIF-1a and CREB immunoblot analyses were per-
formed on nuclear extracts. Nuclear extracts were obtained utilizing differential
salt lysis buffers as previously described (16). All other immunoblot analyses were
performed on whole-cell lysates prepared with the use of radioimmunoprecipi-
tation assay buffer (50 mM Tris-HCI, 150 mM NaCl, 1% Triton X-100, 1%
sodium deoxycholate, and 0.1% sodium dodecyl sulfate) supplemented with
protease inhibitor cocktail (Roche). Thirty micrograms of lysate proteins (either
nuclear or whole cell) was resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes. Membranes were
blocked with 5% nonfat milk in TBST (10 mM Tris-HCI, 100 mM NaCl, 0.1%
Tween 20). Membranes were then incubated with the following primary anti-
bodies: HIF-la (BD Transduction), CREB (Cell Signaling), hydroxylated
HIF-1a (Rockland Immunochemicals), protein kinase C-8 (PKC-8) (BD Trans-
duction), FH (Genetex), a-tubulin (Abcam), p47Ph°* (Cell Signaling), and glyc-
eraldehyde-3-phosphatedehydrogenase (GAPDH) (Novus Biologicals). Mem-
branes were washed with TBST followed by incubation with the indicated
secondary antibody (horseradish peroxidase conjugated). Proteins were visual-
ized with enhanced chemiluminescence.

DCF ROS measurements in cultured cell lines. Back clear-view 96-well plates
(PerkinElmer) were plated with 5,000 cells and treated the following day. The
5-(and -6)-chloromethyl-2’,7'-dichlorodihydrofluorescein diacetate, acetyl ester
(CM-H,DCFDA) (Invitrogen), becomes fluorescent after oxidation to DCF by
ROS in live cells. After the above-indicated treatment, plates were loaded with
10 M dye in phosphate-buffered saline for 1 hour at 37°C (100 pl/well). The
buffer was then removed, and the cells were returned to prewarmed Krebs buffer
media with glucose (4.5 mg/ml). After 1 hour of recovery, oxidation of the dye
was measured by fluorescence detection using excitation and emission wave-
lengths of 488 and 520 nm, respectively, in a multiwell fluorescence plate reader
(Wallac 1420 Victor; PerkinElmer). To normalize the results, protein was pre-
cipitated with 30 wl of acetone and resuspended in 20 pl of H,O. A bicinchoninic
acid assay (Pierce Biotechnology, Inc., Rockford, IL) was performed to obtain
the protein concentration in each well. The ROS level was then normalized to
the protein content.

ROS measurements in Saccharomyces cerevisiae. Cells were grown in a rotary
shaker at 30°C in liquid YPD medium (1% yeast extract, 2% Bacto peptone, 2%
glucose supplemented with 40 pg/ml adenine) to a density of 2 X 10® cells/ml in
the presence of 5 pg/ml H,-DCFDA. Prior to analysis, cultures were sonicated
and then diluted to a density of 1 X 10° cells/ml in 50 mM Tris-HCI (pH 7.5).
Fluorescence data from 10,000 cells per sample were then collected using a
Becton-Dickinson FACSCalibur flow cytometer and analyzed using Cell Quest
Pro software. Fluorescence-activated cell sorter parameters were set at excitation
and emission settings of 304 and 551 nm (filter FL-1), respectively. The ROS
level is expressed as mean fluorescence channel number (* standard deviation
[SD)).

NADPH oxidase activity. NADPH oxidase activity was measured as previously
described for renal epithelial cells utilizing a lucigenin-enhanced chemilumines-
cence method (2).

RNA interference. For FH knockdown, an invalidated short hairpin RNA
(shRNA) target set (four clones total) was obtained (Sigma). sShRNA constructs
were screened, and a clone was identified which resulted in significant knock-
down of FH at the protein level, referred to as shFH. CV and shFH were
transfected into HK-2 renal epithelial cells, using the Nucleofector system
(Amaxa) according to the manufacturer’s protocol, and stable transfectants
(single-cell clones) were obtained following selection in puromycin.

For measurement of NADPH oxidase activity following PKC-8 knockdown,
cells were transfected with ON-TARGETplus SMARTpool siRNA reagent
(Thermo Fisher) with the Amaxa Nucleofector system according to the manu-
facturer’s protocol. Cells were harvested at 48 h following transfection, and
lysates were analyzed for PKC-8 expression to confirm knockdown. For assess-
ment of effects on nuclear HIF-1a levels, either pooled PKC-8 siRNA (Dhar-
macon) or siRNA duplex (sense, 5'-GGAGUAACAGGAAACAUCAATAT-3';
antisense, 5'-UGAUGUUUCCUGUUACUCCATAT-3") (Sigma-Aldrich) was
utilized with similar effects on HIF-1a levels. For p47P"* knockdown, pooled
siRNA was utilized (Santa Cruz Biotechnology).
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Fe measurements. Fe>* and Fe3* ratios were determined using the Quanti-
Chrom iron assay kit (BioAssay Systems) following the manufacturer’s instruc-
tions. The chromogen in this assay specifically reacts with Fe*™ and can be
measured with or without reductant to permit measurement of oxidized iron ions
(Fe3™).

Statistics. Unless otherwise noted, data are presented as the mean + SD and
are representative of at least three independent experiments.

RESULTS

HIF-1a expression in the HLRCC tumor cell line UOK262
is glucose dependent. Previous reports have established that
siRNA-mediated FH knockdown results in HIF-1a stabiliza-
tion(16, 21). While these studies support a role for pseudohy-
poxia in HLRCC tumor formation and progression, the recent
development of a cell line from an HLRCC tumor specimen,
hereafter referred to as UOK262, provides a more biologically
relevant model to study HLRCC. These tumor cells were ob-
tained from an abdominal metastatic site in an HLRCC patient
with a known germ line mutation of FH. Cells were obtained
and immediately placed into culture without the need for any
transformation-based manipulations. Genotype and cytoge-
netic analyses demonstrate that UOK262 cells possess a mu-
tant FH allele present in the germ line (Q132P) and have lost
the second wild-type allele. Whereas fibroblasts from HLRCC
patients (which contain a single allele alteration) have inter-
mediate FH enzymatic activity, FH enzymatic activity in
UOK262 cells is undetectable (Yang et al., submitted for pub-
lication). In vitro UOK262 cell growth requires high glucose
levels, and the cells express elevated levels of the glucose
transporter protein GLUT1 (Yang et al., submitted for publi-
cation), as does HLRCC tumor tissue (16). The nonferment-
able sugar galactose cannot substitute for glucose in supporting
UOK262 cell growth (Fig. 1A), suggesting that these cells lack
mitochondrial respiration and are addicted to glycolysis. This
phenotype is identical to that of yeast lacking fumarase activity
(22). In support of this hypothesis, UOK262 cells produce
significantly more extracellular lactate than do HK-2 and
HEK?293 renal epithelial cells (Fig. 1B). Nuclear HIF-1a levels
were readily detectable in normoxic UOK262 cells, in contrast
to HEK293 and HK-2 cells, which both express wild-type FH
protein (Fig. 1C). Expression of wild-type, FLAG-tagged FH
results in a marked reduction in nuclear HIF-1a levels (Fig.
1D). HIF-1a expression in UOK262 cells was glucose depen-
dent, since the protein was rapidly lost from cells cultured in
the absence of glucose or in the presence of excess 2-deoxy-
glucose, a competitive inhibitor of glucose uptake (Fig. 1E, top
panel). Moreover, UOK262 cells were not able to sustain nu-
clear HIF-1a levels if glucose was replaced by galactose for
even a brief time period of 1 hour when no cytotoxicity was
observed (Fig. 1E, bottom panel). While these data are con-
sistent with the molecular and biochemical profile of HLRCC
tumor specimens and cell lines acutely exposed to FH siRNA
(16), the glucose dependence of HIF-1a expression and growth
in UOK262 cells suggest a more complex relationship between
chronic loss of FH activity and maintenance of pseudohypoxia
than had been previously considered.

Oxidative stress mediates HIF-1a stabilization in HLRCC
renal cancer cells. We next examined whether accumulation of
glycolytic end products may contribute to the maintenance of
these cells’ pseudohypoxic drive. Recently, pyruvate was re-

MoL. CELL. BIOL.

ported to promote HIF-1a stabilization via inhibition of HPH
(27). Given their glucose dependence, we expected that
UOK?262 cells would contain increased levels of glycolytic me-
tabolites, including pyruvate, which could cooperate with ele-
vated fumarate to further stabilize HIF-1a. Unexpectedly, we
found that exogenous administration of pyruvate to UOK262
cells resulted in a rapid loss of nuclear HIF-1a expression (Fig.
2A). In contrast, exogenous lactate did not have this effect.
Furthermore, pharmacologic inhibition of endogenous pyru-
vate conversion to lactate with the lactate dehydrogenase
(LDH) inhibitor oxamate also dramatically reduced nuclear
HIF-1a levels, suggesting that the high rate of lactic acid pro-
duction by these cells is critical to the maintenance of HIF-1a
expression (Fig. 2B). Indeed, the LDH isoform LDHS5 is highly
expressed in UOK262 cells (Yang et al., submitted for publi-
cation). In colorectal carcinomas, high LDHS tumor cell con-
tent has been directly related to an upregulated HIF pathway,
aerobic glycolysis, and an aggressive phenotype (23). To ex-
plain the discrepancy between our data and earlier reports, we
considered other properties of pyruvate that might be relevant
to these cells. Several previously published studies have indi-
cated that pyruvate (but not lactate) is an effective antioxidant
(28, 39). We therefore examined whether its ability to deplete
HIF-1a could be mimicked by other antioxidants. Indeed, we
observed that N-acetylcysteine (NAC) also caused rapid reduc-
tion in nuclear HIF-1a levels (Fig. 2C). Both pyruvate and
NAC significantly reduced ROS levels in UOK262 cells (Fig.
2D). Furthermore, UOK262 cells had significantly higher basal
levels of cellular ROS than did VHL null 786-O renal carci-
noma (Fig. 2D). Additionally, expression of wild-type FH in
UOK262 cells resulted in a significant reduction in cellular
ROS levels (Fig. 2E), indicating that loss of FH activity is
associated with increased cellular ROS levels.

Pretreatment of UOK262 cells with proteasome inhibitor
(PS341) blocked the effect of pyruvate, indicating that loss of
HIF-1a was due to pyruvate-induced proteasomal degradation
(Fig. 2F). Moreover, in cells pretreated with proteasome in-
hibitor, pyruvate induced a banding pattern suggestive of post-
translational modification consistent with ubiquitination (Fig.
2F, right panel). Pharmacologic inhibition of the HPH en-
zymes with DMOG also prevented pyruvate from destabilizing
HIF-1a (Fig. 2F, left panel), suggesting that pyruvate may
promote HIF-la hydroxylation. To verify this possibility, we
monitored the hydroxylation status of HIF-1a, using a poly-
clonal antibody specific for the hydroxylated protein. As ex-
pected, no hydroxylated HIF-1la was detected in DMOG-
treated cells (Fig. 2F, left panel). In contrast, in cells
pretreated with proteasome inhibitor, pyruvate increased hy-
droxylated HIF-1a levels, indicating that pyruvate treatment
promoted HPH activity (Fig. 2F, right panel). Thus, pyruvate
reduced ROS levels in UOK262 cells while increasing hydroxy-
lation of HIF-1a.

The HPHs require divalent ferrous iron (Fe*") in order to
hydroxylate HIF-1a, and as part of this reaction, Fe*" is oxi-
dized to trivalent ferric iron (Fe*"). Ascorbate, another re-
quired cofactor, restores cellular Fe?" pools to permit subse-
quent hydroxylation reactions (33). Hence, elevated cellular
ROS levels may skew the balance of reduced and oxidized iron,
thereby inhibiting HPH activity and resulting in HIF-1a stabi-
lization. Indeed, excess exogenous ascorbate, like pyruvate and
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FIG. 1. HIF-1a expression in UOK262 cells is glucose dependent. (A) UOK262 cells were seeded at a starting density of 10* cells/ml (bold line). Cell
counts were determined 12 h after seeding in Krebs buffer with or without glucose or galactose. (B) A total of 5 X 10° cells were allowed to adhere and
then were incubated in Krebs buffer containing 10 mM glucose and no lactate in six-well plates. Media were harvested after 24 h of incubation and
analyzed for lactate levels using a Synchron LX20 analyzer (Beckman Coulter). Data represent values adjusted for cell count relative to HK-2 cells that
were normalized to 1. Statistical significance with a P value of <0.05 is denoted with an asterisk. (C) Adherent UOK262, HEK293, and HK-2 renal cells
were incubated in Krebs buffer for 30 min. Nuclear lysates were harvested and immunoblotted for HIF-1a levels. Immunoblotting for CREB is used to
confirm equal protein loading. (D) UOK262 cells were stably transfected with CV or vector with FLAG-tagged wild-type FH. Whole-cell and nuclear
extracts were immunoblotted for FLAG and HIF-1a, respectively. Immunoblots for GAPDH and CREB confirm equal protein loading in whole-cell and
nuclear extracts, respectively. (E) (Top panel) UOK262 cells were treated in plain Krebs buffer (Untreated) or Krebs buffer with glucose (5 mM) *
2-deoxyglucose (5 mM) (2-DG) for 2 and 4 h. Nuclear lysates were immunoblotted for HIF-1a and CREB (to confirm equal protein loading). (Bottom
panel) UOK262 cells were treated in plain Krebs buffer (Untreated) or Krebs buffer with glucose (5 mM) or galactose (5 mM) for 1 h. Nuclear lysates
were immunoblotted for HIF-1a and CREB (to confirm equal protein loading).

NAC, also reduced the level of HIF-1a expression in UOK262
cells (data not shown). Given the potential link between ROS
and the oxidant status of iron, the cellular ratio of iron ions in
the UOK262 cell line was compared with that in other renal

epithelial cell lines (Fig. 2G). The ratio of oxidized to reduced
iron was 0.67 in normal renal epithelial cells (HRCE), 0.9 in
786-0O cells, and 0.96 in HEK293 cells. However, in UOK262
cells, the Fe3"/Fe?* ratio rose to 1.80, consistent with elevated
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FIG. 2. HIF-1a stabilization in HLRCC tumor cells is ROS dependent. (A) UOK262 cells were incubated in plain Krebs buffer (first lane)
or with Krebs buffer containing either lactate (5 mM) or pyruvate (5 mM) for the indicated time period. Nuclear lysates were immunoblotted
for HIF-1a and CREB. (B) UOK262 cells were incubated in Krebs buffer with 5 mM glucose with or without 10 mM oxamate (LDH
inhibitor) for the indicated time period. Nuclear lysates were immunoblotted for HIF-1la and CREB. (C) UOK262 cells were treated with
the indicated amount of NAC in Krebs buffer for 30 min prior to nuclear protein harvest. Nuclear lysates were immunoblotted for HIF-1a
and CREB. (D) ROS levels were determined in UOK262 cells and 786-O cells following treatment with pyruvate (5 mM, 1 h) or NAC (10
mM, 1 h), using a spectrophotometric assay measuring fluorescence of the oxidant-sensitive dye DCF. CTL indicates control untreated cells.
(E) Relative ROS levels were determined in stable transfectants UOK262/CV and UOK262/FH, using a spectrophotometric assay measuring
fluorescence of the oxidant-sensitive dye DCF. (F) UOK262 cells were pretreated with plain Krebs buffer with proteasome inhibitor PS341
(1 pM) or DMOG (500 uM) for 2 h, followed by 30 min of incubation in plain Krebs buffer (B) or Krebs buffer supplemented with 5 mM
pyruvate (P). Nuclear lysates were probed for total HIF-1a, hydroxylated HIF-1a, and CREB. (G) The ratio of ferric to ferrous iron in a
panel of renal epithelial cell lines. (H) UOK262 cells were not treated (U) or treated with FeCl, (80 uM) for the indicated time period. Cells
treated with 5 mM pyruvate (P) for 30 min are shown for comparison in the last lane. Nuclear lysates were immunoblotted for HIF-1a and
CREB. Statistical significance with a P value of <0.05 is denoted with an asterisk.
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FIG. 3. Loss of FH activity promotes ROS in renal epithelial cells and yeast. (A) FH protein levels were determined in parental HK-2 cells in
addition to cells stably transfected with a CV and shRNA to FH (C7 and D10). A GAPDH immunoblot is included as a loading control (left panel).
Nuclear HIF-1a levels in the various clones were determined by immunoblotting (right panel). (B) ROS levels were determined using DCF
fluorescence, as described in Materials and Methods, in parental HK-2 cells as well as in the derived clones described for panel A. (C) FH
knockdown clone D10 cells were incubated in DMEM and treated with 10 mM NAC for 1 h or left untreated. Nuclear lysates were immunoblotted
for HIF-1a and CREB. (D) Wild-type yeast and derived AfumI, H153R, and K187R fumarase mutants were assayed for ROS by flow cytometry
as described in Materials and Methods. Statistical significance with a P value of <0.05 is denoted with an asterisk.

cellular ROS levels in these cells. Moreover, exogenous ad-
ministration of Fe** (in the form of FeCl,) to UOK262 cells
resulted in rapid HIF-1a depletion, suggesting that ROS-de-
pendent iron oxidation and the resultant inhibition of HIF
hydroxylation is a biologically relevant mechanism underlying
chronic HIF-1a stabilization in these cells (Fig. 2H).

Loss of FH activity promotes ROS accumulation in renal
epithelial cells and in yeast. In order to confirm that loss of FH
activity is directly associated with increased cellular ROS lev-
els, additional cell models were evaluated. HK-2 immortalized
renal epithelial cells were stably transfected with FH-specific
shRNA and screened for loss of FH protein expression by
immunoblot analysis. Two clones, C7 and D10, were found to
contain markedly reduced cellular FH protein levels in com-
parison to those of HK-2 cells stably transfected with CV (Fig.
3A, left panel). Stable knockdown of FH resulted in an ele-
vated steady-state level of HIF-1a in both clones (Fig. 3A, right
panel), and both clones had elevated basal ROS levels com-
pared to those of an empty vector clone (Fig. 3B). In addition,
treatment with the antioxidant NAC also resulted in decreased
HIF-1a protein levels in FH knockdown HK-2 cells (Fig. 3C).

Yeast cells were also examined for effects of fumarase de-
letion or mutation on ROS levels (Fig. 3D). fuml is the sole
fumarase gene in yeast and is not essential for viability, but its
loss confers an obligate fermentor phenotype (22). The AfumI
(fumarase knockout mutant) and H153R and K187R (both of
which express different human FH mutant proteins as their
sole source of fumarase) yeast mutants were previously re-
ported to have depressed fumarase activity in comparison to
that of the wild-type fumarase-expressing yeast strains (22).
The H153R and K187R mutants represent strains with germ

line mutations found in HLRCC kindreds. All three yeast
fumarase mutants studied were found to have elevated cellular
ROS levels in comparison to those of the wild-type yeast strain.
Taken together, these data strongly support the hypothesis that
increased cellular ROS levels are a direct consequence of di-
minished FH enzymatic activity.

Glucose stabilization of HIF-1« is mediated by protein ki-
nase C-8 and NADPH oxidase. Glucose is critical for growth
and for maintenance of HIF-1a expression in UOK262 cells
(Fig. 1E), and high intracellular glucose levels have been as-
sociated with enhanced ROS production. Indeed, blockade of
UOK262 glucose uptake with fasentin, a pharmacologic inhib-
itor of the glucose transporter GLUTI1 (42), resulted in a
reduction of ROS to a level equivalent to that seen following
wild-type FH replacement (Fig. 4A). Likewise, fasentin treat-
ment of normal renal epithelial HK-2 cells with stably
knocked-down FH restores ROS level to that seen in CV-
transfected HK-2 cells (Fig. 4A). Recent data have identified
cellular NADPH oxidases as a major source of increased ROS
in the context of high-glucose states (36). NADPH oxidases
catalyze the reduction of molecular oxygen to superoxide anion
(O, 7) that is subsequently converted to hydrogen peroxide by
superoxide dismutase. We observed that UOK262 cells gener-
ate NADPH-dependent superoxide at a much higher rate than
do HK-2 cells (Fig. 4B), suggesting that increased NADPH
oxidase activity may contribute to elevated ROS levels in
UOK262 cells. Moreover, expression of wild-type FH in
UOK?262 cells resulted in a significant reduction of NADPH-
dependent superoxide production, suggesting that loss of FH
activity is associated with increased NADPH oxidase activity
(Fig. 4C). In support of this hypothesis, both cellular ROS
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(RLU) normalized to protein content and measured over time. (C) NADPH-dependent superoxide production was determined in UOK262/CV
and UOK262/FH cells. Data were obtained 3 min after addition of NADPH. (D) UOK262 cells were treated with the indicated concentrations
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(data not shown) and HIF-1a levels (Fig. 4D) in UOK262 were
markedly reduced following treatment with the NADPH oxi-
dase inhibitor diphenylene iodonium (DPI). While DPI can
inhibit other flavoproteins that can produce cellular ROS, par-
ticularly components of the electron transport chain (ETC), no
reduction of HIF-la was noted in UOK262 cells following
treatment with the ETC inhibitor rotenone (data not shown).
In addition, inhibition of NADPH oxidase via siRNA-medi-
ated knockdown of the p47°"* subunit resulted in reduced
nuclear HIF-1a levels in UOK262 cells (Fig. 4E).

Members of the PKC serine/threonine kinase family, includ-
ing PKC-8, have been implicated in glucose-dependent activa-
tion of NADPH oxidase (36). We found that pharmacologic
inhibition of PKC-8 decreased HIF-1a levels in UOK262 cells
(Fig. 4F, left panel). These results were confirmed by siRNA-
mediated molecular knockdown of PKC-3 (Fig. 4F, right
panel). In addition, PKC-3 knockdown resulted in lower cel-
lular ROS levels (Fig. 4G). Moreover, both pharmacologic
inhibition and RNA interference suppression of PKC-3 re-
sulted in reduced NADPH oxidase activity, confirming a role
for PKC-8 in mediating ROS generation and HIF-1a stabili-
zation in UOK262 cells (Fig. 4H).

DISCUSSION

The data presented in this report describe a more detailed
model for metabolic regulation of HIF-la stabilization in
HLRCC tumors. Of key importance to ROS-mediated HIF-1a
stabilization is the glycolytic switch that occurs rapidly in cells
following loss of FH activity. While the mechanism underlying
this phenomenon remains to be fully elucidated, initial fuma-
rate accumulation that occurs in cells following loss of FH
enzymatic activity may be a contributing factor. It is now well
established that acute accumulation of intracellular fumarate
following either pharmacologic inhibition of FH or its siRNA-
mediated knockdown leads to HIF-1a stabilization mediated
by competitive inhibition (fumarate competing with 2-OG) of
HIF-1a proline hydroxylation. In turn, HIF-1a accumulation is
associated with the rapid appearance of a glycolytic phenotype
(16). Our current findings suggest the possibility that an initial
HIF-dependent increase in glucose uptake and metabolism
occurring as an immediate and obligate response to reduced
FH activity leads directly to heightened cellular ROS produc-
tion, which further promotes HIF-1a stabilization by depleting
cellular Fe** stores, thereby depriving HPH of an additional
necessary cofactor. Elevated HIF-1a expression may drive gly-
colysis to establish a feed-forward signaling loop, and glucose-
dependent ROS accumulation is, at least in part, mediated by
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FIG. 5. Schema for ROS-mediated HIF-la stabilization in
HLRCC.

NADPH oxidase and PKC-3 (Fig. 5). Although there may be
alternate mechanisms that permit the glycolytic switch inde-
pendent of HIF, we believe it is likely that HIF-1« is integrally
involved in this metabolic shift, given its established role in
promoting glycolysis as opposed to oxidative phosphorylation.

The biologic significance of these findings is severalfold.
Since they are usually diagnosed with advanced disease,
HLRCC patients have limited treatment options and suffer
a poor prognosis. Thus, elucidation of the molecular patho-
genesis of tumor formation will better inform the develop-
ment of effective therapeutic strategies. Our current data
highlight an important role for ROS in maintaining HIF-1a
stabilization in these tumors and suggest various metabolic
approaches to treatment. A rationale for the use of antioxi-
dants in HIF-la-driven tumors was recently provided by
Gao et al., who examined the antitumorigenic effect of the
antioxidant NAC (7). They reported that NAC treatment
resulted in reduced HIF-1a expression and in inhibition of
in vivo tumor formation in a HIF-driven model of tumori-
genesis. Their data support a role for ROS-mediated inhi-

immunoblotted for HIF-1a and CREB. Immunoblotting for p47°"** confirms knockdown (GAPDH loading control). (F) UOK262 cells were
treated with 10 wM rottlerin for the times shown (left panel). Nuclear lysates were probed for HIF-1a and CREB. Cytoplasmic extracts were also
immunoblotted for PKC-8. UOK262 cells were transiently transfected with siRNA to PKC-8 and scrambled siRNA (si Control) (right panel).
Whole-cell lysates were immunoblotted for PKC-3 and a-tubulin (loading control). Nuclear lysates were immunoblotted for HIF-1ao and CREB.
(G) ROS levels were monitored by DCF fluorescence in untreated UOK262 cells and in cells treated with scrambled control siRNA or siRNA
specific for PKC-3. Knockdown of the PKC-3 protein is demonstrated in panel F. (H) NADPH-dependent ROS generation was measured in cell
homogenates by lucigenin-enhanced chemiluminescence in UOK262 cells treated in Krebs buffer with or without rottlerin (10 M) for 1 h.
Superoxide anion was expressed as relative chemiluminescent light units (RLU) normalized to protein content (left panel). NADPH-dependent
superoxide production was also measured in UOK262 cells treated with scrambled control siRNA (siCTRL) and in cells treated with siRNA to
PKC-3. Statistical significance with a P value of <0.05 is denoted with an asterisk.



4088 SUDARSHAN ET AL.

bition of HPH activity, as NAC was ineffective in a tumor
model expressing a mutant HIF-1a allele that was resistant
to HPH-dependent degradation.

In addition, our data add to the growing body of evidence
linking derangements in mitochondrial metabolism to car-
cinogenesis. First described many years ago by Otto War-
burg, the “Warburg effect” refers to the preference of can-
cer cells to obtain energy via glycolysis and not oxidative
phosphorylation, even in normoxia (40). HIF-1a has been
suggested as a key regulator of this phenomenon, since it
transcriptionally drives many components of glycolysis. In
addition, HIF-1a shunts metabolic intermediates away from
the TCA cycle by upregulating pyruvate dehydrogenase ki-
nase 1 (PDK1) (20). PDK1 phosphorylates and inhibits
pyruvate dehydrogenase (PDH), thus limiting the ability of
PDH to supply acetyl coenzyme A to the TCA cycle (by
conversion from pyruvate). When the TCA cycle is geneti-
cally compromised, as is the case in HLRCC, glycolytic
addiction of the tumor cells is ensured. This may prove to be
an Achilles’ heel of HLRCC, even more so than in the case
of other solid tumors. Because HLRCC tumors have be-
come genetically obligated to glycolysis (as evidenced by
their inability to substitute galactose for glucose), they must
rapidly convert the pyruvate accumulating as a result of this
metabolic process to lactic acid. Previous reports have sug-
gested that failure to do so may slow glycolysis by-product
feedback inhibition (4). Others have suggested that rapid
conversion of pyruvate to lactic acid is necessary to regen-
erate cellular NAD™, which is required to support addi-
tional cycles of glycolysis (6). Our data suggest a third, not
mutually exclusive, possibility—that accumulation of pyru-
vate causes a reduction in cellular ROS level sufficient to
negatively impact HIF-1a stabilization. Since lactate dehy-
drogenase is itself transcriptionally regulated by HIF-1a, as
are glucose uptake, glycolysis, and downregulation of oxida-
tive phosphorylation, interference in this process (e.g., LDH
inhibition, ROS scavenging) provides the potential to con-
vert a feed-forward stimulatory signaling loop into a reverse
inhibitory loop and offers several potential treatment strat-
egies. An initial report describing the impact of LDH knock-
down on the viability of cells experimentally knocked down
for FH supports this hypothesis (43).

The initial link between loss of FH activity and ROS gener-
ation could be HIF-la itself, but this hypothesis does not
explain the elevated ROS levels that we observed in fumarase-
deficient yeast (which do not express HIF proteins). However,
like UOK262 cells, yeast lacking fumarase activity cannot use
mitochondrial respiration to grow on nonfermentable carbon
sources (22), suggesting that addiction to glycolysis in the ab-
sence of FH activity is a highly conserved property of eukary-
otic cells. Indeed, the enforced glycolysis and resultant rapid
generation and secretion of lactic acid characteristic of FH-
deficient cells may underlie the high metastatic potential of
HLRCGC, as lactic acid is reported to stimulate endothelial cell
migration, which is a crucial component of a tumor’s metastatic
phenotype (1, 24). In patients with cervical cancer, high lactate
levels have been directly correlated with likelihood of tumor
metastasis and reduced patient survival (38).

Exposure to high glucose levels stimulates NADPH-medi-
ated ROS production in vascular smooth muscle and endothe-
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lial cells (15, 26), and this has been associated with increased
activity of PKC isozymes, including PKC-3 (14). Furthermore,
ROS production is elevated in adipocytes obtained from high-
fat-diet-induced obese and insulin-deficient mice, and both
increased PKC-8 activity and NADPH oxidase have been pro-
posed to mediate high glucose-dependent ROS production in
these settings (36). Our data identify both NADPH oxidase
and PKC-3 as contributors to the elevated HIF-1a level found
in UOK262 cells, as inhibition of both proteins led to de-
creased HIF-1la expression. A similar effect on HIF-1o was
noted following RNA interference knockdown of the NADPH
oxidase subunit p47°"°* and following molecular knockdown of
PKC-3.

Inhibition of HPH activity by either excess fumarate or el-
evated ROS causes the phenotype we have described in this
study. While ROS levels are clearly elevated following exper-
imental FH knockdown, it is unclear whether fumarate levels
are elevated sufficiently in HLRCC renal tumor cells to inhibit
HPH. These results parallel findings with SDH mutations
(SDHB, SDHC, SDHD) where both succinate and ROS have
been proposed to lead to HIF-1a stabilization (12, 34). How-
ever, more recent evidence suggests that elevation of the suc-
cinate level alone, in the absence of ROS, is not sufficient to
support HIF-1a stabilization (12).

Additional mechanisms also may account for the pseudohyp-
oxic expression profile of HLRCC. As FH is a mitochondrial
enzyme, another potential source for ROS may be the elec-
tron transport chain, which is the source of ROS generation
in the context of SDH mutations. Alternatively, the mTOR
pathway has been implicated in HIF-1a synthesis. Although
neither the inhibition of the electron transport chain nor the
inhibition of mTOR impacts HIF-1o expression over the
short time frame of our experiments (data not shown), our
results do not exclude the possibility that HIF-lo in
UOK262 cells may be impacted by these or other inputs over
a longer time scale.

In addition, the role of pseudohypoxia in HLRCC tumori-
genesis, while implied, has not been proven. The HPH en-
zymes belong to a family of dioxygenases that uniformly re-
quire 2-OG and Fe*" as cosubstrate and cofactor, respectively.
These enzymes include collagen hydroxylases and certain his-
tone demethylases. Thus, elevated levels of fumarate and/or
ROS may impact additional cellular processes unrelated to
HIF-1a. It is certainly possible that inhibition of these or other
dioxygenases, whether in concert with or independent of
HIF-1a stabilization, may contribute to HLRCC tumor forma-
tion.

In summary, our findings link loss of FH activity to glycolytic
addiction, chronic ROS production and HIF-1a stabilization,
and we show that these phenomena are interdependent. The
UOK?262 cell line represents a unique model system by which
to further evaluate the impact on HLRCC tumorigenesis of
various strategies aimed at interdicting this signaling axis, with
the potential to identify novel therapeutic approaches to target
this disease.
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