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Succinate dehydrogenase (SDH) and fumarate hydratase (FH) are components of the tricarboxylic acid
(TCA) cycle and tumor suppressors. Loss of SDH or FH induces pseudohypoxia, a major tumor-support-
ing event, which is the activation of hypoxia-inducible factor (HIF) under normoxia. In SDH- or FH-
deficient cells, HIF activation is due to HIF1« stabilization by succinate or fumarate, respectively, either
of which, when in excess, inhibits HIFa prolyl hydroxylase (PHD). To reactivate PHD, we focused on its
substrate, a-ketoglutarate. We designed and synthesized cell-permeating «-ketoglutarate derivatives,
which build up rapidly and preferentially in cells with a dysfunctional TCA cycle. This study shows that
succinate- or fumarate-mediated inhibition of PHD is competitive and is reversed by pharmacologically
elevating intracellular a-ketoglutarate. Introduction of «-ketoglutarate derivatives restores normal PHD
activity and HIF1a levels to SDH-suppressed cells, indicating new therapy possibilities for the cancers

associated with TCA cycle dysfunction.

Under normal oxygenation conditions (normoxia), hypoxia-
inducible factor alpha (HIF«) proteins (HIFla and/or HIF2a),
which are the formation-limiting units of the HIF transcription
factor heteromer, are constantly both synthesized and de-
graded, a process that maintains them in high availability but at
a very low steady state (4, 25). The high turnover of HIFa is
mediated by HIFa prolyl hydroxylases (PHD1 to -3, also
known as EgIN1 to -3 and HPH1 to -3). PHDs hydroxylate
proline residues on the oxygen-dependent degradation (ODD)
domain of HIFa, generating docking sites for pVHL—part of
an E3 ubiquitin ligase complex that targets HIFo for degrada-
tion (21, 22). To catalyze proline hydroxylation, PHDs convert
molecular oxygen and a-ketoglutarate to carbon dioxide and
succinate (22). Although PHDs depend on oxygen for activity,
their affinity for oxygen is low (K,,, = 230 to 250 pM), making
them good oxygen sensors (11). Under hypoxia, prolyl hydroxy-
lation of HIFa and its consequent interaction with pVHL are
prevented, and HIFa proteins are stabilized (21). Stabilized
HIF« units bind to the HIF unit, setting off HIF transcription
activity. Thus, HIF is physiologically activated by hypoxia, and
its downstream targets respond accordingly by increasing an-
giogenesis and glycolysis.

The aberrant stabilization of HIFa under normoxic condi-
tions is termed pseudohypoxia. Pseudohypoxia is probably a
major cause of tumors associated with VHL mutations (15).
Pseudohypoxia was also shown recently in tumor cells with
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mutations in fumarate hydratase (FH) or in any of three of the
four subunits of succinate dehydrogenase (SDH), SDHB,
SDHC, or SDHD (5, 8, 9, 19, 20, 28). Both FH and SDH are
mitochondrial proteins; SDH forms complex II of the electron
transport chain, and both SDH and FH are enzymes of the
tricarboxylic acid (TCA) cycle. In addition, SDH and FH are
also bona fide tumor suppressors. Dysfunction of either of
these TCA cycle enzymes causes pseudohypoxia, leading to the
enhanced neovascularization and glycolysis that support can-
cer formation (10). Identifying ways to prevent HIFa stabili-
zation under pseudohypoxia could lead to treatments for
tumors with SDH or FH dysfunction.

Two models explain HIF1a stabilization due to SDH muta-
tions. The first suggested that reactive oxygen species (ROS)
from an impaired complex II of the electron transport chain
(18, 30) potentially inhibit PHDs (7). However, although ROS
can arise in some SDH-mutated mitochondria (1, 14, 26), there
is no evidence that ROS mediate HIF1a stabilization in SDH-
deficient cells (24). The second model, established over the last
2 years, showed that succinate and fumarate (substrates of
SDH and FH, respectively), which build up from the impaired
TCA cycles of SDH- or FH-deficient mitochondria, are intra-
cellular messengers that inhibit PHD activity and so mediate
HIF« stabilization (23).

MATERIALS AND METHODS

Plasmids. The scrambled and the SDHD-targeting small interfering RNA
short hairpins, Sc and Di3, which were described previously (23), were cloned
into pSUPER-GFP-neo.

pRKS5/HA-ODD and pEGFP/ODD, used to translate hemagglutinin (HA)-
ODD in vitro or to express the green fluorescent protein (GFP)-ODD fusion
protein, respectively, were described previously (23). pPRC-CMV/HA-pVHL was
used to coexpress HA-pVHL in the GFP-ODD-expressing clones and was a gift
from W. G. Kaelin, Jr.

Cell culture. HEK293 human embryonic kidney cells, RCC4 human renal cell
carcinoma cells, and ARPE human retinal pigment epithelial cells were grown in
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FIG. 1. Succinate-mediated inhibition of PHD can be overcome by
increasing a-ketoglutarate levels in vitro. A hydroxylation reaction of
the ODD domain was carried out in vitro with the indicated amounts
of succinate and a-ketoglutarate («KG). Hydroxylation of ODD (-
ODD) resulted in a faster-migrating band on SDS-PAGE.

Dulbecco’s modified Eagle’s medium. HCT116 human colon carcinoma cells
were grown in McCoy’s medium supplemented with 10% fetal bovine serum.
GFP-ODD-expressing clones were generated by cotransfecting pEGFP/ODD,
pRC-CMV/HA-pVHL, and pBabe-Puro into HEK293 cells. Following selection
in puromycin, 96 clones were randomly picked and duplicated in 96-well plates,
each incubated with or without CoCl,. Clones that showed a low basal level of
GFP fluorescence with a significant induction of fluorescence when treated with
CoCl, were studied further.

Synthesis of a-ketoglutarate derivatives. The methods for synthesis of a-ke-
toglutarate esters were adopted from previous work (6, 27). The octyl-a-keto-
glutarate ester was prepared using the following method: octyl-chloroformate
was added drop by drop to a solution of a-ketoglutaric acid (10 mmol) and
triethylamine (1.0 eq) in dichloromethane (50 ml) at ambient temperature. The
resulting mixture was stirred at ambient temperature for 16 h and then diluted
with dichloromethane (50 ml), washed with 0.5 N aqueous hydrochloric acid (50
ml), and dried (magnesium sulfate), and the solvent was removed under reduced
pressure.

For benzyl- or 3-trifluoromethylbenzyl-a-ketoglutarate ester analogues, the
corresponding benzyl bromide was added (1.1 eq) to a solution of a-ketoglutaric
acid (10 mmol) and dicyclohexylamine (1.2 eq) in dimethyl formamide (50 ml),
and the solution was heated at 50°C for 16 h. The mixture was concentrated
under reduced pressure, and the residue was resuspended in dichloromethane
(100 ml) and washed with 0.5 N aqueous hydrochloric acid (50 ml). The organic
layer was dried (magnesium sulfate), and the solvent was removed under reduced
pressure. The crude products were purified using normal-phase flash column
chromatography (hexane/ethyl acetate).

In vitro PHD activity. The reaction was carried out as described previously
(23) using in vitro-translated HA-ODD as a substrate and HeLa cell extracts as
an enzymatic source of PHD (20 mM Tris [pH 7.4], 5 mM KCl, 1.5 mM MgCl,,
1 mM dithiothreitol supplemented with “complete” protease inhibitor cocktail
[Roche], and 100 pM N-acetyl-Leu-Leu-Norleu-CHO). The reaction was carried
out for 15 min at 37°C in the presence of 5 mM ascorbate, 100 uM FeCl,, and
the indicated amounts of a-ketoglutarate and succinate. Reactions were termi-
nated by adding Laemmli sample buffer and immediately boiling them. Following
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), sam-
ples were analyzed by Western blotting using an anti-HA antibody.

Protein analyses. Cells were extracted in Laemmli sample buffer. Following
SDS-PAGE, proteins were blotted onto nitrocellulose and analyzed with the
following antibodies: anti-HIF1a (BD Biosciences), anti-HIF2«a (Novus Biologi-
cals), anti-HA (Roche), anti-GFP (BD Biosciences), and antiactin (Sigma).

Measurement of a-ketoglutarate. Cells were grown as described above. All of
the following operations were performed at 4°C. Cell monolayers were washed
with phosphate-buffered saline and lysed with RIPA buffer (50 mM Tris-HCI [pH
7.4], 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS
supplemented with “complete” protease inhibitor cocktail [Roche]). Cell lysates
were collected from the plate, vortexed vigorously, and centrifuged for 5 min at
15,000 X g at 4°C. Aliquots of the extracts were analyzed immediately for
a-ketoglutarate. The assay solution consisted of 100 mM KH,PO, (pH 7.2), 10
mM NH,CI, 5 mM MgCl,, and 0.15 mM NADH. Following equilibration at 37°C
with extract, the reaction was started by the addition of 5 units of glutamate
dehydrogenase. The absorbance decrease was monitored at 340 nm. The intra-
cellular level of a-ketoglutarate was determined from the absorbance decrease in
NADH (extinction coefficient [€] = 6.22 mM ™' ecm™).

Measurement of glycolysis. ARPE cells were either left untreated or treated
with monoethyl-fumarate and/or trifluoromethyl benzyl (TFMB)-a-ketogluta-
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rate. Due to a toxic effect of long-term incubation with monoethyl-fumarate, cells
were incubated for 12 hours only, and the medium was replaced at 6 and 9 hours
to refurbish a-ketoglutarate levels. The glycolytic rate of the cells was calculated
from the rate for converting [5-*H]glucose to *H,0, as previously described (3),
without a glucose starvation step.

RESULTS

a-Ketoglutarate overcomes succinate-mediated inhibition
of PHD in vitro. Succinate, the substrate of SDH, is also a
product of the a-ketoglutarate-dependent hydroxylases and,
when present at sufficiently high levels in SDH-deficient cells,
can inhibit PHD activity (23). Therefore, succinate may be a
competitive inhibitor of PHD, competing with its substrate,
a-ketoglutarate; hence, elevating a-ketoglutarate levels may
overcome this inhibition. To test this hypothesis, the effect of
a-ketoglutarate on PHD activity was examined by employing
an in vitro hydroxylation assay (12): hydroxylated and nonhy-
droxylated species were resolved using a gel shift migration
assay. PHD activity was determined using in vitro-translated
HA-tagged ODD as a substrate and HeLa cell extracts as a
source of PHD. Incubation of HA-ODD with cell extracts in
the presence of Fe** and ascorbate and in the absence of
succinate, showed that even low concentrations of a-ketoglu-
tarate led to near-maximal hydroxylation of HA-ODD, which
was evident from its faster migration on SDS-PAGE (Fig. 1,
lanes 1 to 3). The presence of succinate at a constant concen-
tration of 1 mM caused inhibition of PHD activity, as seen by
the appearance of the nonhydroxylated, slower-migrating form
of HA-ODD (Fig. 1, lane 4). Addition of increasing amounts
of a-ketoglutarate, ranging from 0.1 to 1 mM, resulted in
concentration-dependent stimulation of PHD activity and a
progressive increase in the production of the faster-migrating,
hydroxylated form of HA-ODD (Fig. 1, lanes 4 to 6). These
results demonstrate that succinate inhibits PHD and that a-ke-
toglutarate can reverse this PHD inhibition in vitro.

Cell-permeating a-ketoglutarate derivatives increase intra-
cellular levels of free a-ketoglutaric acid. a-Ketoglutarate is
hydrophilic and cannot efficiently cross the plasma membrane
to achieve sufficiently high intracellular levels (see below). We
therefore designed and synthesized three membrane-permeat-
ing monoester derivatives of a-ketoglutarate with different hy-
drophobic indices (Table 1). Once these derivatives enter the
cells, the ester is hydrolyzed by cytosolic esterases, increasing
the concentration of a-ketoglutarate in the cytosol. With com-
plete plasma membrane permeability and equilibration, [a-ke-

TABLE 1. Molecular structure and relative hydrophobicity
(in terms of AlogP98) of the different ester derivatives of
a-ketoglutarate synthesized

Compound name Compound structure AlogP98

o o
KG” b 1 est 1.17
[ enzyl ester Ho)\/\(n))l\o'\Q
HOWL(\W 1.70

0
chj\/\ﬂj‘}‘o’\@m“ 2.10

aKG octyl ester

aKG TFMB ester

“ aKG, a-ketoglutarate.
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FIG. 2. The intracellular a-ketoglutarate level is elevated in cells treated with the a-ketoglutarate ester derivatives. (a) Schematic illustration
of the GDH reaction. (b) The decrease in NADH (as measured by light absorbance at 340 nm) is stoichiometric to a-ketoglutarate added to the
GDH reaction. (c) HEK293 cells were either left untreated or treated with 1 mM of the indicated a-ketoglutarate derivative or with underivatized
a-ketoglutarate. The a-ketoglutarate level in cell extracts was analyzed using the GDH reaction as in panel b. (d) HEK293 cells were transfected
with either the control Sc or shRNAs targeting SDHD (Di3 or Di4) and 48 h later cells were either left untreated or treated with 1 mM
octyl-a-ketoglutarate. Intracellular levels of a-ketoglutarate were analyzed as in panels b and c. aKG, underivatized a-ketoglutarate; OaKG,
TaKG, and BaKG, octyl-, TFMB-, and benzyl-a-ketoglutarate esters, respectively. The error bars indicate standard deviations.

toglutarate ester];,, should equal [a-ketoglutarate ester],,,.
The conversion of a-ketoglutarate ester to a-ketoglutaric acid
by cytosolic esterases both traps a-ketoglutarate in the cell and
creates a concentration gradient to drive more a-ketoglutarate
ester from the medium into the cytosol. The a-ketoglutarate
thus formed and metabolized in the cells would be rapidly
replaced by exogenous a-ketoglutarate ester and, in principle,
intracellular a-ketoglutarate could exceed the concentration of
extracellular a-ketoglutarate ester.

To examine the ability of a-ketoglutarate esters to increase
cellular levels of a-ketoglutarate, HEK293 cells were incu-
bated with 1 mM of either underivatized a-ketoglutarate,
benzyl-a-ketoglutarate, octyl-a-ketoglutarate, or TFMB-a-ke-
toglutarate. Cell extracts were prepared and immediately an-
alyzed for free intracellular a-ketoglutarate levels using a spec-
trophotometric assay that employs glutamate dehydrogenase
(GDH) (29) (Fig. 2a). High levels of NH," and NADH were
used to shift the GDH reaction toward glutamate formation
(reductive amination), in which the concentration of a-keto-
glutarate is stoichiometric to the amount of NADH oxidized
(seen as a decrease in light absorbance at 340 nm) (Fig. 2b).
Addition of known amounts of a-ketoglutarate to extracts of
untreated cells resulted in recovery of nearly 95% of the ex-
ogenously added a-ketoglutarate (data not shown), indicating
that a-ketoglutarate is chemically and metabolically stable in
the extracts. Importantly, neither of the a-ketoglutarate deriv-
atives (prodrugs) caused a decrease in 340-nm absorbance

when added directly to the GDH assay, demonstrating that
only free a-ketoglutarate can participate in the GDH reaction,
so that residual nonhydrolyzed a-ketoglutarate esters present
in cells at the time of extraction do not contribute to the
measurement of the free acid (data not shown).

When cells were treated with octyl-a-ketoglutarate or
TFMB-a-ketoglutarate for 2 h prior to extraction, intracellular
a-ketoglutarate levels rose by approximately fourfold (Fig. 2c).
In contrast, cells treated with either underivatized or benzyl-
a-ketoglutarate (the least hydrophobic derivative) (Table 1)
showed no increase in the level of intracellular a-ketoglutarate
above basal levels (Fig. 2c). These results indicate that underi-
vatized a-ketoglutarate does not efficiently enter cells, and this
emphasizes that derivatizing the acid, and introducing suffi-
cient hydrophobicity, is crucial for effectiveness. In subsequent
experiments, octyl- and TFMB-a-ketoglutarate esters were
used to elevate intracellular a-ketoglutarate, while underivat-
ized and benzyl-a-ketoglutarate were used as negative con-
trols.

In the above-mentioned experiments, a-ketoglutarate de-
rivatives were used on cells with a normal TCA cycle. We
hypothesized that exogenous a-ketoglutarate would accumu-
late preferentially in cells where the metabolism of TCA cycle
intermediates is impaired. To test this hypothesis, cells were
transiently transfected with the Di3 or Di4 short-hairpin RNA
(shRNA) targeting the SDHD subunit and known to efficiently
suppress SDH activity in cells (23). Scrambled shRNA (Sc) was
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FIG. 3. The inhibition of PHD activity by succinate in cells is alleviated by the increase in the intracellular a-ketoglutarate level. (a, left) Clones
(C2 and C3) coexpressing the GFP-ODD fusion protein and HA-tagged pVHL were analyzed by Western blotting. Cells transiently transfected
with a plasmid encoding GFP alone were used as a reference for GFP molecular weight (Co). Actin was used as a loading control. (Right) Clone
3 (C3) cells were either left untreated (U) or treated with the hypoxia-mimetic compound CoCl, (CC), and GFP-ODD and HA-pVHL protein
levels were analyzed by Western blotting. (b) Clone 3 cells were either left untreated or treated with CoCl, or 25 mM dimethyl-succinate (DMS)
for 48 h. Where indicated, 1 mM of the a-ketoglutarate derivatives was added for the final 12 h of the incubation (with dimethyl-succinate) and
GFP-ODD levels were visualized microscopically. (c) Clone 3 cells were treated as in panel b, and GFP-ODD levels were detected by Western
blotting. CoCl,-treated cells (CC) were used as a positive control for PHD inhibition, and the actin level was used as a loading control. (d) Clone
3 cells were either left untreated (U) or treated with dimethyl-succinate (DMS) with or without TFMB-a-ketoglutarate. GFP-ODD and HIFla
levels were detected by Western blotting. Actin was used as a loading control. (¢) Clone 3 cells were treated as in panel d, and protein lysate was
immunoprecipitated using anti-GFP (polyclonal) antibody. The lysate before (2% input) or after immunoprecipitation (IP) was analyzed by
Western blotting using anti-GFP (monoclonal) antibody and anti-HA antibody. OaKG and TaKG, octyl- and TFMB-a-ketoglutarate esters,
respectively.

used as a negative control. Forty-eight hours after transfection, prevent a-ketoglutarate oxidation in the mitochondria and
the cells were treated with 1 mM octyl-a-ketoglutarate for 2 h, thus accelerate the buildup of cytosolic a-ketoglutarate.

after which free intracellular a-ketoglutarate levels were ana- Elevated levels of a-ketoglutarate in cells reactivate succi-
lyzed as described above. None of the shRNA constructs had nate- or fumarate-inhibited PHD. To analyze the effects of
an effect on the level of basal a-ketoglutarate of untreated cells. a-ketoglutarate derivatives on PHD activity in cells, we gener-

However, SDH-deficient cells that were treated with the octyl- ated two HEK293-derived cell lines expressing both a GFP-
a-ketoglutarate derivative showed a twofold rise in a-ketoglu- ODD fusion protein and HA-tagged pVHL (Fig. 3a, left). In
tarate levels above the rise observed in the scrambled control- these cells, GFP levels are tightly regulated by PHD activity,
transfected cells (Fig. 2d). Interestingly, an increase in which constitutively targets the GFP-ODD fusion protein for
a-ketoglutarate levels was also observed in cells in which the pVHL-mediated proteasomal degradation. Cells treated with
TCA cycle was inhibited by a-keto-B-methyl-n-valeric acid, an CoCl,, a hypoxia-mimetic compound that inhibits PHD activ-
inhibitor of a-ketoglutarate dehydrogenase (data not shown). ity, showed an increase in GFP-ODD levels seen both in West-
This indicates that conditions that slow down the TCA cycle ern blot (Fig. 3a, right) and confocal microscopy (Fig. 3b, top)
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analyses, confirming that GFP fluorescence levels in these cells
reflect the activity of PHD. To determine whether elevating
intracellular a-ketoglutarate overcomes succinate-mediated
PHD inhibition, cells were first treated with dimethyl-succi-
nate, and these cells showed an increase in GFP fluorescence
48 hours after treatment (Fig. 3b). Octyl-a-ketoglutarate or
TFMB-a-ketoglutarate reduced GFP fluorescence within 12 h
of their addition to dimethyl-succinate-treated cells (Fig. 3b),
indicating a stimulation of PHD activity. Corresponding West-
ern blots showed that the levels of GFP-ODD, as well as of the
endogenous HIF1q, rose in cells treated with dimethyl-succi-
nate and fell back to the basal level after a-ketoglutarate de-
rivatives were added (Fig. 3c and d).

Since pVHL binding to ODD is dramatically enhanced by
ODD prolyl hydroxylation, the degree to which GFP-ODD is
associated with HA-VHL is a good indication of the hydroxy-
lation levels of the ODD. Therefore, to determine whether
GFP-ODD levels declined in a-ketoglutarate-treated cells due
to ODD hydroxylation, the interaction between GFP-ODD
and HA-pVHL was analyzed by a coimmunoprecipitation as-
say. As expected, cells treated with dimethyl-succinate yielded
less GFP-ODD-associated HA-pVHL, and the addition of
a-ketoglutarate derivatives restored this hydroxylation-depen-
dent protein-protein interaction (Fig. 3e). Moreover, the total
levels of HA-pVHL were unaltered by either dimethyl-succi-
nate or a-ketoglutarate (Fig. 3e, left), indicating that the levels
of GFP-ODD-associated HA-pVHL are regulated posttrans-
lationally.

In these experiments, to achieve maximal induction of GFP-
ODD with dimethyl-succinate (indicative of maximal inhibi-
tion of PHD), cells were maintained under conditions of 10%
oxygen that did not affect the basal level of GFP-ODD (Fig. 3b,
untreated). It is reasonable to suggest that succinate causes
maximum PHD inhibition under suboptimal oxygen conditions
that would still suffice for PHD activity in its absence. This may
help explain the incomplete penetrance and milder phenotype
of SDHD mutations in families living at low, compared to high,
altitudes (2). However, HEK293 cells transiently transfected
with the Di3 shRNA, targeting the SDHD subunit, showed
increased HIFla levels under normoxic conditions (Fig. 4a).
This HIF 1« induction was reversed by treatment with either 1
mM octyl-a-ketoglutarate or 1 mM TFMB-a-ketoglutarate de-
rivatives (Fig. 4a). This demonstrates that PHD inhibition,
when caused by SDH dysfunction and the consequent rise in
succinate, can be overcome by excess a-ketoglutarate. Underi-
vatized a-ketoglutarate (not shown) and the least hydrophobic
benzyl a-ketoglutarate derivative had no effect on HIFla lev-
els (Fig. 4a).

Unlike patients with SDH mutations, different carriers of
mutated FH do not have different susceptibilities to tumor
formation depending on their altitude (oxygen levels). More-
over, it was suggested that, in vitro, fumarate is a better inhib-
itor of PHD than succinate (13). Therefore, the effects of
monoethyl-fumarate on HIFla protein levels under normoxic
conditions were tested in different cell lines. Following treat-
ment with 1 to 3 mM monoethyl-fumarate, an elevated HIF1a
protein level was observed in kidney (HEK293) (not shown),
colon (HCT116) (Fig. 4b), and retina epithelial (ARPE) (Fig.
4c) cells. In all cases, adding an effective a-ketoglutarate de-
rivative completely blocked this induction (Fig. 4b and c).

MoL. CELL. BIOL.

Importantly, while it reversed fumarate- or succinate-mediated
HIFla induction of monoethyl-fumarate-treated or SDH-
knocked down cells, a-ketoglutarate had no effect on CoCl,-
induced HIF1a levels, consistent with the fact that CoCl, in-
hibits PHD by an independent mechanism that does not
involve succinate or a-ketoglutarate (Fig. 4d).

We have shown previously that, in HEK293 cells, changes in
HIF2« levels are less sensitive to increased succinate (23). In
order to analyze the effects of fumarate and a-ketoglutarate on
HIF2a, ARPE cells were treated with monoethyl-fumarate
with or without TFMB-a-ketoglutarate. In contrast to HIFl«,
HIF2a levels responded less dramatically to both compounds
(Fig. 4e). Taken together, these and our previous results indi-
cate that HIFla and HIF2a may be regulated by different
PHDs with different sensitivities to succinate and fumarate.
Importantly, no changes in the endogenous levels of pVHL
were observed under these conditions (Fig. 4e), further sup-
porting the notion that a-ketoglutarate destabilizes HIFla
without changing pVHL levels.

a-Ketoglutarate targets HIF1a for ubiquitylation and pro-
teasomally mediated degradation. In order to verify that ex-
ogenously supplied a-ketoglutarate leads to retargeting of
HIF«a for proteasomally mediated degradation, the protea-
some inhibitor MG132 was added to ARPE cells treated with
monoethyl-fumarate, together with the a-ketoglutarate deriv-
atives. MG132 blocked the effect of a-ketoglutarate on HIF1a
levels and induced the appearance of higher-molecular-weight
forms of HIFla, which are likely to be polyubiquitylated
HIF1la proteins (Fig. 5a). This indicates that the a-ketogluta-
rate derivatives restored hydroxylation and, potentially, ubig-
uitylation of HIF1a. In order to confirm that the retargeting of
HIFla for degradation by a-ketoglutarate is mediated by
pVHL, the VHL-negative RCC4 renal cell carcinoma cells
were used. Parental (WHL ™) or VHL-reconstituted cells were
treated with monoethyl-fumarate in the presence or absence of
TFMB-a-ketoglutarate. As expected, the VHL-expressing
RCC4 cells responded to monoethyl-fumarate and TFMB-a-
ketoglutarate in a manner comparable to those of HEK293,
HCT116, and ARPE cells. HIFla levels were augmented by
monoethyl-fumarate, and this increase was reversed by TFMB-
a-ketoglutarate (Fig. 5b). The parental RCC4 cells, which lack
pVHL, express higher basal HIF1la levels (Fig. 5b). However,
HIF1la levels were not further increased by monoethyl-fuma-
rate and could not be overcome with TFMB-a-ketoglutarate
treatment (Fig. 5b). These data show that the targeting of
HIF1la for proteasomally mediated degradation by a-ketoglu-
tarate derivatives is mediated by pVHL and therefore most
likely involves stimulation of PHD activity.

The identification of cancer syndromes in which the primary
cause is abrogation of oxidative phosphorylation was the first
genetic example of the infamous “Warburg effect” (16). The
subsequent observations that elevated HIF activity is a major
contributor to the tumorigenic outcome of TCA cycle defi-
ciency further supports a role for accelerated glycolysis in the
pathologies of these tumors. To test whether reversing HIF1a
levels by reactivating PHDs has an effect on glycolysis, ARPE
cells were either left untreated or treated with monoethyl-
fumarate with or without TFMB-a-ketoglutarate, and the rate
of conversion of [5-*H]glucose to *H,O was analyzed. This
process requires most of the glycolytic enzymes, from hexoki-
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FIG. 4. a-Ketoglutarate esters overcome HIFla stabilization mediated by succinate or fumarate. (a) HEK293 cells were transfected with either
scrambled control Sc or shRNA targeting SDHD (Di3). Where indicated, the a-ketoglutarate derivatives were added 48 h after transfection,
followed by a Western blot analysis for HIF1a. The actin level was used as a loading control. (b) HCT116 cells were treated with or without 2 mM
monoethyl-fumarate for 24 h and/or 2 mM TFMB-a-ketoglutarate ester for the last 2 h prior to extraction. Western blot analysis was performed
as in panel a. (c) ARPE cells were either left untreated or treated with the indicated amounts of monoethyl-fumarate for 3 h, with or without 2
mM octyl-a-ketoglutarate ester. Western blot analysis was performed as in panel a. (d) HEK293 cells were left untreated or treated with 0.5 mM
CoCl, for 2 h with or without 2 mM of the indicated a-ketoglutarate derivatives. Western blot analysis was performed as in panel a. (¢) ARPE
cells were either untreated or treated with 2 mM monoethyl-fumarate and/or 2 mM TFMB-a-ketoglutarate ester. The endogenous protein levels
of HIFla, HIF2«, pVHL, and actin were detected by Western blotting. U, untreated; CC, CoCl,; MEF, monoethyl-fumarate; OaKG, octyl-a-
ketoglutarate; TaKG, TFMB-a-ketoglutarate; BaKG, benzyl-a-ketoglutarate.

nase (step 1) to enolase (step 8). A small but significant in- DISCUSSION

crease in the glycolytic rate was observed in cells treated with

monoethyl-fumarate. This increase was completely abolished The present study suggests that in cells in which TCA cycle
in cells cotreated with monoethyl-fumarate and TFMB-a-ke- ~ impairment supports tumorigenesis, tumor promotion can be

toglutarate (Fig. 5c), indicating that the alleviation of curbed by exogenous supplementation with cell-permeating
pseudohypoxia by PHD reactivation prevented the HIF-medi- derivatives of a-ketoglutarate. We previously showed that
ated “Warburg effect”. SDH dysfunction results in an accumulation of succinate that
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FIG. 5. a-Ketoglutarate retargets HIF1a for ubiquitylation and proteasomally mediated degradation. (a) ARPE cells were left untreated or treated
with 2 mM monoethyl-fumarate for 24 h with or without 2 mM of octyl-a-ketoglutarate ester added 30 min before cell lysis. Where indicated, MG132,
a proteasomal inhibitor, was added to cells 30 min prior to the a-ketoglutarate derivative. HIF1a and actin as loading control were analyzed by Western
blotting. (b) Parental RCC4 cells (VHL negative) of VHL-transfected RCC4 cells were either left untreated or treated with 2 mM monoethyl-fumarate
with or without 2 mM TFMB-a-ketoglutarate as indicated. HIF1a and actin as loading controls were analyzed by Western blotting. (c) ARPE cells were
either untreated or treated with 2 mM monoethyl fumarate with or without TFMB-a-ketoglutarate ester for 12 h. The glycolytic rate was analyzed as
described in Materials and Methods. U, untreated; MEF, monoethyl-fumarate; OaKG, octyl-a-ketoglutarate; TaKG, TFMB-a-ketoglutarate.

inhibits hydroxylation of HIF1«. This is achieved by a product
inhibition mechanism, given that PHD hydroxylates its targets
while utilizing a-ketoglutarate as a substrate and producing
succinate (23). The studies described here show that an excess
of a-ketoglutarate, provided in a form that allows uptake by
cells, overcomes PHD inactivation by succinate. Succinate in-
hibition of PHD is competitive in nature, and therefore, the
ratio, rather than the absolute concentrations, of a-ketogluta-
rate to succinate in cells should critically affect PHD activity
and HIFla stability. Native a-ketoglutarate does not readily
enter cells, so to test whether a-ketoglutarate can indeed
counter the PHD-inhibiting effect of succinate, we designed
cell-permeating a-ketoglutarate derivatives that are hydro-
lyzed in the cytosol. These derivatives support PHD activity,
thereby lowering HIF1a levels in SDH-deficient cells. We have
shown that a-ketoglutarate preferentially accumulates in
SDH-deficient cells, probably because TCA cycle metabolism
is impaired. This indicates that upon treatment with readily
permeating drugs, the concentration of a-ketoglutarate in tar-
get cells will rise to a level fully capable of countering the effect
of succinate. Our study suggests that well-designed a-ketoglu-
tarate derivatives may have therapeutic potential in the treat-
ment of tumors with functional down-regulation or mutations
of SDH, where it could restore normal low levels of HIF1a.
Interestingly, increasing the levels of intracellular a-ketogluta-

rate had a marked effect on the basal levels of HIFla protein
(Fig. 4b and e). This indicates that o-ketoglutarate may be a
limiting factor for PHD activity under normoxia. This possibility
has far-reaching consequences, since pseudohypoxia due to
mTor-mediated increased translation of HIF1la has been associ-
ated with several other tumors (16). It is therefore possible that
the increased rate of HIFla translation in these tumors can be
overcome if HIF1a hydroxylation, and therefore degradation, can
be accelerated by a-ketoglutarate.

Aberrant HIF activity is a major contributor to tumorigenesis,
and it is plausible that restoring normal HIF levels in TCA cycle-
impaired tumors will be sufficient for tumor control. However, it
is also likely that, in addition to HIF«, other substrates for PHD
exist that may contribute to the tumorigenic effect of succinate,
for example, a substrate that may activate apoptosis once hy-
droxylated (17). Moreover, PHDs are not the only a-ketogluta-
rate-dependent hydroxylases in cells. Therefore, treatment of
TCA cycle-impaired tumors with a-ketoglutarate derivatives or
analogues may have a broader effect on tumor development.
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