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SUMMARY

The tricarboxylic acid cycle enzyme fumarate hydratase (FH) has been identified as a tumor
suppressor in a subset of human renal cell carcinomas. Human FH deficient cancer cells display
high fumarate concentration and ROS levels along with activation of HIF-1. The underlying
mechanisms by which FH loss increases ROS and HIF-1 are not fully understood. Here, we report
that glutamine dependent oxidative citric acid cycle metabolism is required to generate fumarate
and increase ROS and HIF-1 levels. Accumulated fumarate directly bonds the antioxidant
glutathione /n vitro and /n vivoto produce the novel metabolite succinated glutathione (GSF).
GSF acts as an alternative substrate to glutathione reductase to decrease NADPH levels and
enhance mitochondrial ROS and HIF-1 activation. Increased ROS also correlates with hyper-
methylation of histones in these cells. Thus, fumarate serves as a proto-oncometabolite by binding
to glutathione which results in the accumulation of ROS.

INTRODUCTION

The modification of cellular metabolism is an emerging hallmark of cancer. Proliferating
cancer cells have increased metabolic demands which are supported in part by glucose and
glutamine dependent metabolic pathways for growth. Glucose generates glycolytic
intermediates while glutamine generates tricarboxylic acid cycle (TCA cycle) intermediates
to collectively generate ATP, NADPH, nucleic acids, lipids and amino acids (Lunt and
Vander Heiden, 2011, DeBerardinis and Cheng, 2010). Beyond the role of supportive
adaptations for cancer growth, mutations in metabolic enzymes have also been shown to be
causal for cancer development. One example is the identification of the TCA cycle enzyme
fumarate hydratase (FH) as the tumor suppressor responsible for hereditary leiomyomatosis
and renal cell carcinoma (HLRCC). Affected families inherit one defective copy of FH and,
following a loss of heterozygosity event, can develop leiomyomas of the skin and uterus as
well as aggressive renal cell carcinoma (Tomlinson et al., 2002). FH catalyzes the
conversion of fumarate to malate in the TCA cycle. The loss of FH results in diminished
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TCA cycle function and accumulation of fumarate. Recently, the UOK262 cell line which
was established from a metastasis of a patient with HLRCC was found to harbor increased
fumarate levels (Yang et al., 2010). These cells are dependent on glycolysis for survival and
display undetectably low mitochondrial oxygen consumption. However, despite a loss of
TCA cycle function at FH, these cells are still dependent on mitochondrial glutamine
consumption for growth through reductive carboxylation (Mullen et al., 2012). Whether the
accumulation of fumarate is advantageous for cancer development is still unknown.

The best characterized signaling change in FH deficient human cancer cells is the induction
of a pseudo-hypoxic state. Despite the presence of ample oxygen and a loss of oxygen
consumption, FH deficient cells have chronic activation of hypoxia inducible factors (HIFs)
(Pollard et al., 2005, Isaacs et al., 2005). HIFs are cancer associated master transcription
factors which are normally regulated in an O, dependent manner. HIFs are comprised of a
heterodimer of two basic helix loop-helix/PAS proteins, the HIFa subunit and the aryl
hydrocarbon nuclear trans-locator (ARNT or HIF-10) (Semenza, 2012). Under normoxic
conditions HIFa subunits are hydroxylated by the 2-oxoglutarate dependent enzyme prolyl
hydroxylase domain-containing protein 2 (PHD2) which targets them for recognition by the
von Hippel-Lindau (VHL) E3 ubiquitin ligase, leading to their degradation (Kaelin and
Ratcliffe, 2008). With hypoxia or pseudo-hypoxia, PHD?2 is inhibited and HIFa subunits
accumulate, leading to heterodimerization with the constitutively expressed HIF1f and
activation of transcription of hypoxic response genes by binding hypoxia response elements
(HRE). Another feature associated with loss of FH is hyper-methylation of histones due to
inhibition of histone demethylases which, like PHD2, are also 2-oxoglutarate dependent
enzymes (Xiao, et al. 2012). The current proposed mechanism to explain increased HIFs and
hyper-methylation due to the loss of FH suggests that fumarate competes with 2-
oxoglutarate as a co-factor for PHD2 and histone demethylases, yielding a block in function
(Hewitson et al., 2007).

Interestingly, FH deficient cells display high levels of ROS despite hyper-activation of
Nuclear factor (erythroid-derived 2)-like 2 (Nrf2), the master transcription factor that
regulates antioxidant genes (Sudarshan, et al., 2009, Ooi, et al., 2011, Adam, et al., 2011).
Why these cells still exhibit copious amounts of ROS despite activation of Nrf2 is unknown.
Cancer cells are known to display higher levels of ROS compared to normal cells leading to
activation of signaling pathways such as PI3K, MAPKs and NF-KB, which are required for
tumorigenesis (Cairns et al., 2011). In the present study, we investigated the mechanisms
underlying the increase in ROS levels in FH deficient human cancer cells and how the high
levels of ROS impinges on activation of HIF, Nrf2 and histone hyper-methylation.

Results

Stabilization of HIF1la in FH null cells is ROS dependent

The loss of FH triggers an aberrant increase in HIF1a protein levels under normoxia.
Mitochondrial ROS (mito-ROS) can increase HIF1a protein levels (Chandel et al., 1998).
Thus, we sought to investigate whether mito-ROS are required for HIF1a protein
stabilization in FH deficient human UOK262 cancer cells. These cells display aberrantly
high HIF1a protein levels and fumarate levels which are both relieved by reconstitution of a
functional FLAG tagged FH to the mitochondria (Figure 1A-D). FH activity was absent in
UOK?262 cancer cells but abundant in other renal cancer cells including HEK293 and 786-O
cells (Figure 1B and S1A). HIF1a activity is also decreased in FH reconstituted cells as
shown by reduced HRE luciferase activity and decreased expression of the HIF1a target
gene PDK1 (Figure S1B and Figure 1E). Using a mitochondrial targeted redox sensitive
GFP (mito-roGFP) we observed that FH deficient cells have increased mito-ROS compared
to FH replete cells (Figure 1F). Further, reconstitution of FH caused an overall decrease in
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intracellular ROS as shown by the ROS probes DCFH and Amplex Red (Figure S1, C and
D). In addition, ShRNA mediated knockdown of FH in HEK293 cells increased HIF1a
levels and intracellular ROS (Figure S1, E and F). To determine whether mito-ROS are
required for HIF1a stabilization in UOK262 cells, we utilized the mitochondrial targeted
antioxidant mito-vitamin E (MVE). MVE contains the antioxidant vitamin E covalently
bound to a triphenylphosphonium cation (TPP), which allows it to preferentially accumulate
in the mitochondrial matrix and attenuate the release of H,O, from the mitochondria (Smith
etal., 2011). Compared to mock treatment and TPP control treatment, MVE treated cells
show decreased mito-ROS by mito-roGFP (Figure 1G). The decrease in mito-ROS from
MVE treated cells reduced HIF1a levels (Figure 1H). Treatment of HEK293 cells
expressing FH knockdown shRNAs with the mitochondrial antioxidants mito-CP or MVE
also decreased HIF1a levels (Figure S1G). Treatment with UOK262 cells with MVE also
decreased HIF1a activity as shown by reduced HRE luciferase activity and decreased PDK1
expression (Figure S1H and Figure 11). Thus, FH deficiency causes an accumulation of
HIFla by increasing mito-ROS. Treatment with MVE also decreased proliferation (Figure
1J) but not viability (Figure 1K), indicating that mito-ROS are required for growth in these
cells.

Oxidative metabolism of 2-oxoglutarate to fumarate is required for HIF1a stabilization,
high ROS, and proliferation of UOK262 cells

We previously showed UOK?262 cells to be dependent on glutamine for proliferation.
Furthermore, carbon labeling experiments demonstrated that UOK262 cells metabolize
glutamine to 2-oxoglutarate which is then converted to either citrate by reductive
carboxylation or to fumarate by oxidative metabolism (Mullen et al., 2012). To investigate
the importance of the metabolism of 2-oxoglutarate to fumarate for the generation of ROS,
HIF1a, and proliferation we used shRNA to decrease expression of 2-oxoglutarate
dehydrogenase (OGDH) and succinate dehydrogenase subunit A (SDHA), the most
proximal and distal enzymes in the metabolism of 2-oxoglutarate to fumarate (Figure 2A).
Loss of succinate dehydrogenase subunits B, C, and D are associated with cancer and cells
display basal ROS dependent HIF1a activation, whereas loss of SDHA is associated with
mitochondrial encephalopathy and does not allow for ROS formation from complex Il
(Guzy et al., 2008). The loss of OGDH expression led to a decrease in HIF1a levels (Figure
2, B and C). Similarly, depletion of SDHA also decreased HIF1a levels (Figure 2D).
Knockdown of OGDH decreased fumarate and succinate levels (Figure S2, A and B).
Knockdown of SDHA decreased fumarate levels and minimally increased succinate levels
(Figure S2, A and B). It is likely that the accumulation of succinate is dampened because
succinyl-CoA will also accumulate which can be funneled into the heme biosynthesis
pathway (Frezza, 2011). Consistent with the HIF1a levels, mito-roGFP shows that
knockdown of OGDH or SDHA caused a decrease in mito-ROS compared to control vector
(Figure 2E). Furthermore, knockdown of OGDH or SDHA inhibited cell growth, indicating
oxidative metabolism of 2-oxoglutarate is required for proliferation (Figure 2, F and G).
Treatment of UOK262 cells with 3-nitropropionic acid (NPA), an inhibitor of SDH, also
inhibited HIF1a stabilization and proliferation (Figure S2, C and D). Collectively these data
indicate that fumarate production is required for increased ROS, increased HIF1a, and
proliferation in FH deficient human cancer cells.

Fumarate covalently binds to glutathione in vitro and in FH null cells

Fumarate contains a carbon-carbon double bond recently shown to be susceptible to
nucleophilic attack from the thiolate anion of a cysteine. In proteins, the post translational
modification of cysteine residues by addition of a fumarate produces the S-(2-succinyl)-
cysteine (2SC) adduct, also known as succination (Alderson et al., 2006). FH deficient cells
show large amounts of 2SC madifications, the full consequences of which are not fully
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understood (Bardella et al., 2011). However, reactive cysteines are frequently utilized in
redox reactions. Glutathione (GSH), a tripeptide composed of glycine, cysteine, and
glutamate is the most abundant and essential intracellular antioxidant. When cells are under
oxidative stress, the reactive cysteines from two GSH molecules oxidize to form a disulfide
bridge, yielding glutathione dimers (GSSG). GSSG can then be reduced back to GSH by
glutathione reductase via the conversion of NADPH to NADP™. The prevalence and
importance of GSH suggested an attractive mechanism by which fumarate can cause
increased ROS signaling in FH deficient cells: fumarate binds to the cysteine of glutathione
to decrease antioxidant capacity and thus enhance endogenous ROS signaling. To test this
hypothesis glutathione and fumaric acid were combined in a solution of phosphate buffered
saline (PBS) and incubated for 3 hours at 37°C (Figure 3A). The resulting molecular species
were identified by MS/MS and showed that fumaric acid could bind to glutathione via
succination of the cysteine group to produce GSH+Fum (GSF) (Figure 3B). Fragmentation
analysis of the GSF molecule confirmed the location of this covalent bond (Figure S3A).
Importantly, succinic acid, which is identical to fumaric acid aside from the central carbon-
carbon bond being a single rather than double bond, could not undergo this reaction (Figure
3B). To determine if this reaction occurred /n vivo, metabolites were extracted from FH
deficient or replete UOK262 cells and quantified by LC/MS/MS. The GSF species was
readily detected and abundant in FH null cells whereas its abundance was reduced by nearly
75% after reconstitution of UOK262 with FH-FLAG (Figure 3C and S3B). While the
difference in GSF levels between the cell lines was significant, there was a trend of
increased GSSG in the FH null cells at the expense of the GSH pool (Figure 3, D and E).
These changes in GSSG and GSH are unlikely to fully explain the enhanced ROS levels in
these cells. However, we did observe a decrease in mitochondrial NAPDH levels in FH null
cells (Figure 3F). NADPH is a crucial metabolite for maintaining antioxidant activity.

GSF consumes NADPH by acting as an alternative substrate for glutathione reductase

To investigate the consequences of GSF accumulation in UOK262 cells, GSF was
synthesized from dimethyl fumarate and glutathione. Dimethyl fumarate (DMF) is a cell
permeable analog of fumarate, which has favorable reaction mechanics with glutathione
(Schmidt et al., 2007). DMF dose dependently consumes GSH /n vitro to form GSF (Figure
4A and S4A). When allowed to react for 1 hour DMF almost entirely consumes GSH,
however the cell permeable analog of succinate, dimethyl succinate (DMS), does not (Figure
4B). LC/MS/MS measurement of metabolites from these reactions shows consumption of
GSH and production of GSF only in the GSH + DMF condition (Figure 4C). Next, we
decided to investigate the effect of GSF on glutathione dependent reactions. Unexpectedly,
we discovered that GSF can act as an alternative substrate for glutathione reductase (GR).
GR normally acts as a crucial antioxidant enzyme by coupling the reduction of GSSG to
GSH to oxidation of NADPH to NADP*. The NADPH/NADP* ratio can change ROS levels
(Jeon, et al., 2012). In an /n vitro solution of buffer, NADPH, and GR, GSF activates the
consumption of NADPH (figure 4D), indicating GR is consuming GSF. The combination of
GSH and DMF does not produce GSSG (data not shown). This reaction is dependent on GR
and cannot be reconstituted with DMF or GSH alone (Figure S4 B and C). The consumption
of GSF also produces GSH, indicating that it is being split into GSH and DMS (Figure 4E
and S4D). The reaction is thus similar to the endogenous reaction between GR and GSSG.
The Vmax for the reactions is similar, although the Km for GSF is expectedly about 10-fold
higher (Figure S4, E and F). Thus, GSF is likely metabolized in FH null cells by GR while
consuming NADPH, explaining the increased mitochondrial NADPH ratio in FH replete
cells (Figure 3F). Treatment of FH replete UOK262 cells with cell permeable GSF was
sufficient to decrease NADPH levels (Figure 4F). Cell permeable GSF treatment alone also
increased ROS and HIF1a levels (Figure 4, G and H). To test the hypothesis that GSF
enhances endogenous ROS by decreasing antioxidant capacity, FH replete cells were treated
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with the mitochondrial targeted antioxidant MVE to block the production of ROS from the
mitochondria. MVE attenuated the induction of HIF1a stabilization in response to GSF in
UOK262 FH-FLAG cells (Figure 4H). Thus, GSF acts as a previously undescribed alternate
substrate to glutathione reductase and consumes NADPH; this decrease in NADPH will
lower antioxidant capacity, which will amplify endogenous mitochondrial generated ROS,
resulting in stabilization of HIF1a.

Loss of Nrf2 increases ROS and HIF-1 in FH deficient cancer cells

Recent studies have shown that FH deficient cells demonstrate high steady state levels of the
transcription factor Nrf2, a master regulator for a suite of downstream antioxidant genes
(Ooi, et al., 2011, Adam, et al., 2011). Fumarate accumulation in FH null cells has been
reported to increase levels of Nrf2 by succination of redox sensitive cysteines on KEAP1, a
component of an E3 ubiquitin ligase complex. Succination of KEAP1 inhibits the ability to
degrade Nrf2 and results in the accumulation and nuclear translocation of Nrf2 and
activation of antioxidant genes. The significance of Nrf2 activation is not fully understood in
FH null cells. While succination is an important mechanism in these cells, ROS also inhibit
KEAP activity to stabilize Nrf2 (Fourquet et al., 2010). Thus we sought to determine if Nrf2
accumulation in UOK262 cells is a result of succination, ROS, or both. As previously
described, Nrf2 protein abundance and the mRNA abundance of the Nrf2 target genes heme
oxygenase 1 (HMOX), NAD(P)H dehydrogenase quinone 1 (NQO1), and aldo-keto
reductase family 1 member B10 (AKR1B10) were decreased by FH reconstitution (Figure
5A). Diminishing SDHA or OGDH decreased Nrf2 activation and target gene expression in
UOK?262 cells suggesting that fumarate accumulation is critical for the increase in Nrf2
activation (Figure 5, B and C). To test whether mito-ROS were required for Nrf2 activation,
we treated FH deficient cells with MVE or control TPP. MVE did not prevent of Nrf2
stabilization or diminish Nrf2 target genes in UOK262 cells indicating that mito-ROS are
not essential for NRF2 activation (Figure 5D). Further, treatment with the cell permeable
analogue of fumarate, dimethyl fumarate, enhanced Nrf2 and Nrf2 target gene expression
regardless of MVE treatment (Figure S5A). However, cell permeable dimethyl fumarate but
not dimethyl succinate increased HIF1a levels in a mito-ROS dependent manner in FH
replete cells (Figure S5 B-D). Thus, It is likely fumarate mediated succination of Keapl is
the dominant mechanism for Nrf2 activation (Figure S5E). Note that HMOX did diminish in
the presence of MVE indicating that this gene is likely targeted by additional transcription
factors other than Nrf2. Previous studies have suggested that HIF1 could increase HMOX
(Lee, et al., 1997). To investigate the interplay between Nrf2 levels and ROS, Nrf2 was
depleted in UOK?262 cells with shRNA and resulted in further HIF1a stabilization (Figure
5E) and a concomitant increase in intracellular ROS (Figure 5F). Interestingly, the decrease
in Nrf2 compromised proliferation of FH-deficient UOK262 cells suggesting that the
maintenance of favorable redox balance by Nrf2 may be required for cell proliferation
(Figure 5G).

FH deficient cancer cells display histone hyper-methylation

It is increasingly appreciated that histone methylation can be important for cancer
development (Chi et al., 2010). It has been reported that loss of FH by RNAI can also
increase global histone methylation (Xiao, et al., 2012). Histone demethylases are 2-
oxoglutarate dependent enzymes in the same family as the ROS inhibited enzymes PHD2
and factor inhibiting HIF-1a (FIH), the negative regulators of HIF1a (Loenarz and
Schofield, 2011). Thus, we hypothesized that histone demethylases may also be inhibited by
ROS in UOK262 cells. Indeed, reconstitution of FH decreases global histone methylation on
several lysine residues (Figure 6, A and B). While fumarate can act as an inhibitor of the
histone demethylase JMJD2A /n vitro (Figure 6C), nanomolar levels of H,O5 can also
decrease JMJID2A activity /in vitro (Figure 6D). In a cellular environment such as UOK262
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cells both of these inhibitors would likely be present so we tested a combination of a sub-
inhibitory dose of fumarate (1mM) and found that it can synergize with H,O, to further
inhibit IMID2A in vitro (Figure 6E). Collectively, our results indicate that enhanced H,0,
may cooperate with fumarate to inhibit histone demethylases and increase histone hyper-
methylation in FH deficient cancer cells (Figure S6).

Complex | deficiency contributes to high ROS and glycolytic phenotype in FH deficient

cancer cells

A recent study demonstrated that UOK262 cells display nearly absent mitochondrial
complex I activity (Tong, et al., 2011). Loss of complex I activity in cancer cells has been
shown to increase ROS levels, resulting in HIF1a stabilization, increased AKT
phosphorylation, and metastasis (Sharma et al., 2011, Ishikawa et al., 2008). To test if
complex | deficiency contributed to the mitochondrial impairment, ROS elevation, and
HIF1a stabilization of UOK262 cells, we reconstituted complex | electron transfer, but not
proton pumping, in FH null and replete UOK262 cells using the yeast NADH quinone
oxidoreductase (NDI1). NDI1 is a rotenone insensitive, single subunit protein capable of
restoring NADH oxidation and can restore mitochondrial respiration in mammalian cells
defective of complex | activity (Seo et al., 1998). UOK262 cells expressing control vector
(cv) and FH-FLAG were infected with virus containing either control vector with blue
fluorescent protein (BFP) or NDI1 with BFP (NDI1-BFP) (Figure 7A). NDI1 expression
was abundant and approximately equal in cells transduced with NDI1 (Figure 7B).
Reconstitution of both FH and complex I restored mitochondrial oxygen consumption to
UOK?262 cells (Figure 7C). The restored mitochondrial function allowed the cells to survive
in glucose free media containing galactose (Figure 7D). Galactose is poorly utilized by
glycolysis and serves as a control for sugar in the media. Interestingly, NDI1 expression
only restored complex | activity in FH replete cells, as determined by mitochondrial oxygen
consumption of saponin permeabilized cells incubated with TCA cycle intermediate
metabolites pyruvate/malate, glutamate/malate, or palmitoylcarnitine/malate (Figure 7E and
Figure S7B and C). Succination of metabolic enzymes can inhibit their activity, providing a
potential mechanism for why NDI1 expression did not reconstitute complex I activity in FH
null cells (Blatnik et al, 2008). The rotenone insensitive fraction of complex I activity
represents the contribution of NDI1 to complex | activity. Complex Il activity, which is
required for the production of fumarate, was unaffected by FH or complex | status (Figure
7F). Reconstitution of complex | activity attenuated HIF1a levels in FH null and replete
cells (Figure 7G). NDI1 expression also decreased mito-ROS as determined by relative
mito-roGFP oxidation and mitoSOX fluorescence (Figure 7H and Figure S7D). Cells
expressing NDI displayed decreased histone methylation; further suggesting ROS may
inhibit histone demethylases (Figure S7E). Thus, complex | impairment, in addition to FH
deficiency, provides increased mito-ROS production to trigger HIF1a stabilization in
UOK?262 cells.

In normal cells, citrate is produced in the TCA cycle by the addition of 2 carbons from
acetyl-CoA to a 4 carbon oxaloacetate molecule. We recently reported a novel mechanism
by which cells with mitochondrial mutations, including UOK262 cells, can produce citrate
without the use of glycolytic derived acetyl-CoA (Mullen et al., 2012). In these cells
glutamine is converted to 2-oxoglutarate, a 5 carbon metabolite, and via the reverse direction
of canonical TCA cycle metabolism will add a carbon to produce citrate, a process called
reductive carboxylation (Figure 2A). Thus, we sought to investigate whether complex |
impairment contributed to reductive carboxylation in UOK262 cells. Carbon labeling of
metabolites allows us to determine the metabolic pathway that cells use for de novo citrate
synthesis. To determine the contribution of glucose derived carbon to this process, we
cultured all cell lines with glucose labeled on all 6 carbons (U-13C-glucose) and observed
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the mass isotopomer distribution of the citrate pool via gas chromatography mass
spectrometry (GC/MS). Citrate labeled m+2 results from the oxidative decarboxylation of
glucose-derived pyruvate to form 1,2-13C-acetyl-CoA, followed by condensation with an
unlabeled oxaloacetate (OAA). Only UOK262 cells with both FH and complex |
reconstituted were observed to produce glycolytic derived citrate (Figure 71). Additionally,
these cells also produced citrate labeled m+4, which is formed when an M+2 labeled citrate
molecule is retained in the TCA cycle to generate an m+2 labeled OAA and then combines
with a labeled acetyl-CoA thus producing an M+4 labeled citrate; this is evidence of a
complete TCA cycle. Similarly, to determine the contribution of glutamine carbon to the
citrate pool we cultured all cell lines with glutamine labeled on all 5 carbons (U-13C-
glutamine). We’ve previously shown that UOK262 cells produce citrate through metabolism
of glutamine-derived 2-oxoglutarate through the reductive carboxylation pathway; when
cultured with U-13C-glutamine this generates citrate labeled m+5. The reconstitution of FH
in UOK262 decreases the amount of citrate m+5 and increases the amount formed through
oxidative TCA cycle metabolism, citrate m+4 (Figure 7J). Citrate m+4 is formed when
glutamine-derived 2-oxoglutarate is oxidized in the TCA cycle to form OAA m+4 which
then condenses with an unlabeled acetyl-CoA. The addition of both FH and NDI1 further
enhanced the amount of oxidative citrate formation and decreased the reductive citrate
formation. Together, these results indicate that both FH loss and complex | impairment
contribute to the metabolic dysfunction and reductive carboxylation in human FH deficient
cancer cells.

Discussion

Mitochondrial metabolism provides cancer cells with essential metabolites for the
biosynthesis of macromolecules and ROS for proliferation and adaptation to metabolic
stress. However, there is a subset of cancers which arise from mutations which abolish
activity of TCA cycle enzymes, including FH. A consequence of FH deficiency is the
aberrant stabilization of HIF1a under normoxia. The hydroxylation reaction that targets
HIF1a for degradation requires 2-oxoglutarate. Fumarate, which accumulates in FH null
cells, can compete with 2-oxoglutarate to prevent hydroxylation (Koivunen et al., 2007).
However, it is important to note that the PHD2 has a much lower dissociation constant (Kd)
for 2-oxoglutarate than fumarate and the levels of fumarate would have to vastly exceed 2-
oxogluatrate levels in FH deficient cells (Hewitson, et al., 2007). An alternative, but not
mutually exclusive, mechanism for HIF1a accumulation is that FH deficient cells utilize
ROS to increase HIF1a stabilization. The reconstitution of FH in the mitochondria
diminished ROS and HIF1a protein levels. Importantly, the scavenging of mito-ROS
prevents the aberrant increase in HIFa protein in FH deficient cancer cells. Furthermore,
preventing the accumulation of fumarate by decreasing SDHA and OGDH expression
diminished mito-ROS and HIFa protein accumulation. Thus suggesting that fumarate
accumulation itself could be causing the increase in ROS.

The increase in ROS is due to the reaction of fumarate with reduced glutathione both /n vitro
and in FH deficient cells to produce GSF, novel cancer associated metabolite. GSF can react
with glutathione reductase to consume NADPH, which is a crucial cofactor used to restore
reduced glutathione and peroxiredoxins. The latter are the major enzymes utilized to
detoxify HoO5 required for cellular signaling. In the presence of GSF, NADPH is being
consumed even though the GSF has not been used as an antioxidant. Thus, GSF consumes
reducing equivalents of NADPH without the antioxidant payoff. With NADPH being
consumed by GSF, FH deficient cells will have decreased NADPH leading to increased
levels of ROS. Indeed, treatment of FH replete cells with GSF was sufficient to decrease
NADPH, increase ROS, and increase HIF1a levels. Importantly, GSF could not activate
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HIFla in the presence of MVE, indicating that GSF itself does not produce ROS, but rather,
it enhances endogenous ROS by decreasing steady state antioxidant capacity.

A puzzling aspect of FH deficient human cancer cells and mouse cells is that despite the
increased ROS, there is also an increase in Nrf2, a transcription factor which activates the
expression of antioxidant genes. Cancer cells require moderate levels of mito-ROS for cell
proliferation and adaptation to stress (Cairns et al., 2011). The accumulation of fumarate in
FH deficient human cancer cells triggers Nrf2 which, through its stimulation of antioxidant
pathways, prevents ROS from accumulating to levels that trigger damage. Indeed, reducing
Nrf2 levels in the UOK262 cells enhanced ROS and diminished cell proliferation. Thus, we
propose the major function of Nrf2 in UOK262 cells is to control ROS levels elevated by
fumarate to those compatible with cell proliferation.

A recent study demonstrated that RNAI of FH in HEK293 cells also increases hyper-
methylation of histones (Xiao, et al. 2012). We extend these observations by demonstrating
that naturally FH deficient cancer cells, UOK262 cells, also display aberrant hyper-
methylation without any noticeable increase in 2-HG. Jumonji-domain histone demethylases
(JHDMs) are 2-oxoglutarate dependent dioxygenases, like PHDs and FIH. JHDMs have
previously been shown to be inhibited by fumarate at high concentrations. In the present
study we observed that a low concentration of H,O, can also decrease the activity of a
JDMH in vitro. Furthermore, H,O, cooperated with sub-inhibitory levels of fumarate to
further inhibit the activity of a JHDM /n vitro. We propose that the elevation of H,O, in FH
null cells contributes to the hyper-methylation of histones by inhibiting JHDMs. It remains
to be determined whether the hyper-methylation of histones contributes to the tumorigenic
and metastatic potential of UOK262 cells.

Intriguingly, our metabolic analysis of UOK262 human cancer cells showed that in addition
to FH deficiency these cells have acquired a complex | impairment. The mechanism by
which this occurs is unclear. RNAi —mediated suppression of FH does not result in complex
I impairment in HEK293 human cancer cells (data not shown). In addition, since FH
deficiency already impairs mitochondrial metabolism, there is no obvious reason why the
cell would be advantaged by further mitochondrial defects. The loss of complex | activity in
UOK262 cells did cause further increase ROS levels and HIF1a protein stabilization, which
could be rescued by expression of NDI1. While previous studies have suggested HIFs are
unlikely to be required for FH deficient cancer cell growth (Adam, et al., 2011), they
represent an output of increased ROS and may play a role in invasion and metastasis.
Indeed, complex | mutations have been shown to increase ROS, HIF1a, and metastasis
(Sharma et al., 2011, Ishikawa et al., 2008). We propose that the elevated ROS levels in
UOK262 cells serve to further increase their tumorigenic and metastatic potential.

In summary, our results indicate that loss of FH associated with HLRCC results in
accumulation of fumarate which chemically reacts with reduced glutathione, forming a
novel cancer associated metabolite, GSF. GSF reacts with GR to deplete NADPH levels,
yielding an increase in ROS and ROS dependent signaling. While HLRCC is a relatively
rare form of cancer the relevance of fumarate accumulation extends beyond this condition.
FH levels have been shown to be decreased in non-HLRCC renal cell carcinomas from
patient samples and cell lines (Sudarshan et al., 2011). Fumarate levels can be elevated in
other forms of cancer such as colon and stomach (Hirayama et al., 2009). Fumarate
accumulation and protein succination has been observed in diabetic rats and mice (Alderson
et al. 2006, Frizzell et al., 2009). Future studies will be required to determine whether
fumarate accumulation and concomitant increases in ROS play a causal role in other types
of cancer and metabolic disorders.
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Experimental Procedures

Cell culture

UOK262 cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, 1% HEPES, and 1% penicillin-streptomycin. Cells transduced with
FH-FLAG and control vectors were under continuous puromycin selection (2ug/ml).
Selection of cells containing the BFP containing NDI1 and control vectors was done by
periodic fluorescence activated cell sorting for BFP positive cells using a MoFlo (Beckman-
Coulter). Proliferation assays, RT-PCR analysis, and subcellular fractionation methods are
provided in supplementary procedures.

FH activity assay

FH activity from mitochondrial fractions of cells was quantified as detailed in (Hatch, 1978).

Infection with shRNAs

The pLKO.1 validated shRNA lentiviral vectors against OGDH, SDHA, Nrf2, and FH were
obtained from Sigma. Virus was produced in 293FT packaging cells and viral doses were
determined by the lowest amount of virus needed for minimal cell death upon treatment with
puromycin.

Immunoblot Assays

Protein lysates were extracted using cell lysis buffer (Cell Signaling) and quantified by BCA
Protein Assay (Pierce). Samples were resolved on SDS polyacrylamide gel (Bio-Rad) and
transferred to nitrocellulose membrane by semi-dry transfer. Samples were analyzed by
immunoblotting with antibodies for HIF1a (BD Bioscience), SDHA (MitoSciences), Nrf2
(Novus), Tubulin, FLAG, and FH (Sigma).

For histone analysis, nuclear extracts were prepared using the Nuclear Complex co-IP kit
(Active Motif) following the manufacturer’s instructions. 5 pg of each sample were
immunoblotted with the following antibodies: H3K9me2 (Abcam), H3K9me3 (Millipore),
H3K27me2 (Millipore), H3K27me3 (Millipore), Total H4 (Abcam).

ROS measurements

Mito-roGFP, DCFH and Amplex Red measurements were done as detailed in (Weinberg, et
al. 2010).

LC/MS/MS conditions to detect succinated GSH

The experiment was performed on a Shimadzu UPLC system (Shimadzu Scientific
Instruments) coupled with an ABSCIEX QTRAP 5500 mass spectrometry detector (AB
SCIEX). The chromatographic separation was achieved on a Microsolve Technology
(Eatontown) Cogent Diamond Hydride column (150 mm x 2.1 mm, 4um dp, 100 A pore
size) at 35°C with the aqueous mobile phase A (10 mM ammonium acetate) and the organic
mobile phase B (acetonitrile/water (90/10), 10 mM ammonium acetate). The gradient was
from 90%B to 70%B for 4 minutes, from 70%B to 50%B for 1 minute, and then held at
50%B for 5 minutes. Before each run, the column was equilibrated for 5 minutes. The
flowrate was 0.4 mL/minute and the injection volume was 10 uL. The mass spectrometry
(MS) was operated in the negative mode and multiple reaction monitoring (MRM). All
dependent MS parameters were optimized, based on infusion experiments. The tandem
transition from the parent ions of [M-H]™ to the fragment ions of 71 m/z for fumaric acid
(FUM), 272 m/z for glutathione reduced (GSH) and oxidized (GSSG), were monitored for
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quantitative analysis. Data were acquired and analyzed using Analyst software version 1.6.
Methods to quantify succinated GSH are provided in supplemental procedures.

Determination of NADPH/NADP? ratio

NADPH ratio was determined by taking whole cell or mitochondrial lysates and following
manufacturer’s protocols for the NADP*/NADPH assay kit (Abcam).

Quantitation of GSH

GSH from /n vitro reactions was measured by diluting samples in buffer and adding of 300
MM 5,5'-Dithiobis(2-nitrobenzoic acid) (dtnb) and measuring the absorbance at 412 nm after
10 minutes. Values were compared to a standard curve of GSH.

Glutathione reductase assay

GSF and control substrates were incubated for one hour at room temperature in a solution of
50 mM Tris, 5 mM EDTA. The pH was 7.8 to mimic the pH of the mitochondrial matrix,
where GSF is most likely synthesized. Substrates were added to a solution of 250 pM
NADPH and 0.05 U/ml glutathione reductase. NADPH consumption was monitored by loss
of absorbance at 340 nm, and concentration was determined by comparing to a standard
curve.

Histone demethylase activity assay

Activity of the histone demethylase IMJD2A was determined by following manufacturer’s
protocol for a IMID2A inhibitor screening assay kit (Cayman).

Measurement of oxygen consumption

Oxygen consumption rates (OCRs) were determined on a Seahorse Bioscience Extracellular
Flux Analyzer (XF24). Specific methods are in Supplemental procedures.

Carbon flux metabolites

Mass isotopomer analysis of carbon labeled metabolites was performed as previously
described (Mullen et al., 2012).

Statistical analysis

Unless otherwise noted, data are presented as mean = SEM. Statistical significance was
determined using two-sample Student’s t test comparing experimental conditions to
appropriate controls. Statistical significance was determined at a value of P < 0.05 or P <
0.01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

FH deficient cells stabilize HIF1a through high ROS signaling.

(A) Subcellular fractionation of UOK262 FH-FLAG cells and western blot for FLAG,
SDHA (mitochondrial marker) and tubulin (cytosolic marker). (B) Enzymatic FH activity
from mitochondrial fractions of parental UOK262 cells and UOK262 cells expressing
control vector (cv) or FH-FLAG. (C) GC-MS analysis showing fumarate concentrations in
cv and FH-FLAG UOK262 cells. (D) Western blot for HIF1a, FLAG, and tubulin protein in
cv or FH-FLAG UOKZ262 cells (E) Western blot for PDK1 and tubulin protein in cv or FH-
FLAG UOKZ262 cells (F) Relative levels of oxidized mito-roGFP in cv and FH-FLAG
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UOK262 cells (G) Relative levels of mito-roGFP oxidation in mock, 1 yM TPP, and 1 uM
MVE treated UOK262 cells. (H) Western blot for HIF1a and tubulin protein from UOK262
cells treated with mock treatment, 1 uM TPP, and 1 uM MVE. (I) Western blot for PDK1
and tubulin protein in UOK262 cells treated with mock treatment, 1 uM TPP, and 1 yM
MVE. (J) The proliferative effects of treatment with mock treatment, 1 yM TPP, and 1 pM
MVE after 48 hours and 96 hours. (K) Viability of cells treated with mock treatment, 1 pM
TPP, or 1 yM MVE for 48 hours or 96 hours as determined by trypan blue exclusion. In (B,
C, F, G, J, and K) the values denote mean +s.em.n=3(B,C,J,andK)n=4(F),n=5
(G). *P < 0.05; **P < 0.01.
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Figure 2.

Oxidative metabolism of 2-oxoglutarate to fumarate is required for HIF1a stabilization, high
ROS, and proliferation of UOK262 cells.
(A) Schematic of the TCA cycle highlighting two enzymes, OGDH and SDH, which are
responsible for the first and last step of the conversion of 2-oxoglutarate to fumarate. (B)
Real-time PCR analysis of OGDH expression to check the efficacy of shRNA targeting of
OGDH relative to NS control. (C) Western blot for HIF1a and tubulin protein in UOK262
cells expressing NS and OGDH shRNAs. (D) Western blot for HIF1a, SDHA, and tubulin
protein in UOK262 cells expressing NS and SDHA shRNAs. (E) Relative levels of oxidized
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mito-roGFP in UOK?262 cells treated with NS, OGDH, and SDHA shRNA. The proliferative
effects of OGDH knockdown (F) and SDHA knockdown (G) were measured by plating
cells at 10° cells per plate and cells were counted after 48 hours and 96 hours. In (B and E—
G) the values denote mean +s.e.m.n=3 (B, F, G), n =5 (E). *P < 0.05; **P < 0.01.
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Fumarate covalently bonds to glutathione /n vitroand in FH null cells.

(A) Proposed reaction whereby the cysteine on glutathione undergoes a nucleophilic attack
on an alkene carbon of fumarate to form GSF. (B) MS/MS analysis of a mixture of 10 mM
GSH and 10 mM fumaric acid (left) or 10 mM succinic acid (right) to determine if fumaric
acid binds glutathione /n vitro. Succinic acid lacks the reactive alkene of fumarate and thus
served as a negative control. (C—E) Quantification of LC/MS/MS analysis of glutathione
species extracted from cv and FH-FLAG UOK262 cells. (F) Measurement of NADPH ratio
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in mitochondrial fractions from cv and FH-FLAG UOK262 cells. In (C—F) the values
denote mean + s.e.m. n = 3. *P < 0.05; **P < 0.01.
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GSF is an alternative substrate for glutathione reductase.
(A) Measurement of GSH after incubation with increasing concentrations of DMF /n vitro
for 3 hours. (B) Measurement of GSH after 1 hour of incubation under the listed conditions.
(C) LC/MS/MS analysis of metabolites generated during a 1-hour incubation of the
indicated metabolites. (D) Representative plot of measurement of NADPH concentration
over time when mock solution, 5 MM GSH, 5 mM GSH + 5 mM DMF, or 5 mM GSH + 5
mM DMS were added to a solution of 250 yM NADPH and 0.05 U/ml glutathione
reductase. (E) Measurement of GSH levels of solutions of GSF and NADPH with or without
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glutathione reductase. (F) Measurement of NADPH ratio in FH-FLAG UOK262 cells
treated with mock treatment or 0.5 mM GSF for 3 hours. (G) Relative intracellular ROS
level was determined by DCFH fluorescence in FH-FLAG UOK262 cells treated with mock
treatment or 0.5 mM GSF for 3 hours. (H) Western blot for HIF1a and tubulin protein from
FH-FLAG UOK?262 cells pretreated for 21 hours with mock treatment, 1 yM TPP, and 1uM
MVE and treated for 3 hours with mock treatment or 0.5 mM GSF. In (A) the values denote
mean +/- s.e.m, n=3 while in (B, E-G) the values denote mean + s.e.m. n = 3. *P < 0.05;
**P < 0.01.
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Figureb5.

Nrf2 is stabilized by fumarate and helps mitigate ROS.

(A) Western blot for Nrf2 and tubulin protein and RT-PCR of Nrf2 target genes from cv and
FH-FLAG UOK262 cells. (B) Western blot for Nrf2 and tubulin protein and RT-PCR of
Nrf2 target genes from UOK262 cells expressing NS and OGDH shRNAs. (C) Western blot
for Nrf2 and tubulin protein and RT-PCR of Nrf2 target genes from UOK262 cells
expressing NS and SDHA shRNAs. (D) Western blot for Nrf2 and tubulin protein and RT-
PCR of Nrf2 target genes from UOK?262 cells treated with mock treatment, 1 yM TPP, and
1 pM MVE. (E) Western blot for HIF1a, Nrf2, and tubulin protein in UOK262 cells
expressing NS or Nrf2 shRNAs. (F) Relative intracellular ROS level was determined by
DCFH fluorescence in UOK262 cells expressing NS or Nrf2 shRNAs. (G) The proliferative
effects of Nrf2 knockdown were measured after 48 hours and 96 hours. In (A-D, F, and G)
the quantified values denote mean + s.e.m. n = 3. *P < 0.05; **P < 0.01.
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Figure6.

ROS inhibit histone demethylation.

(A) Representative western blot for histone methylation markers and H4 protein loading
control from nuclear extracts of UOK262 cells expressing cv and FH-FLAG plasmids. (B)
Densitometric quantification of histone methylation markers relative to H4 loading control
of UOK262 cv and FH-FLAG cells. (C) Measurement of demethylase activity of IMID2A
in vitro in the presence of fumarate, succinate, and N-oxalylglycine (NOG). (D)
Measurement of demethylase activity of IMID2A in vitro in the presence H,0,. (E)
Measurement of synergistic inhibition of JIMJD2A in vitro in the presence or absence of 1
mM fumarate and various doses of H,O,. Values are relative to activity of mock or fumarate
treated cells without H,O,. In (B-E) the values denote mean + s.e.m. n = 3. *P < 0.05; **P
< 0.01.

Mol Cell. Author manuscript; available in PMC 2014 July 25.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Sullivan et al. Page 25
A B C
< 1.2 P
pd
& 1.0 1 8 o
()]
1 UOK262 cv, BFP - 0.8 . 2o =
a OcE
2 UOK262 cv, NDI1-BFP Z 05 ® 8 E
© _E o 2
3 UOK262 FH-FLAG, BFP -f—g 0.4 5 § g
© S c 2
4 | UOK262 FH-FLAG, NDI1-BFP & 02 S8
=
0.0
1 2 3 4
D E I Rotenone Sensitive F
100- o« [ Rotenone Insensiiiwal 35-
1 . Q 240/ i 4
2 ol 2 5 gssoy L
® 8013 - = oz 1
o] = 3 8 = 200 9 % 254
1) >
> 60| mm 4 ** =] I
g | 2§ 160 EEPN
- —_
g 401 8 % 1201 2 2 151
— *h o o 1]
% 20 e £ £ & 10
= o Q9 o O
T 2 51
—r— 3 7]
Glucose Galactose n’? 0
Medi
edia 2 3 4 1 2 3 4
12
G H a
0] 1.0
€ Sos
1 2 3 4 £ =
£ 506
> 004
Tubulin [ - g o2
| 00
L
Q
® 1004 % 80
b .
A~ b
o 8 £ 0o
w © 60+ o
o E w40
8w T o
S © 40 Se
o2 o< 2
3~ 20 =
> off >
=) M#0  M+1  M+2 M43 M+#4  M+5 M8 T M+ M#1  M+2 M3 M+d  M45 M+B
Mass isotopomer Mass isotopomer
Figure7.

Both FH and complex I dysfunction contribute to HIF1a stabilization, high ROS, loss of
mitochondrial oxygen consumption, and reductive carboxylation in UOK262 cells.

(A) Table describing the cell line labels and their associated plasmids. (B) Real-time PCR
analysis of NDI expression. (C) Mitochondrial OCR for the four UOK262 cell lines. (D)
Cell death from the four UOK?262 cell lines after 24 hours in complete DMEM containing
10 mM glucose, or glucose free DMEM supplemented with 10 mM galactose, as determined
by percent of cells that uptake propidium iodide. (E) Mitochondrial OCR for saponin
permeabilized UOK262 cell lines when treated with 10 mM pyruvate and 2 mM malate.
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Rotenone sensitive fraction was measured by the decrease in OCR after addition of 2 yM
rotenone. (F) Mitochondrial OCR for saponin permeabilized UOK262 cell lines when
treated with 10 mM succinate. (G) Western blot for HIF1a and tubulin protein from the four
UOK262 cell lines. (H) Relative levels of oxidized mito-roGFP from the four UOK262 cell
lines. (1) GC/MS analysis of the mass isotopomer distribution of citrate in cells cultured with
D[U-13C]glucose and unlabelled glutamine. (J) GC/MS analysis of the mass isotopomer
distribution of citrate in cells cultured with L[U-13C]glutamine and unlabelled glucose. In
(B—F, H) the values denote mean + s.e.m. In (I and J) the values denote mean + standard
deviation.n=3 (B, D, 1,J),n=5(C, E, F),n=6 (H). *P < 0.05; **P < 0.01 compared to
cell line 1.
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