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SUMMARY

The identification of mutated metabolic enzymes in
hereditary cancer syndromes has established a
direct link between metabolic dysregulation and can-
cer. Mutations in the Krebs cycle enzyme, fumarate
hydratase (FH), predispose affected individuals to
leiomyomas, renal cysts, and cancers, though the
respective pathogenic roles of mitochondrial and
cytosolic FH isoforms remain undefined. On the ba-
sis of comprehensive metabolomic analyses, we
demonstrate that FH1-deficient cells and tissues
exhibit defects in the urea cycle/arginine meta-
bolism. Remarkably, transgenic re-expression of
cytosolic FH ameliorated both renal cyst develop-
ment and urea cycle defects associated with renal-
specific FH1 deletion in mice. Furthermore, acute
arginine depletion significantly reduced the viability
of FH1-deficient cells in comparison to controls.
Our findings highlight the importance of extramito-
chondrial metabolic pathways in FH-associated
oncogenesis and the urea cycle/arginine metabolism
as a potential therapeutic target.

INTRODUCTION

Since first highlighted in the last century, altered metabolism has
been a consistent observation in cancer cells (Warburg, 1956).
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Recently, the identification of mutated Krebs cycle enzymes in
familial cancer syndromes has linked altered metabolism and
cancer directly (reviewed in Bayley and Devilee, 2010; Frezza
et al., 2011a). Mutations in one of these enzymes, fumarate hy-
dratase (FH), predispose individuals to hereditary leiomyomato-
sis and renal cell cancer (HLRCC) (Tomlinson et al., 2002).
Affected individuals also develop renal cysts, a phenotype that
is recapitulated in FH1 (murine FH)-deficient mice (Pollard
et al., 2007). Loss of FH activity results in accumulation of intra-
cellular fumarate, which, in turn, affects multiple signaling path-
ways, including inhibition of 2-oxoglutarate (20G)-dependent
dioxygenase enzymes (Isaacs et al., 2005; Loenarz and Scho-
field, 2008; O’Flaherty et al., 2010; Pollard et al., 2005; Xiao
et al., 2012) and posttranslational modification (succination) of
cysteine residues (Adam et al., 2011; Alderson et al., 2006; Bar-
dellaetal., 2011; Yang et al., 2012). However, the mechanism(s)
of tumorigenesis and particularly the role of defective mitochon-
drial metabolism in FH-associated disease remain undeter-
mined. Though considered a Krebs cycle enzyme, FH is also
expressed in the cytosol and the nucleus (Yogev et al., 2010,
2011). Moreover, re-expression of cytosolic FH ameliorates
constitutive activation of both the hypoxia and antioxidant
response pathways in FH1-null cells, despite a persistent defect
in oxidative metabolism (Adam et al., 2011; O’Flaherty et al.,
2010). To investigate the role of extramitochondrial FH in renal
cyst development, we have undertaken high-resolution mass-
spectrometry-based metabolomic analyses of FH-deficient
cells, renal cysts, and tumors. To corroborate our findings in vivo,
we generated two transgenic murine models where either FH or
extramitochondrial FH (FH®Y is stably expressed from the
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Rosa26 locus (Zambrowicz et al., 1997). We demonstrate that re-
expression of cytosolic FH in FH1-deficient mice is critical for the
suppression of renal cyst development and restoration of
defects in the arginine biosynthesis pathway. Furthermore, FH-
deficient cells exhibit a greater dependence on exogenous argi-
nine than wild-type counterparts. Taken together, our data
support a role for extramitochondrial metabolic pathways in
renal neoplasia and arginine deprivation as a candidate target
for therapy.

RESULTS

Urea Cycle Metabolites Accumulate in FH1KO Kidneys
Previously, we demonstrated that mice with deletion of FH1 in
renal tubular epithelial cells (Shao et al., 2002) (FH1"/1* Ksp-
Cre* ; FH1KO) develop hyperplastic renal cysts (Pollard et al.,
2007). This model has been characterized further by genetic
crosses and subsequent gene expression analyses (Adam
et al., 2011; Ashrafian et al., 2010), but without comprehensive
analysis of metabolism. Therefore, we determined metabolite
levels in control and FH1KO kidneys using capillary electropho-
resis time-of-flight mass spectrometry (CE-TOFMS; Soga et al.,
2009). Levels of fumarate, argininosuccinate, and citrulline were
increased significantly in FH1KO kidneys compared to controls,
whereas aspartate was depleted (Figures 1A-1D; Table S1).
Metabolic pathway analyses using IPA (Ingenuity Pathway Anal-
ysis, Ingenuity Systems) showed significant changes in the urea
cycle/arginine biosynthesis pathway (Table S1).

FH1KO Mouse Embryonic Fibroblasts Exhibit Multiple
Defects in the Krebs Cycle and Utilize the Urea Cycle,
but Not Reductive Carboxylation

There were at least two hypotheses to test: whether the urea
cycle is dysregulated in the FH1KO mouse embryonic fibro-
blasts (MEFs) as predicted above, and whether they use the
reductive carboxylation pathway as has been reported for other
FH-deficient cells (Mullen et al., 2012). Hence, we cultured wild-
type (FH1WT) and FH1KO MEFs in medium containing the sta-
ble isotope tracer glutamine-2,3,3,4,4-d5 ([D5]-glutamine) for 3
and 9 hr and determined the incorporation of deuterium label
in Krebs cycle and urea cycle metabolites by CE-TOFMS
analyses (Figure 1E; Table S1). Use of [D5]-glutamine by the ca-
nonical oxidative Krebs cycle would result in m+4 for 20G and
succinate, m+2 for fumarate and malate, and m+1 for oxaloac-
etate and aspartate and thus provides a means of differentiating
whether argininosuccinate is generated by arginine and fuma-
rate, or alternatively by condensation of citrulline and aspartate
(Figure 1E). Significantly, we detected argininosuccinate m+2,
and, in addition, the isotopic distribution pattern of argininosuc-
cinate matched that of fumarate, but not of aspartate (Fig-
ure 1E). Therefore, we concluded that argininosuccinate is
synthesized directly from fumarate. The glutamine-dependent
reductive carboxylation pathway metabolizes 20G to citrate
for lipid synthesis, forcing partial reversal of the Krebs cycle
(Metallo et al., 2012; Mullen et al., 2012; Wise et al., 2011).
We did not observe evidence for a reversal of the Krebs cycle
in our MEF model, and furthermore, levels of citrate, cis-
aconitate, and isocitrate were significantly lower in FH1KO

compared to FHIWT MEFs (Figure 1E; Table S1). We have
proposed previously that, in FH1KO MEFs, 20G can be con-
verted to isocitrate by isocitrate dehydrogenase (IDH), but
isocitrate cannot be further metabolized to citrate, probably
as a result of impaired Aconitase 2 activity due to succination.
We did not observe any label in citrate and have suggested
that this may be the consequence of inactive aconitase in
both the mitochondria and cytoplasm of FH1KO MEFs (Ternette
et al., 2013).

Cytosolic FH Suppresses Renal Cyst Development

In Vivo

Given that the part of the urea cycle affected by fumarate accu-
mulation functions in the cytosol (Shambaugh, 1977), we
hypothesized that cytosolic FH may be important in the patho-
genesis of HLRCC. Previously, we demonstrated that expres-
sion of cytosolic FH in FH1KO MEFs reduced fumarate levels
significantly with concomitant loss of nuclear factor (erythroid-
derived 2)-like 2 (NFE2L2/NRF2) and hypoxia-inducible factor
(HIF) expression, but did not restore defects in oxidative meta-
bolism (Adam et al., 2011; O’Flaherty et al., 2010). To investi-
gate the in vivo role of cytosolic FH, we constructed two
transgenic mouse lines stably expressing either FH or FH®"
(excluded from the mitochondria) with a C-terminal V5 affinity
tag and under the control of the CAG promoter (Niwa et al.,
1991). Equivalent expression between both lines was ensured
by targeting the FH transgenes to the Rosa26 locus (Zambro-
wicz et al., 1997) using integrase-mediated cassette exchange
(Chen et al.,, 2011) (Figures 2A and S1). Targeting fidelity
was assessed using PCR (Figure S1), and FH protein locali-
zation was confirmed in embryonic stem (ES) cells by immuno-
fluorescence (Figures 2B and 2C). Transgenic expression
of FH-V5 was analyzed by immunoblotting and immuno-
fluorescence (Figure S1). Similar to HLRCC patients with
renal cancer, mice with kidney-specific FH1 deletion develop
hyperplastic renal cysts (Pollard et al., 2007). We intercrossed
FH1KO mice with both transgenic lines (FH1KO+FH and
FH1KO+FH®"Y. Macroscopic analyses of kidneys from 30-
week-old mice (Figure 2D) indicated that expression of either
transgene was sufficient to ameliorate the increased renal
mass in FH1KO mice, and microscopic analysis at three time
points (13, 20, and 30 weeks) confirmed that transgenic expres-
sion of cytosolic FH was sufficient to suppress cyst develop-
ment (Figures 2E-2H).

Cytosolic Expression of FH in FH1KO Mice Restores
Urea Cycle Metabolism

Since re-expression of cytosolic FH “rescued” the cystic pheno-
type associated with FH1 deletion, we hypothesized that this
might be mediated in part through alterations in metabolism.
Hence, we determined the metabolic consequences of restoring
cytosolic FH in FH1KO kidneys from 15-week-old mice by CE-
TOFMS and IPA analysis (Table S1). This time point was chosen
to avoid severe pathological changes in the kidneys and to
match previous analyses (Adam et al., 2011). Metabolites
showing the most significant changes are indicated using a heat-
map (Figure 3A). Notably, transgenic rescue of FH1 deficiency
with either FH or FH®" restored levels of fumarate and urea cycle
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Figure 1. FH-Deficient Cells Synthesize Argininosuccinate Directly from Fumarate

(A-D) Concentrations of specific urea cycle metabolites (nM) in control and FH1KO kidneys as determined by CE-TOFMS (Soga et al., 2009). All differences
between control and FH1KO mice were significant (p < 0.01, Student’s t test). For metabolomic analyses, six mice aged 15 weeks were analyzed from each group.
(E) CE-TOFMS analyses of deuterium label incorporation into key Krebs cycle and urea cycle metabolites in FHIWT (blue) and KO (red) MEFs after 9 hr incubation
in culture containing [D5]-glutamine. Transit of label through the canonical oxidative Krebs cycle would resultin 20G+4, succinate+4, fumarate+2, malate+2, and
Asp+1, while reductive carboxylation of glutamate would result in isocitrate m+2, citrate m+2, and aspartate m+1. We did not observe label enrichment in citrate,
so the reductive mechanism is not used for citrate synthesis. Argininosuccinate produced from arginine and fumarate has m+2, whereas that produced from
citrulline and aspartate has m+1. We detected predominantly argininosuccinate m+2, which has a similarisotopomer distribution pattern to fumarate, suggesting
it is synthesized directly from fumarate.

For each graph, the concentration of metabolites (fmol/cell) is indicated on the y axis and label enrichment of [D5]-glutamine in FNWT and KO MEFs are
represented on the x axis in the following order: 12C, 12C-1d, 12C-2d, 12C-3d, and 12C-4d. See also Table S1 for absolute metabolite levels.

ACL, ATP citrate lyase; ACOL1, -2, aconitase 1, -2; IDH1, -2, -3, isocitrate dehydrogenase 1, 2, 3; CS, citrate synthase; SUC, succinyl CoA synthetase; SDH,
succinate dehydrogenase; OGDH, oxoglutarate dehydrogenase; FH, fumarate hydratase; MDH, malate dehydrogenase; PDH, pyruvate dehydrogenase; GLS,
glutaminase; ASS, argininosuccinate synthase; ASL, argininosuccinate lyase; OCT, ornithine carbamoyltransferase; ARG, arginase.

3d

metabolites comparable to controls (Figures 3B-3E). Interest- Fumarate and Argininosuccinate Levels Are Increased
ingly, levels of citrulline (which exists in both the mitochondria in HLRCC Tumors

and cytosol) were not fully rescued in FHIKO+FH®' animals To determine whether the increase in urea cycle metabolites
(Figure 3E). observed in FH1KO kidneys was recapitulated in FH mutant
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Figure 2. Generation and Analyses of FH-
Expressing Transgenic Mice to Investigate
the Role of Cytosolic FH/Fumarate in Renal
Cyst Development

(A) The FH and FH®" transgenes were cloned into
the CB92 vector and targeted to the Rosa26 locus,
using phage-mediated recombination (Chen et al.,
2011).

(B and C) Localization of FH and FH®' was
confirmed in ES cells by immunocytochemistry.
Colocalization (yellow) of FH (green) and mito-
chondria (red) is evident (B), whereas FH™' is
absent from the mitochondria (C). Nuclei (blue) are
visualized with DAPI.

(D) Kidneys harvested from 30-week-old control,
transgene-only (FH, FH®Y), and genetically
“rescued” mice (FH1KO+FH and FH1KO+FH®")
appeared macroscopically normal compared to
FH1KO kidneys, which appeared enlarged and
cystic.

(E) Hematoxylin and eosin (H&E) staining of kid-
neys harvested from mice at 13, 20, and 30 weeks
reveal that transgenic expression of either FH or
FH®'is sufficient to ameliorate cyst development.
(F-H) Numbers and frequency of macrocysts
(>0.5 mm) and microcysts (>0.1 mm) were deter-
mined in each group (n = 6). Error bars represent
the SEM.

Scale bars, 5mm (B and C), 10 mm (D), and 100 mm
(E). Error bars indicate SEM. See also Figure S1.
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