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Abstract: The several types of heterogeneous kidney cancers are interrelated by their primary sites of pathology. Despite
its origin in the kidney, renal cell carcinoma (RCC) is associated with its varying genetic basis. Von Hippel-Lindau
(VHL) syndrome is the earliest and, thus the most highly, characterized of genetic forms of kidney cancer, which is
associated with alterations in the Von Hippel-Lindau (VHL) gene. As a result of his studies and investigations, Otto
Warburg reached the conclusion that cancer’s fundamental cause is altered mechanism. But this theory was disdained
because of the discovery of tumor suppressor genes and oncogenes. Lately, the breakthrough finding about the tumor
suppressing role of gene coding for enzymes involved in Krebs cycle has revived the interest in Warburg’s hypothesis.
This effect has led to the uncovering of the links between metabolic alterations, mitochondrial dysfunction and cancer.
One such metastatic cancer characterized by the germ-line inactivating mutation of the gene coding for fumarate
hydratase (FH), a Krebs cycle’s enzyme, is hereditary leiomyomatosis and renal cell carcinoma (HLRCC). In this review
paper, we have discussed the background of this carcinoma, the metabolic dysfunction causing it and its therapeutic

solutions.
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INTRODUCTION

In early 20™ century, Otto Warburg discovered a
particular metabolic phenotype in which cancer cells had
high rates of glycolysis despite oxygen’s presence, a
condition he named as “aerobic glycolysis” (Warburg,
1956). He found these metabolic alterations to be
associated with defects in mitochondrial respiration,
particularly production of ATP (during the process of
oxidative phosphorylation). This phenomenon is now
proclaimed to be among one of the metabolic defects
causing cancer formation and has been extensively
studied for the development of novel therapeutic tools.
However, this theory was disdained because of the
identification and characterization of the mutated cancer
predisposition genes including the tumor suppressor (anti-
tumorigenic) genes and oncogenes (pro-tumorigenic). It
was also thought that mitochondrial dysfunction is the key
reason behind tumorigenesis (Frezza and Gottlieb, 2009).
The last decade, however, vindicated Warburg’s findings
by the discovery of mutations in principal enzymes
involved in metabolism which play a perfunctory part in
tumor development (Warburg et al., 1927; Kaelin, 2009).
One such Krebs cycle’s enzyme is fumarate hydratase
(FH) which catalyzes the reversible conversion of
fumarate to malate. It also plays a role as a tumor
suppressor as the mutation in this enzyme is linked with
the development of renal cysts, tumors and leiomyomata.
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Due to the lack of conversion into malate caused by loss
in fumarate hydratase’s activity, fumarate gets
accumulated inside the cell. This accumulated fumarate
acts as 2-oxyglutarate-dependent oxygenases’ competitive
inhibitor, one of which is hypoxia-inducing factor (HIF)
hydroxylases. This consequently activates the oncogenic
HIF pathways (Yang et al., 2012).

The evidence that metabolic enzymes play role in
tumorigenesis

A number of evidences show that energy is produced by
cancer cells via a heightened rate of glycolysis in
cytoplasm. This is markedly contrasting to the relatively
low glycolysis rate that is followed by pyruvate oxidation
(Kim and Dang, 2006). Genes of well-characterized
metabolic functions have been studied for cancer-
associated mutations which include those encoding
succinate dehydrogenase (SDH), isocitrate dehydrogenase
(IDH1 and 2) and fumarate hydratase (FH; Semenza,
2011). The role of fumarate hydratase is of paramount
importance in the Krebs cycle owing to its ability to
prevent accumulation of fumarate. Germ-line mutations in
fumarate hydratase are loss-of-function in nature which
lead to renal carcinoma (collecting duct and type Il
papillary), inherited leiomyomas (benign tumors of
smooth muscle), and hereditary leiomyomatosis and renal
cell cancer (HLRCC). There is no activity of fumarate
hydratase in HLRCC. Furthermore, the loss of allele’s
wild-type is the major characteristic in most of the tumors
(Tomlinson et al., 2002). Mutations in FH-encoding gene
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have also been reported to be involved in bladder, breast
and testicular (Leydig cell) cancers (Sass et al., 2001;
Lehtonen et al., 2006).

Fumarate hydratase (FH) and its inactivation

Fumarate hydratase, also known as fumarase, is a
homotetrameric enzyme (Wei et al.,, 2006) which is
highly conserved, and is located and functions in both the
cytosol and the mitochondria of the cell. It functions in
the mitochondria as a part of the Krebs cycle by
catalyzing the hydration of fumarate and subsequent
conversion to malate (fig. 1). This step is essential in
producing cellular energy and generates several important
molecular precursors. It is thought to contribute in
cytosolic pathways which produce fumarate, including the
purine nucleotide cycle and the urea cycle. Both forms of
fumarate hydratase are encoded by the same gene and the
difference in localization is due to the cleavage of the
produced polypeptide into smaller fragments (Brosnan
and Brosnan, 2004).

0 o
Fumarase
N 0 ~ 0
0 0" OH

Fumarate

S-malate

Fig. 1: The step catalyzed by fumarate hydratase
(fumarase) in the mitochondrial Krebs cycle
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Fig. 2: Consequences of increased levels of cellular
fumarate.

Presently it is not clear whether Krebs cycle’s dysfunction
contributes to tumorigenesis or it is the fumarate
accumulation which contributes. However, FH deficiency
has been found to be linked with mitochondrial
dysfunction by generating a knockout mouse model
lacking fumarate hydratase 1 (Fhl) (Pollard et al., 2007;
Adam et al., 2011). It has been posited that dysfunction
and disruption of the Krebs cycle results in changes in
mitochondrial membranes’ potential by causing an
increase in the permeability of the organelle’s outer
membrane and subsequent autophagy. Cells and tissues
deficient of fumarate hydratase accumulate very high
levels of fumarate which result in multiple consequences
one of which is oncogenic pathways’ activation (Isaacs et
al., 2005). The subsequent mechanisms of fumarate
accumulation have been described in fig. 2 in detail.

It is essential to determine the relative amounts of
fumarate under various physiological conditions in
distinct cellular compartments. In Fhl deficient mouse
embryonic cell lines (MEFs), the level of fumarate was
measured by using *H magnetic resonance spectroscopy
metabolite analysis and was found to be approximately 8-
10 fmol/cell (O’Flaherty et al., 2010; Adam et al., 2011).
However, immunofluorescence studies on the MEFs have
shown that an evident and striking change occurs in
mitochondrial morphology (they become much enlarged)
because of Fhl loss. The aforementioned discussion on
the activation of oncogenic pathways includes the one
driven by 20G-dependent oxygenases. This has been
discussed in detail in the next spread.

Fumarate as 2-oxoglutarate-dependent oxygenases’
competitive inhibitor

A small molecular component of normal metabolism the
accumulation  of  which  results in  metabolic
dysfunction/dysregulation and, consequently, allows a
progression towards the development of cancer is referred
to as an oncometabolite. Several complex steps might be
included during this course, including activation,
disruption, or inhibition of the pathways. Studies on the
oncometabolites provide an opportunity of a detailed
study and devising therapeutic routes for a variety of
cancers. Here fumarate has been discussed as an
oncometabolite in FH-deficient cells (Yang et al., 2012).

Genetic and histological characterization of FH mutations
have suggested a casual association between dysfunctions
of the Krebs cycle and activation of hypoxia inducible
transcription factors (HIFs), which are chief regulators in
giving response to low levels of oxygen. FH-linked
tumorigenesis is thought to be caused by the increased
levels of several oncogenic pathways by HIF (Gottlieb
and Tomlinson, 2005). HIF activation promotes
tumorigenic process by inducing metabolic alterations
observed in these tumors. In fact, HIF has been reported
to plan and control the genetic and metabolic
reprogramming required for the sustenance of tumor cell
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growth, vascularization and proliferation (lvan et al.,
2001; Ashrafian et al., 2010). Selak et al. first proposed
the link between Krebs cycle dysfunction and activation
of HIF. It has also been proven that fumarate causes 2-
oxoglutarate-dependent oygenases’ competitive
inhibition, in particular the HIF PHDs (prolyl
hydroxylases). Fumarate therefore mimics hypoxia (in a
phenomenon called pseudohypoxia), causes the
stabilization of the HIF complex and activates its
oncogenic target genes (Isaacs et al., 2005; Hewiston et
al., 2007).

The aforementioned phenomenon can be explained by
studying HIF’s dysregulation caused by the VHL (von
Hippel-Lindau) pathway. VHL is a tumor suppressor gene
which is involved in renal cell carcinoma’s development.
Its protein product, hence called pVHL, is a part of the
signaling complex which regulates oxygen-dependent
gene expression of the cell. Intact VHL complex has
ubiquitin ligase activity which aims at specific proteins
for their degradation (Pause et al., 1997). Hypoxia
inducible factor la and 20 (HIF-loo and HIF-2a,
respectively) are two examples of such targeted proteins
which are also oxygen homeostasis’ key regulators
(Kaelin, 2005). Genes which HIFs target include
erythropoietin  (EPO), transforming growth factor-a
(TGF-a), platelet-derived growth factor (PDGF), glucose
transporter 1 (Glut 1), and vascular endothelial growth
factor (VGEF). In order for the VHF complex to
recognize HIF, the latter’s conserved proline residues
must be hydroxylated. This hydroxylation is conducted by
HIF prolyl hydroxylases (also known as HIF PHDs or
HPHs). Ascorbate and iron ions are a pre-requisite as co-
factors for the functioning of PHDs, and molecular
oxygen along with 2-oxoglutarate (2-OG) are needed as
co-substrates. During hypoxia, there is a limited amount
of molecular oxygen because of which HIF remains
unhydroxylated. In this state VHL complex does not
cause the ubiquitination of HIF which is then
consequently available for the activation of the
aforementioned genes’ transcription (Zhang et al., 2006).

When VHL is present in its mutated form, HIF escapes
degradation and, therefore, creates a pseudo hypoxic
condition. Nonetheless, pVHL’s tumor suppressor
function is extenuated in xenograft mouse models;
reintroduction of pVHL belittles the formation of tumors.
On the contrary, in the presence of HIF-1a mutant, the
tumor-suppressing ability of pVHL remains intact
(Maranchie et al., 2002). Recent evidences have shown
the ability of fumarate and succinate to cause competitive
inhibition of the activity of other members of the super
family of enzymes 2-oxoglutarate-dependent oxygenase,
inclusive of TET proteins and histone demethylase
enzymes (HDMs), both of which are vital in gene
expression’s non-genetic regulation (Frizzell et al., 2011,
Xiao et al., 2012).
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HLRCC and the associated renal cancer

Hereditary leiomyomatosis and renal cell carcinoma
(HLRCC) is a syndrome characterized as an autosomal
dominant inherited cancer which may cause the
development of uterine and cutaneous leiomyomas in
affected individuals (Launonen et al., 2001). Cutaneous
leiomyomas mostly occur in the arrectores pilorum
muscles attached to the hair follicles. These are energy
sensing organs as they contract and trap air when it is cold
to provide insulation. There risen lesions are often painful
and sensitive to cold or touch. The treatment is often
symptomatic. The affected females are prone to the
development of the early-onset multiple uterine fibroids
(Wei et al., 2006).

Patients of HLRCC are also at a risk for developing
bilateral and/or multifocal, early-onset renal cysts and
papillary renal tumors (it is reported in 60% of the cases)
(Schmidt et al., 1997). Papillary renal cancer can be
characterized as type | or type Il, the former one
following an indolent pattern of growth and being
associated with germ-line mutation in MET gene. Type Il
is a lethal disease associated with aggressively rapid
growth and early metastasis (Schmidt et al., 1997). This
cancer normally develops in young individuals because of
which a life-long abdominal imaging is required which
has to start by the age of 10 years. However, other renal
cancer syndromes, including von Hippel-Lindau (VHL),
Birt-Hogg-Dubé syndrome and hereditary papillary renal
cell carcinoma, may be treated with renal parenchyma-
sparing surgical resection (lliopoulos et al., 1995; Grubb
et al., 2007).

Fumarate hydratase as the HLRCC gene and the
Warburg effect

As discussed above, fumarate hydratase is an important
Krebs cycle’s enzyme the germ-line mutation of which
characterizes HLRCC. In 90% cases of HLRCC,
mutations in the gene encoding FH, including missense,
frameshift and complete or partial deletions, are detected.
FH, gene locus at chromosome 1g42.2, undergoes a 2-hit,
loss-of-function leading to HLRCC tumors. The second
hit is represented by the loss of the somatic allele found in
uterine leiomyomas and HLRCC-associated renal tumors
(Wei et al., 2006).

As discovered by Otto Warburg, FH-deficient renal
cancer goes through a metabolic shift to aerobic
glycolysis. The cell line UOK262 is specified by faulted
oxidative phosphorylation and increased rates of
glycolysis, which is assessed by decreased rate of oxygen
consumption and increased rate of extracellular
acidification. All these glycolytic and tumorigenic
features of the cell line can be reversed by restoring the
FH activity. FH-deficient renal cancer cells are dependent
uniformly on glycolysis and, therefore, glucose for the
production of ATP required for rapid proliferation (Tong
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et al., 2011). This is concluded on the basis that HLRCC-
associated renal cancer shows continuously high
fluorodeoxyglucose uptake as shown by positron emission
tomography (PET) scan imaging (Lehtonen et al., 2004).

FH-deficient renal cancer is also characterized by a
metabolic shift to reductive carboxylation via glutamine-
dependent pathway (Mullen et al., 2012). **C metabolite
analysis was used to determine this. Even though this
cancer witnesses a substantial decrease in the flow of the
glucose-derived pyruvate in the mitochondria, it is still
dependent on this metabolic flux for its critical
biochemical reactions. Thus FH-deficient renal cancer
cells require glutamine as the major carbon source for
increased synthesis of fatty acids which is, in turn,
required for rapid proliferation in this fastest-growing
form of kidney cancer (Mullen et al., 2011).

Disruption to metabolism caused by the loss of FH
activity

The loss in FH’s activity results in Krebs cycle
dysfunction that further threatens the cellular activity in
terms of macromolecular precursors’ production, meeting
the energy requirements, and ultimately its survival.
Several mechanisms have been discovered and studied
through which FH-deficient cells combat these problems.
One such mechanism involves impaired respiration and
increase in the rate of aerobic glycolysis which is
presumed to be an adaptation in order to meet the energy
requirements of the cell by of the Krebs cycle-
independent production of ATP (Sudarshan et al., 2009).
Increased rate of glutaminolysis has also been studied by
using stable isotope labelling of a murine renal cell
deficient in Fh1. This vindicated the idea that the most
important carbon source in the Krebs cycle is glutamine.

Glutamine-to-bilirubin pathway has been observed in FH-
deficient cells; it involves the biosynthesis and
degradation of heme. This results in partial production of
NADH in mitochondria and, consequently, bilirubin is
excreted from the FH-deficient cells. It was proven that
FH-deficient cells cannot survive with the inhibition of
the enzyme heme oxygenase. Hence its inhibition may
result in specific death of tumor cells and sparing the non-
FH-deficient cells in HLRCC-associated renal cancer
(Frezza et al., 2011). This is a stereotypical feature of
transformed cells and may lead towards the malignancy of
the cells deficient in FH.

A similar mechanism is glutamine-dependent reductive
carboxylation which causes the Krebs cycle to partially
reverse. Isoforms of IDH reductively carboxylate 20G
and generate isocitrate. This is then further metabolized to
citrate, oxaloacetate and acetyl coenzyme A (AcCoA).
The concentrations of these metabolites, initially
decreased due to blockage of the Krebs cycle, are brought
back to normal by oxaloacetate’s reduction to malate

(Leonardi et al., 2012; Lu et al., 2012). Acetyl coenzyme
A is essential for protein acetylation and fatty acid
synthesis (Metallo et al., 2012). However, these
adaptations may contribute to oncogenic transformation
owing to the changes in primary metabolism. Anaplerosis
and the urea cycle may also be contributing in this
phenomenon but they need to be studied extensively
before deriving any conclusion.

Therapeutic strategies

As mentioned before, a shift to aerobic glycolysis takes
place in FH-deficient renal cancer cells because of the
latter being dependent on high level of adenosine
triphosphate (ATP) production for rapid cell proliferation.
Several different approaches have been trialed for
targeting glucose metabolism | such a Warburg cancer,
one of the approaches being the targeting of crucial
glycolytic enzymes such as lactate dehydrogenase A
(LDHA), human pyruvate kinase M2 (PKM2) and
mitochondrial hexokinase Il (HKII) (Hamanaka et al.,
2012). Xie et al. studied the over expression of LDHA in
HLRCC to rule out the option of FH-deficient cells being
sensitive to LDHA blockage. In fact, LDHA blockade
increased FH-deficient cells’ apoptosis.

Another approach is to use englerin A, a sesquiterpene
isolated from the stem and root bark of Phyllanthus
engleri. It has been shown to have selective inhibition
against renal cell carcinoma growth. It is the protein
kinase C-0 to which englerin A binds, activates the former
and limits the access to glucose thus inducing an insulin-
resistant phenotype. At the same time, englerin A induces
glucose dependence by inducing the activation of HSF1
transcription factor in protein kinase C-0. Thus, by
making the cells dependent on glucose and
simultaneously starving the cells of glucose helps it to kill
several types of kidney cancers, including FH-deficient
renal cell carcinoma (Sourbier et al., 2013). Another
approach undergoing clinical trial is targeting FH-
deficient kidney cancer Vasculature with anti-VEGF and
Glut-1 reagents in patients with metastatic HLRCC-
associated kidney cancer. The effect of bevacizumab and
erlotinib are being particularly evaluated for this purpose
(Yang et al., 2012).

CONCLUSION

After the extensive studies to find genetic evidence of the
role of metabolic enzymes in tumorigenesis, different
approaches and techniques have led to a conclusion that
germ-line mutations in the enzyme encoding FH are
linked with HLRCC and other tumors. This has led to the
deduction and vindication of contribution of accumulation
of fumarate in the activation of oncogenic pathways
because of its role as 2-oxoglutaate dependent
oxygenases’ competitive inhibitor. Subsequent studies led
to the unraveling of the function of HIF and its escape
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from pVHL during pseudo hypoxia. Thus fumarate
hydratase is now characterized as not only a key enzyme
of the Krebs cycle but as a tumor suppressor gene, the
mutation in which may lead to the situation called
Warburg effect. Several therapeutic strategies and
approaches have been and are being devised in order to
directly target the genes and, in some case, the inhibited
metabolites. One may hope that these approaches may
become the basis for the development of an effective
therapy/treatment for patients suffering from Krebs cycle
mutation cancer, and may provide an insight to other
cancers which too involve a metabolic shift to aerobic
glycolysis and faulted oxidative phosphorylation.

ACKNOWLEDGEMENT

The authors would like to thank GC University Lahore
and respected Vice Chancellor, Prof. Dr. Hassan Amir
Shah (Sitara-i-Imtiaz), for providing us unconditional
support and assistance.

REFERENCES

Adam J, Hatipoglu E, O’Flaherty L, Ternette N, Sahgal
N, Lockstone H, Baban D, Nye E, Stamp GW,
Wolhuter K, Stevens M, Fischer R, Carmeliet P,
Maxwell PH, Pugh CW, FRizzell N, Soga T, Kessler
BM, El-Bahrawy M, Ratcliffe PJ and Pollard PJ
(2011). Renal cyst formation in Fhl-deficient mice is
independent of the Hif/Phd pathway: Roles for
fumarate in KEAPL1 succination and Nrf2 signaling.
Cancer Cell, 20: 524-537.

Ashrafian H, O’Flaherty L, Adam J, Steeples V, Chung
YL, East P, Vanharatna S, Lehtonen H, Nye E,
Hatipoglu E, Miranda M, Howarth K. Shukla D, Troy
H, Griffiths J, Spencer-Dene B, Yusuf M, Volpi E,
Maxwell PH, Launonen V, Aaltonen L, El-bharawy M,
Tomlinson | and Pollard PJ (2010). Expression
profiling in progressive stages of fumarate-hydratase
deficiency: the contribution of metabolic changes to
tumourigenesis. Cancer Res., 70: 9153-9165.

Brosnan ME and Brosnan JT (2004). Renal arinine
metabolism. J. Nutr., 134: 2791S-2795S.

Dang L, White DW, Gross S, Bennett BD, Bittinger MA,
Driggers EM, Fantin VR, Jang HG, Kin S, Keenan
MC, Marks KM, Prins RM, Ward PS, Yen KE, Liau
LM, Rabinowitz JD, Cantley LC, Thompson CB and
Vander Heiden MG Su SM (2009). Cancer-associated
IDH1 mutations produce 2-hydroxyglutarate. Nature,
462: 739-744.

Frezza C and Eyal G (2009). Mitochondria in cancer: Not
just innocent bystanders. Semin. Cancer Biol., 19: 4-
11.

Frezza C, Zheng L, Folger O, Rajagopalan KN,
MacKenzie ED and Jerby L (2011). Haem oxygenase
is synthetically lethal with the tumour suppressor
fumarate hydratase. Nature, 477: 225-228.

Aminah Suhail Qureshi and Sikander Ali

Frizzell N, Lima M and Baynes J (2011). Succination of
proteins in diabetes. Free Radic. Res., 45: 101-109.

Gottlieb E and Tomlinson IP (2005). Mitochondrial
tumour suppressors: A genetic and biochemical update.
Nat. Rev. Cancer, 5: 857-866.

Grubb RL, Franks ME, Toro J, Middleton L, Choyke L
and Fowler S (2007). Hereditary leiomyomatosis and
renal cell cancer: A syndrome associated with an
aggressive form of inherited renal cancer. J. Urol., 177:
2074-2080.

Hamanaka RB and Chandel NS (2012). Targeting glucose
metabolism for cancer therapy. J. Exp. Med., 209: 211-
215.

Hewiston KS, Lienard BM, McDonough MA, Clifton 1J,
Butler D, Soares AS, Oldham NJ, McNeill LA and
Schofield CJ (2007). Structural and mechanistic studies
on the inhibition of the hypoxia-inducible transcription
factor hydroxylases by tricarboxylic acid cycle
intermediates. J. Biol. Chem., 282: 3293-3301.

lliopoulos O, Kibel A, Gray S and Kaelin Jr WG (1995).
Tumor suppression by the human von Hippel-Lindau
gene product. Nat. Med., 1: 822-826.

Isaacs JS, Jung YJ, Mole DR, Lee S, Torres-Cabala C,
Chung YL, Merino M, Trepel J, Zbar B, Toro J,
Ratcliffe PJ, Linehan WM and Neckers L (2005). HIF
over expression correlates with biallelic loss of
fumarate hydratase in renal cancer: novel role of
fumarate in regulation of HIF stability. Cancer Cell, 8:
143-153.

Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M,
Salic A, Asara JM, Lane WS and Kaelin Jr WG (2001).
HIF alpha targeted for VHL-mediated destruction by
proline hydroxylation: implications for O2 sensing.
Science, 292: 464-468.

Kaelin Jr WG (2009). SDH5 mutations and familial
paraganglioma: Somewhere Warburg is smiling.
Cancer Cell, 16: 180-182.

Kaelin Jr WG (2005) Proline hydroxylation and gene
expression. Annu. Rev. Biochem., 74: 115-128.

Kim JW and Dang CV (2006). Cancer’s molecular sweet
tooth and the Warburg effect. Cancer Res., 66: 8927-
8930.

Lehtonen HJ, Kiuru M, Ylisaukko-Oja SK, Salovaara R,
Herva R, Koivisto PA, Vierimaa O, Aittomaki K,
Pukkala E, Launonen V and Aaltonen LA (2006).
Increased risk of cancer in patients with fumarate
hydratase germline mutation. J. Med. Genet., 43: 523-
526.

Lehtonen R, Kiuru M, Vanharanta S, Sjoberg J, Assltonen
LM and Aittomaki K (2004). Biallelic inactivation of
fumarate hydratase (FH) occurs in nonsyndromic
uterine leiomyomas but is rare in other tumours. Am. J.
Pathol., 164: 17-22.

Leonardi R, Subramanian C, Jackowski S and Rock CO
(2012). Cancer-associated isocitrate dehydrogenase
mutations inactivate NADPH-dependent reductive
carboxylation. J. Biol. Chem., 287: 14615-14620.

Pak. J. Pharm. Sci., Vol.32, No.2, March 2019, pp.743-749

747



Warburg effect and renal cancer caused by errs in fumarate hydratase encoding gene

Linehan WM and Tracey AR (2013). Molecular
pathways: Fumarate hydratase-deficient kidney cancer-
targeting the Warburg effect in cancer. Clin. Cancer
Res., 19: 3345-3352.

Lu C, Ward PS, Kapoor GS, Rohle D, Turcan S, Abdel-
Wahab O, Edwards CR, Khanin R, Figueroa ME,
Melnick A, Wellen KE, O’Rourke DM, Berger SL,
Chan TA, Levine RL, Mellinghoff 1K and Thompson
CB (2012). IDH mutation impairs histone
demethylation and results in a block to cell
differentiation. Nature, 483: 474-478.

Maranchie JK, Vasselii JR, Riss J, Boifacino JS, Linehan
WM and Klausner RD (2002). The contribution of
VHL substrate binding and HIFl-alpha to the
phenotype of VHL loss in renal cell carcinoma. Cancer
Cell, 1: 247-255.

Metallo CM, Gameiro PA, Bell El, Mattaini KR, Yang J,
Hiller K, Jewell CM, Johnson ZR, Irvine DJ, Guarente
L, Kelleher JK, Van-der Heiden MG, lliopoulos O and
Stephanopoulos G (2012). Reductive glutamine
metabolism by IDH1 mediates lipogenesis under
hypoxia. Nature, 481: 380-384.

Mullen AR, Wheaton WW, Jin ES, Chen PH, Sullivan
LB, Cheng T, Yang Y, Linehan WM, Chandel NS and
De Berardinis RJ (2012). Reductive carboxylation
supports growth in tumour cells with defective
mitochondria. Nature, 481: 385-388.

O’Flaherty L, Adam J, Heather LC, Zhdanov AV, Chung
YL, Miranda MX, Croft J, Olpin S, Clarke K, Pugh
CW, Griffiths J, Papkovsky D, Ahsrafian H, Ratcliffe
PJ and Pollard PJ (2010). Dysregulation of hypoxia
pathways in fumarate hydratase-deficient cells is
independent of defective mitochondrial metabolism.
Hum. Mol. Genet., 19: 3844-3851.

Pause A, Lee S, Worrell RA, Chen DY, Burgess WH,
Linechan WM and Klausner RD (1997). The von
Hippel-Lindau tumour-suppressor gene product forms
a stable complex with human CUL-2, a member of the
Cdc53 family of proteins. Proc. Natl. Acad. Sci. USA.,
94: 2156-2161.

Pollard PJ, Spencer-Dene B, Shukla D, Howarth K, Nye
E, El-Bahrawy M, Dehragoda M, Joannou M,
McDonald S, Martin A, lgarashi P, Varsani-Brown S,
Rosewell I, Poulsom R, Maxwell P, Stamp G and
Tomlinson IP (2007). Targeted inactivation of Fhl
causes prolifertive renal cyst development and
activation of the hypoxia pathway. Cancer Cell, 11:
311-319.

Sass E, Blachinsky E, Karniely S and Pines O (2001).
Mitochondrial and cystolic isoforms of yeast fumarase
are derivatives of a single translation product and have
identical amino termini. J. Biol. Chem., 276: 46111-
46117.

Schmidt LS, Duh FM, Chen F, Kishida T, Glenn GM and
Choyke P (1997). Germline and somatic mutations in
the tyrosine kinase domain of the MET proto-oncogene
in papillary renal carcinomas. Nat. Genet., 16: 68-73.

Selak MA, Armour SM, MacKenzie ED, Boulahbel H,
Watson DG, Mansfield KD, Pan Y, Simon MC,
Thompson CB and Gottlieb E (2005). Succinate links
TCA cycle dysfunction to oncogenesis by inhibiting
HIF-alpha prolyl hydroxylase. Cancer Cell, 7: 77-85.

Sememnza GL (2011). A return to cancer metabolism. J.
Mol. Med., 89: 203-204.

Sourbier C, Scroggins BT, Ratnayake R, Prince TL, Lee S
and Lee MJ (2013) Englerin A stimulates PKCO to
inhibit insulin signalling and simultaneously activate
HSF1: An example of pharmacologically induced
synthetic lethality. Cancer Cell, 23: 228-237.

Sudarshan S, Linehan WM, Neckers L (2007) HIF and
fumarate hydratase in renal cancer. British Journal of
Cancer, 96: 403-407.

Sudarshan S, Sourbier C, Kong H, Block K, Valera
Romero VA, Yang Y, Galindo C, Molapour M,
Scroggins B, Goode N, Lee MJ, Gourlay CW, Trepel J,
Linehan WM and Neckers L (2009). Fumarate
hydratase deficiency in renal cancer induces glycolytic
addiction and hypoxia-inducible transcription factor 1
alpha stabilisation by glucose-dependent generation of
reactive oxygen species. Mol. Cell. Biol., 29: 4080-
4090.

Tomlinson IP, Alam NA, Rowan AJ, Barclay E, Jaeger
EE, Kelsell D, Leigh I, Gorman P, Lamlum H, Rahman
S, Roylance RR, Olpin S, Bevan S, Barker K, Hearle
N, Houlston RS, Kiuru M, Lehtonen R, Karhu A,
Vilkki S, Laiho P, Eklund C, Vierimaa O, Aittomaki K,
Hietala M, Sistonen P, Paetau A, Salovaara R, Herva
R, Launonen V and Aaltonen LA (2002). Germline
mutations in FH predispose to dominantly inherited
uterine fibroids, skin leiomyomata and papillary renal
cell cancer. Nat. Genet., 30: 406-410.

Tong WH, Sourbier C, Kovtunovych G, Jeong SY, Vira
M and Ghosh M (2011). The glycolytic shift in
fumarate-hydratase-deficient kidney cancer lowers
AMPK levels, increases anabolic propensities and
lowers cellular iron levels. Cancer Cell, 20: 315-327.

Vander Heiden MG, Cantley LC and Thompson CB
(2009) Understanding the Warburg effect: The
metabolic requirements of cell proliferation. Science,
324:1029-1033.

Warburg O (1956). On the origin of cancer cells. Science,
123: 309-314.

Warburg O, Wind F and Negelein E (1927). The
metabolism of tumors in the body. J. Gen. Physiol., 8:
519-530.

Weaver T, Lees M, Zaitsev V, Zaitseva |, Duke E,
Lindley P, McSweeny S, Svensson A, Keruchenko J,
Keruchenko I, Gladilin K and Banaszak L (1998).
Crystal structures of native and recombinant yeast
fumarase. J. Mol. Biol., 280(3): 431-442.

Xiao M, Yang H, Xu W, Ma S, Lin H, Zhu H, Liu L, Liu
Y, Yang C, Xu Y, Zhao S, Ye D, Xiong Y and Guan
KL (2012). Inhibition of alpha-KG-dependent histone
and DNA demethylases by fumarate and succinate that

748

Pak. J. Pharm. Sci., Vol.32, No.2, March 2019, pp.743-749



are accumulated in mutations of FH and SDH tumour
suppressors. Genes Dev., 26: 1326-1338.

Xie H, Valera VA, Merino MJ, Amato AM, Signoretti S
and Linehan WM (2009). LDH-A inhibition, a
therapeutic strategy for treatment of hereditary
leiomyomatosis and renal cell cancer. Mol. Cancer
Ther., 8: 626-635.

Yang M, Tomoyoshi S, Patrick JP and Julie A (2012).
The emerging role of fumarate as an oncometabolite.
Frontiers in Oncology, 2: 1-7.

Yang Y, Valera V, Sourbier C, Vocke CD, Wei M and
Pike L (2012). A novel fumarate hydratase-deficient
HLRCC kidney cancer cell line, UOK268: A model of
the Warburg effect in cancer. Cancer Genet, 205: 377-
390.

Zhang N, Gong K, Yang XY, Xin DQ and Na YQ (2006).
Expression of hypoxia-inducible  factor-1-alpha,
hypoxia-inducible  factor-2-alpha and  vascular
endothelial growth factor in sporadic clear cell renal
cel carcinoma and their significance in the
pathogenesis thereof. Zhonghua. Yi. Xue. Za. Zhi., 86:
1526-1529.

Aminah Suhail Qureshi and Sikander Ali

Pak. J. Pharm. Sci., Vol.32, No.2, March 2019, pp.743-749

749



