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ABSTRACT

Background: Many cancers adopt a metabolism that is characterized by the
well-known Warburg effect (aerobic glycolysis). Recently, numerous attempts have
been made to treat cancer by targeting one or more gene products involved in this
pathway without notable success. This work outlines a transcriptomic approach to
identify genes that are highly perturbed in clear cell renal cell carcinoma (CCRCC).

Methods: We developed a model of the extended Warburg effect and outlined the
model using Cytoscape. Following this, gene expression fold changes (FCs) for tumor
and adjacent normal tissue from patients with CCRCC (GSE6344) were mapped on to
the network. Gene expression values with FCs of greater than two were considered
as potential targets for treatment of CCRCC.

Results: The Cytoscape network includes glycolysis, gluconeogenesis, the
pentose phosphate pathway (PPP), the TCA cycle, the serine/glycine pathway, and
partial glutaminolysis and fatty acid synthesis pathways. Gene expression FCs for
nine of the 10 CCRCC patients in the GSE6344 data set were consistent with a shift
to aerobic glycolysis. Genes involved in glycolysis and the synthesis and transport of
lactate were over-expressed, as was the gene that codes for the kinase that inhibits
the conversion of pyruvate to acetyl-CoA. Interestingly, genes that code for unique
proteins involved in gluconeogenesis were strongly under-expressed as was also
the case for the serine/glycine pathway. These latter two results suggest that the
role attributed to the M2 isoform of pyruvate kinase (PKM2), frequently the principal
isoform of PK present in cancer: i.e. causing a buildup of glucose metabolites that
are shunted into branch pathways for synthesis of key biomolecules, may not be
operative in CCRCC. The fact that there was no increase in the expression FC of any
gene in the PPP is consistent with this hypothesis. Literature protein data generally
support the transcriptomic findings.

Conclusions: A number of key genes have been identified that could serve as
valid targets for anti-cancer pharmaceutical agents. Genes that are highly over-
expressed include ENO2, HK2, PFKP, SLC2A3, PDK1, and SLC16A1. Genes that are
highly under-expressed include ALDOB, PKLR, PFKFB2, G6PC, PCK1, FBP1, PC, and
SUCLG1.
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BACKGROUND

Approximately 90 years ago, the celebrated German
biochemist and Nobel laureate Otto Warburg published his
observations that cancer cells metabolized glucose more
rapidly than normal cells and that the principal metabolic
product was lactic acid (reviewed by Warburg [1]). This
suggested that metabolism of glucose was halted at the
terminal step of glycolysis; namely, the production of
pyruvate, with pyruvate being converted into lactate.
In most normal cells pyruvate is transported to the
mitochondria where it is processed through the TCA cycle
to complete the metabolism of glucose to water and CO,
with the accompanying production of 36 molecules of
ATP per molecule of glucose. It is well known that oxygen
is required for the TCA cycle; therefore, metabolism of
glucose stops at the end of glycolysis, with concomitant
lactate production, under hypoxic conditions. However,
the metabolism of glucose in cancer cells produces
large amounts of lactate even in the presence of ample
oxygen — hence the designation acrobic glycolysis used
interchangeably with the term “Warburg effect”.

With the intense focus on genetic changes in
cancer brought about to a large extent by the discovery
of oncogenes and tumor suppressor genes, there was
little interest in the Warburg effect for many years. A
1976 comment by Sidney Weinhouse, cited by Gatenby
and Gillies [2], is illustrative: “Since our perspectives
have broadened over the years, the burning issue of
glycolysis and respiration in cancer now flicker only
dimly.” In the past 20 years, however, the Warburg effect
has received increasing attention as playing a key role
in cancer. This is clearly illustrated by a large number
of recent reviews. Perhaps the most clear-cut proof that
the altered metabolism of cancer cells is now in the
mainstream of cancer research, however, is the inclusion
of “reprogramming of energy metabolism” as an emerging
hallmark of cancer by Hanahan and Weinberg [3].

It is currently well understood that the Warburg
effect is not the cause of cancer. On the other hand, a
relatively recent publication has shown that the genes
involved in aerobic glycolysis are over-expressed in
at least 24 different types of cancers corresponding to
approximately 70% of all cancers [4]. Although specific
genetic mutations are causally related to cancer, most
cancers have been shown to have multiple mutations.
For example, Ding et al. [5] sequenced 623 genes with
known or potential relationships to cancer in 188 human
lung adenocarcinomas and found more than 1000 somatic
mutations across the samples. Even when they focused on
genes that were frequently mutated, the number was still
a non-trivial 26. Moreover, this analysis was restricted
to adenocarcinoma, which constitutes no more than 50%
of total lung cancer. Therefore, there is considerable
logic in targeting a phenotype that is common to many
cancers as opposed to a genotype that might be present

in a limited percentage of a sub-type of a single cancer.
Nevertheless, despite the wide-spread prevalence of the
aerobic glycolytic phenotype in human cancers, drugs that
have been tested focusing on potential targets known to be
involved in this phenotype have exhibited only “modest
effects” [6].

Part of the reason for the continuing lack of
clinical success for potential anti-cancer compounds
targeting the Warburg effect may be the fact that much
of the current understanding of the steps involved has
been derived from experiments in cultured cells, as was
recently pointed out with respect to the role of pyruvate
kinase M2 (PKM2) in cancer metabolism [7]. Although
numerous studies have been published in the past 15
years comparing gene expression levels in tumor tissue
to adjacent normal tissue, such studies have in general
attempted to identify those genes that are highly over-
or under-expressed in tumor tissue. Therefore, it is
difficult to determine changes in a given pathway or
network. As a consequence, we attempted to determine
the transcriptomic changes that occur in an expanded
network of aerobic glycolysis by first constructing such
a network and then mapping gene expression values from
a published data set comparing tumor tissue to adjacent
normal tissue. The network consisted of glycolysis, the
pentose phosphate pathway (PPP), the tricarboxylic
acid cycle (TCA), gluconeogenesis, the serine/glycine
pathway, and the initial steps of fatty acid synthesis
and glutamine utilization, and it was constructed using
Cytoscape (Supplementary Figure S1). The analysis of
gene expression values was conducted on the most recent
of three kidney cancer studies with data registered in the
GEO that compared tumor to adjacent normal tissue for
10 patients all of whom were diagnosed with clear cell
renal cell carcinoma (CCRCC) (GEO accession number
GSE6344) [8.9].

CCRCC was chosen to investigate the Warburg
effect because there was an extremely high probability
that a large percentage of patients with CCRCC would
exhibit this effect. The reason for this is that CCRCC,
which comprises about 80% of all kidney cancers [10], is
primarily caused by inactivation of the VHL gene either
by mutation (50-60% of cases) or by methylation induced
silencing (ca. 15% of cases) [11]. Inactivation of VHL
leads to constitutive activation of HIF-1a, a protein that
is generally only activated under hypoxic conditions. As a
consequence, activation of HIF-1a via inactivation of the
VHL gene has been referred to as pseudohypoxia [12,13],
as opposed to true tumor hypoxia where increased levels
of HIF-1a also play a major role [see, for example, 14].
HIF-1a reacts with HIF-1p (also known as ARNT) to form
the dimer HIF-1, which migrates to the nucleus where it
functions as a transcription factor for several hundred
proteins [15]. Among those enzymes that are under HIF-
1 transcriptional control are virtually all of the enzymes
involved in aerobic glycolysis [15-19]. It is important
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to note that the clear-cut role played by pseudohypoxia
caused by inactivation of VHL applies essentially only
to CCRCC and not to most other cancers. The hereditary
condition, VHL syndrome, is the result of one of several
types of mutations in VHL. This condition, which
occurs in roughly 1 in 36,000 live births, is responsible
for 2-3% of CCRCC. However, with the exception of
two rare types of malignancies, hemangioblastoma and
pheochromocytoma, individuals with VHL syndrome are
not at increased susceptibility to any other type of cancer
[20].

The results of this analysis, discussed below, provide
a detailed analysis of the difference of the extended
metabolism of glucose between cancer tissue and normal
tissue in CCRCC on the gene expression level.

RESULTS AND DISCUSSION

As indicated in the Background section, the analysis
was conducted on the most recent of three kidney cancer
studies with data registered in the GEO that compared
tumor to adjacent normal tissue (GEO accession number
GSE6344) [8,9]. This study analyzed data from 10
patients, all of whom had been diagnosed with CCRCC
- five of these subjects were diagnosed with stage 1
cancer, and five were diagnosed with stage 2 cancer. Our
analysis combined the data for all 10 patients. For each of
the 10 patients, gene expression values for each gene in
tumor tissue were matched to the corresponding values
in adjacent normal tissue, and the gene expression ratios
for the relevant genes were mapped on to the network
(Supplementary Figure S1). The resulting data were first
analyzed by hierarchical cluster analysis focusing only
on the genes included in the network (Figure 1). Nine
of the 10 patients gave results that clearly differentiated
tumor tissue from normal tissue. Although patient 8 also
demonstrated a difference between tumor and normal
tissue, the results for tumor tissue matched the results
for the normal tissue for the other nine patients and vice
versa. As a consequence, the data for this patient were not
analyzed further. Gene expression levels and fold changes
(FCs) for all relevant genes in the GSE6344 data set are
listed in Supplementary Table S1.

As previously noted, the network includes four
major pathways; namely, glycolysis, gluconeogenesis,
the pentose phosphate pathway (PPP), and the
tricarboxylic acid (TCA) cycle. In addition, two short
pathways are included, serine/glycine synthesis and
utilization of fructose in glycolysis, as well as a portion
of glutaminolysis and fatty acid synthesis. Each of these
pathways will be discussed below.

Glycolysis Pathway (Table 1) (Figure 2)

As noted, it is well known that VHL mutations play
a major role in CCRCC. Inactivation of VHL results in
constitutive expression of the HIF-1a protein resulting in
a pseudohypoxic environment for the cancer tissue. It is
impossible using gene expression data to confirm that VHL
was actually mutated in the nine relevant patients. The
involvement of VHL in this data set is supported, however,
by the fact that it was under-expressed by a factor of 3 (p
= 3.96E-04), although that result is based only on four of
the nine patients in that the other five patients had absent
calls for both tumor and adjacent normal tissues. Given
the pseudohypoxic environment of the cancer tissue, it is
not surprising that most genes involved in the glycolytic
pathway were over- or under-expressed in the tumor tissue
in a manner consistent with the literature dealing with the
Warburg phenotype in cancer as well as with the known
transcriptional effects of HIF-1. There are, however, some
exceptions. This section will briefly discuss results for
glycolytic genes that were consistent with the literature
on the Warburg effect but will provide more detail for
exceptions. For the vast majority of these genes the results
are based on all nine patients unless otherwise specified.

Glucose Transporters

Of the five genes (SLC241-5) included in the
network that code for the five glucose transport proteins
GLUTI1-5, both SLC2A41 and SLC2A3 were significantly
over-expressed, with SLC2A43 being up-regulated to a
greater extent (FC = 6.42, p = 1.30E-05) than SLC2A41
(FC=2.29, p=1.58E-03). Both SLC2A1 and SLC243 are
known to be under transcriptional control of HIF-1 and
are up-regulated in a number of cancers that exhibit the
aerobic glycolytic phenotype [19]. In addition, GLUT1
protein levels have been reported to be increased in
CCRCC [21].

Hexokinase (HK)

The HK genes code for protein hexokinases, which
catalyze the phosphorylation of glucose to glucose-6-
phosphate with ATP as the phosphate donor. Four different
genes are known (HK1/3, GCK) each one of which codes
for a different HK isoenzyme (I-IV). Isoenzymes I-I1
are characterized by a high affinity to their substrate.
Isoenzyme IV, which is also known as glucokinase, has a
low glucose affinity and is the predominant HK isoenzyme
present in liver and pancreatic f cells. There is consistent
evidence that the HK proteins, particularly HK II, are up-
regulated in cancers that exhibit the Warburg phenotype
[22]. The results of our gene expression analysis were quite
consistent with this evidence. HK was over-expressed by
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Table 1: Glycolytic genes over- or under-expressed by at least a factor of 2

Gene FC FC FC FC FC FC FC FC FC Average |p-value
Pat.2 |Pat.3 |Pat.4 |Pat.5 [Pat.6 |Pat.9 |Pat.10 |Pat.11|Pat.12 [FC (from TDSIT)

Over- expressed
ENO2 52.71 | 80.66 | 10.03 | 7.57 | 22.03 | 46.03 9.81 | 2529 | 50.01 33.79 3.53E-06
HK2 55.80 | 10.81 | 6.19 | 4.68 [ 23.24 | 4.68 30.80 | 8.66 | 43.06 20.88 3.52E-05

PFKP 1330 [ 5.84 | 4.69 [ 6.85 8.86 8.85 6.74 9.76 7.11 8.00 4.23E-08
SLC2A43 5.89 6.52 | 455 | 5.89 [ 3.10 | 11.90 | 13.48 [ 3.05 3.37 6.42 1.30E-05
ALDOC 5.75 546 | 2.03 [ 5.38 1.27 4.22 4.48 1.36 1.43 3.49 1.19E-03

PKM 6.06 232 | 241 | 2.06 | 3.18 3.15 1.22 3.06 5.23 3.19 1.72E-04
PFKFB4 9.27 1.39 1.90 | 232 | 233 3.15 1.86 1.80 2.96 3.00 1.00E-03
SLC2A1 2.15 1.49 1.64 | 1.29 1.80 3.99 1.17 3.72 3.38 2.29 1.58E-03

HKI 2.69 2.33 1.47 | 145 2.78 2.58 -1.02 2.68 3.50 2.27 5.82E-04
ALDOA 2.38 2.73 1.62 | 1.81 2.21 2.33 1.66 2.19 2.79 2.19 2.94E-06
PGAMI 2.95 2.11 1.56 | 2.23 2.08 2.04 2.19 2.03 1.75 2.10 1.51E-06

Under-expressed
ALDOB -82.38 | -23.11 [-35.40 [ -17.78 | -10.01 | -13.62 | -135.83 | -40.16 | -658.50 | -43.75 2.55E-05

PKLR -10.99 [A/A(1)[-12.13] A/A | A/A A/A A/A -4.63 A/A -8.51 1.13E-04
PFKFB2 -3.96 | -5.78 | -4.27 | -835 | -7.19 [ -858 [ -2.78 [ -3.39 | -4.27 -5.02 2.18E-06
VHL A/A A/A | A/A | -343 | 545 | A/A -3.06 A/A | -1.44 -3.01 3.96E-04

(1) T/N ratio not calculated; both tumor and normal tissue calls were absent

o
o
S -
o
re}
o
o
S -
S
<
o
o
S -
o

-

<

2

)

I

-
:|_
]
—h L
=

10000
|

= =
- = = ©o <
o Z PR Y g€z z
8 5 ey 8 o N85
|||—|—<|-N&CD — Z > = '\q-|||
© o © N A o o [Te) - - Qo
o - - - o~ o 8 R 0o
[ I e I R o N N © o
0 © — a | I o a
[ o -y
o a

distanceMatrix
Figure 1: Hierarchical cluster analysis. Distance matrix for the 10 CCRCC patients included in data set GSE6344 using the average
linking clustering method based on Euclidean distances.
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a factor of 2.27 (p = 5.82E-04), whereas HK2 was very
highly over-expressed, exhibiting a FC of close to 21 (p =
3.52E-05). All calls for both HK3 and GCK were absent.
Current theories suggest that HK II plays a key role in
cancer because it binds to the voltage-dependent anion
channel (VDAC) at the surface of the outer mitochondrial
membrane. This binding has been reported to prevent
the inhibition of hexokinase II by glucose-6-phosphate,
thus allowing glycolytic flux to proceed at a higher rate.
In addition, this binding possibly inhibits apoptosis [23].
There is also evidence that HK I can fulfill the same
function [19,24,25]. Although gene expression levels of
HK?2 showed a far greater increase than those for HK/,
the gene expression levels of HK/ in tumor tissue were
greater in tumor tissue than those of HK2. Therefore, both
genes may be playing a key role in aerobic glycolysis in
CCRCC. There appears to be no evidence that either HK
IIT or glucokinase bind to the VDAC, and levels of the
genes that code for both enzymes are extremely low in
both tumor and normal adjacent tissue as indicated by the
fact that all calls were absent.

Glucose-6-phosphate isomerase (GPI)

The next step in the glycolytic pathway, the
conversion of glucose-6-phosphate to fructose-6-
phosphate, is catalyzed by the protein glucose-6-phosphate
isomerase, which is coded for by the gene GPI. This gene
was somewhat over-expressed, but the FC was well below
a factor of 2 (FC = 1.51, p = 5.43E-03). Although GPI
has been reported to be over-expressed in hypoxic tissues,
it does not appear to be under transcriptional control of
HIF-1[19].

Fructose-6-phosphate kinase-1 (PFK)

Fructose-6-phosphate is converted to fructose-
1,6-bisphosphate ~ (F-1,6-BP) by the protein
phosphofructokinase-1. There are three isoenzymes of this
protein, PFKL (also known as PFK-B), PFKM (also known
as PFKA and PFKX), and PFKP (also known as PFK-C
and PFKF), and they are coded for by the three genes
PFKL, PFKM, and PFKP, where L, M, and P represent
liver, muscle, and platelet. The active forms of PFKL
and PFKM are homotetramers, while the active form of
PFKP can exist as a homotetramer or as a heterotetramer
containing one or two PFKL moieties. Our gene
expression analysis indicated that PFKL was essentially
unchanged, whereas PFKM was slightly under-expressed,
but by less than a factor of 2. Therefore, neither of these
genes appears in Table 1. PFKP, on the other hand, was
over-expressed by a factor of 8 (p = 4.23E-08). Although
this result clearly indicates an increase in transcription
of phosphofructokinase that would be expected for the
aerobic glycolytic phenotype, it has been generally

reported that only PFKL is under transcriptional control
of HIF-1 [19]. However, recent literature has provided
evidence that the PFKP gene is indeed over-expressed
when HIF-1 is constitutively activated [26-28]. Whereas
the PFK isoenzyme of differentiated tissues is mainly
regulated by ATP:ADP:AMP ratios, which allows an
optimal fine tuning of mitochondrial and glycolytic energy
regeneration (Pasteur effect), in tumor cells PFK is mainly
regulated by fructose-1,6-BP and fructose 2.6-BP (see
below) [29]. There is unfortunately too little information
in the literature to determine why the observed exclusive
over-expression of PFKP appears to play a key role in the
appearance of the Warburg phenotype in kidney cancer. A
recent publication reports that over-expression of Kriippel-
like factor 4 (KLF4) in four different breast cancer cell
lines led to an increase in PFKP expression as well as
an increase in glucose uptake and lactate production. In
addition, a close correlation was found between KLF4
and PFKP levels in cells taken from breast tumors [30].
On the other hand, a more recent report indicates that
KLF4 was clearly under-expressed in CCRCC tumor
tissue compared to adjacent normal tissue. Furthermore,
tumors in BALB/c nude mice generated by injection of
786-0 renal cell adenocarcinoma cells carrying a KLF4
vector resulted in inhibition of tumor growth compared
to a control. However, the observed inhibitory effect of
this protein was reported to be through enhancement of
the expression of p21"47//CIPI and reduction of cyclin D1
expression [31]. Clearly additional research into the role
of PFKP in CCRCC might be of considerable value in
utilizing this gene/protein as a potential target for anti-
cancer drugs.

Fructose-6-phosphate kinase-2 (PFK2)

There is a branch point from the glycolytic pathway
that involves an alternative phosphorylation of fructose-6-
phosphate by one of four proteins, PFKFB1-4, coded for
by four equivalent genes referred to collectively as PFK2.
The product of this reaction is fructose-2,6-bisphosphate
(F-2,6-BP). Each of these four proteins is bifunctional,
containing a kinase moiety, which catalyzes the forward
reaction, and a phosphatase moiety that catalyzes the
reverse reaction [32]. As can be seen from Table 1, the
gene PFKFB4 was over-expressed by a factor of 3 (p
= 1.00E-03), while PFKFB2 was very highly under-
expressed (FC =-5.02, p = 2.18E-06). The expression of
both PFKFBI and PFKFB3 was not changed by a factor
of 2. PFKFB3 was slightly over-expressed, whereas
PFKFBI was slightly under-expressed; however this
value is based on only the one patient that expressed a
present call. As will be seen, these results are somewhat
unexpected; therefore, it is of interest to discuss these four
genes/proteins in some detail.

The first of the PFKFB proteins was isolated by Van
Schaftingen and Hers in 1981 [33], which they designated
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as PFK2. They also presented evidence that suggested that
not only did the product of this reaction, F-2,6-BP, enhance
the activity of PFK1 (glycolysis), but it also inhibited
the activity of fructose-1,6-bisphosphatase (FBPase-1/2)
(gluconeogenesis). Further research has demonstrated that
this protein is one of four isoenzymes that were renamed
as 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase
(PFKFB) thus specifying the bifunctional nature of these
proteins. The early nomenclature for these proteins was
based upon the organ in which each protein had been
identified, but a convention designating the protein based
on its coding gene was later adopted; namely, PFKFBI1-4.
Thus PFKFBI is the designation for the protein first found
in liver as well as a splice variety of this protein found
in skeletal muscle. PFKFB2 became the designation for
the heart isoenzyme, PFKFB3 for the brain/placenta
isoenzyme, and PFKFB4 for the testis isoform. A number
of splice varieties of PFKFB3 have been identified. For
example the previous designation uPFK2 represents
a splice variety as does iPFK2, where “u” stands for
ubiquitous and “i” for inducible [34]. In addition, six
splice varieties of PFKFB3 have been identified in
human brain [35]. Research during the past 30 years has
confirmed that F-2,6-BP is an extremely potent allosteric
activator of PFK 1, thus overcoming the inhibitory effect
of ATP on PFKI1 and accelerating glycolysis. There is
some doubt, however, that F-2,6-BP inhibits the activity
of FBPase; thus it may not slow down gluconeogenesis
[36,37]. Nevertheless, a majority of articles published in
the past ten years continue to state that PFKFB1-4 inhibits
gluconeogenesis.

For approximately 20 years following the discovery
of the PFKFB family of proteins, research was focused
on their role in glucose metabolism in normal cells
and organs, particularly the liver. About 10 years ago,
however, the potential role of these proteins in cancer
began to be explored. A number of reports established that
PFKFB proteins were often up-regulated in cancer cell
lines [reviewed recently for PFKFB3 by 38]. There were
also a number of publications reporting over-expression
of PFKFB1-4 mRNA and/or proteins in human cancers,
including colon, breast, ovarian, and thyroid carcinomas
[39]; breast and colon malignant tumors [40]; human
lung tumors [41]; and gastric cancers [42]. In addition,
a number of reports were published during this period of
time indicating that all of the PFKFB1-4 genes were under
transcriptional control of HIF-1 [42-46]. As early as 2004,
Obach et al. [45] provided evidence that other proteins
could transactivate at least PFKFB3, and indeed other
such mediators have been identified, including TP53-
induced regulator of glycolysis and apoptosis (TIGAR),
although in this case the effect is a down-regulation [47];
IL-3 [48]; and progestin [49].

Research on the role of the PFKFB1/4 genes and
their corresponding proteins in cancer has primarily been
focused on PFKFB3. The reason for this is that the protein

coded for by this gene has been reported to have by far
the highest kinase to phosphatase ratio (K/Pase) thus
suggesting that an over-expression of PFKFB3 in cancer,
compared to other members of the family, would lead to
increased F-2,6-BP and thus increased glycolytic flux. As
early as 2002, it was suggested that constitutive expression
of the protein PFKFB3 in several human cancer cell lines
with high proliferation rates, coupled with its high K/
Pase ratio, “could serve as an explanation for the high
glycolytic rate in transformed cells even under normal
oxygen tension (the Warburg effect).” [43]. A similar
conclusion, to cite another example, was drawn by Calvo
et al. [50], and this group suggested that the inhibition of
PFKFB3 might serve as an important target for anti-cancer
drugs focused on inhibition of acrobic glycolysis. Indeed,
some research has been conducted in an effort to develop
compounds that can inhibit PFKFB3 with some success,
although it would appear that none of these compounds
has been evaluated clinically [51-53]. As a consequence,
it was unexpected to find that there was no evidence of an
over-expression of PFKFB3 in the kidney cancer data, but
rather an over-expression of PFKFB4.

As noted, it has been generally assumed that the
PFKFB3 protein plays a key role in stimulating cancer
cell proliferation because of its reported very high K/Pase
ratio. Therefore, how might one explain the role being
played by PFKFB4? Before exploring possible answers to
that question, it is important to put current information on
K/Pase ratios for the FPKFB1-4 proteins into perspective.
There is one single publication that has reported the K/
Pase ratio for human PFKFB3 (placental PFKFB), and
the reported value was 710 [54]. There is also only one
single publication that has reported the K/Pase ratio
for human PFKFB4 (testis PFKFB), and the reported
value was 0.9 [55]. Both of these results were obtained
in vitro. Interestingly enough, it would appear that no
measurements of the K/Pase ratio have been reported
for human PFKFB1-2, although the ratio for these two
proteins in other mammalian species has been determined
[56]. Given the lack of human in vivo data for all four
of these proteins, it is possible that further research may
provide different results. In addition, the K/Pase ratio of all
four PFKFB proteins can be modified by posttranslational
modifications, particularly phosphorylation [see, for
example, 34,57].

As it turns out there are two very recent publications
that suggest that over-expression of PFKFB4 rather than
PFKFB3 plays a role in the carcinogenic process in
certain systems. Ros et al. [58] investigated three prostate
cancer cell lines — DU145, PC3, and LNCaP. They
found that silencing of PFKFB4 with siRNA induced
apoptosis in all three cell lines but observed no effect in
a non-transformed cell line. In addition, no effect was
observed when PFKFB3 was silenced in any of the three
transformed cell lines, although silencing of this gene in
the non-transformed prostate epithelial cell line RWPEI
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did result in a decrease in glycolytic rate. Moreover,
activation of an inducible shRNA targeted to PFKFB4
in PC3 cells transplanted into immunocompromised
mice resulted in tumor regression. A paper by Goidts et
al. [59] in the same year reported similar results for three
glioma cancer stem like cell (CSC) lines. This group
performed a loss-of-function screen using a shRNA library
representing the entire human kinome and identified 46
proteins that are essential to the survival of these CSCs
in vitro, one of which was PFKFB4. In order to assess
the clinical relevance of these 46 proteins, a comparison
was made of their mRNA expression among a series
of astrocyte gliomas of different grades. Interestingly,
primary glioblastoma patients whose tumors demonstrated
PFKFB4 mRNA expression above average had a highly
significantly shorter survival time than patients with
PFKFB4 mRNA expression below average (p<0.0001).
Although PFKFB3 showed a slight increase in mRNA
expression in primary glioblastomas relative to normal
brain tissue (1.3), there was no correlation with PFKFB3
expression levels and survival times.

Ros et al. hypothesized that the role of increased
PFKFB4 is to lower the level of F-2,6-BP, which they
base on the data cited above that PFKFB4 has a slightly
higher phosphatase to kinase ratio [58]. Although this
would decrease glycolytic flux, it would increase the level
of glucose-6-phosphate, which in turn would increase
flux through the PPP. This provides the cancer cell with
increased reducing equivalents (NADPH), contributing to
cancer cell survival through reduction of reactive oxygen
species (ROS) [60] as well as providing key biomolecules
required for cellular proliferation. On the other hand,
Goidts et al. [59] present a completely different
explanation. They report that knockdown of PFKFB4 in
one of their CSC cell lines (NCH421k) reduced levels of
both lactate and ATP leading to cell death via apoptosis.
They hypothesized that the resulting decrease in ATP as
a result of knockdown of PFKFB4 increases the AMP/
ATP ratio, which in turn activates AMP-activated protein
kinase leading to an inhibition of mTOR followed by
apoptosis. This result suggests that the PFKFB4 protein is
increasing glycolytic flux in these cells, a conclusion that
is essentially diametrically opposed to that of Ros et al
[58]. It is not at all impossible that both of the explanations
cited above are correct, in that the role of PEKFB4 may be
completely different in different cellular contexts.

It is impossible at this point to explain the role of
over-expression of PFKFB4 in the nine CCRCC patients
that we analyzed. In addition, there is essentially no
literature dealing with the role of any of the PFKFB1-4-
isozymes in kidney cancer. It may well be that PFKFB4
could be playing a role in addition to its effect on
glycolytic flux. For example, Yalcin et al. [61] recently
reported evidence that PFKFB3 is functioning in a
manner that is distinct from its glycolytic role; namely,

nuclear translocation followed by activation of several
key cell cycle proteins including Cdk-1, Cdc25C, and
cyclin D3. Further complicating the picture is the five-
fold under-expression of PFKFB2, for which there
appears to be no precedent. All that can be concluded is
that attempting to treat CCRCC by targeting PFKFB3 is
likely to be unprofitable, whereas targeting PFKFB4 may
be efficacious. As stated by Dang [62] in his commentary
on the Ros et al. [58] publication, “The challenge for
targeting cancer cell metabolism is being able to precisely
profile the cancer cell metabolome according to the type of
cancer and to identify the metabolic Achilles’ heel.”

Aldolase (ALDQO)

The following step in the glycolytic pathway is the
conversion of F-1,6-BP to the two trioses, glyceraldehyde-
3-phosphate (G3P) and dihydroxyacetone phosphate
(DHAP) catalyzed by aldolase. Three isoenzymes of
aldolase, which are encoded by the genes ALDOA-C,
have been described. Aldolase A is expressed primarily in
muscle and erythrocytes. Aldolase B is characteristically
expressed in liver, kidney and the small intestine, while
aldolase C is mainly expressed in neuronal tissues. Both
ALDOA and ALDOC were over-expressed in the nine
CCRC tumors evaluated (FC = 2.19, p = 2.94E-06; FC
=3.49, p = 1.19E-03, respectively). Increases in aldolase
A and C through the transcriptional activity of HIF-1 on
ALDOA and ALDOC has been frequently reported [19].
Therefore, the over-expression of these two genes in
kidney cancer is to be expected. In addition there have
been a number of proteomic and histochemical studies
of renal cancer tissues that confirm the up-regulation of
both aldolase A and C [63-66] ALDOB, on the other hand,
was highly significantly under-expressed (FC = -43.75,
p = 2.55E-05). In that this under-expression is most
likely a consequence of the role that aldolase B plays in
gluconeogenesis, further discussion will be deferred until
this pathway is addressed.

Triosephosphate isomerase (TPI1)

The two three-carbon metabolites, G3P and DHAP,
produced from the action of aldolase on F-1,6-BP can be
interconverted by the protein triosephosphate isomerase
(TPI) coded for by the gene TPII. This gene has been
reported to be under transcriptional control of HIF-1 and
to be over-expressed in cancer [19]. Although there was a
consistent over-expression of 7P/ in this data set, it did
not achieve a two-fold increase in expression (FC = 1.63,
p = 5.31E-05). Lastly, it should be mentioned that DHAP
can be utilized as the starting point for triglyceride and
phospholipid synthesis (Supplementary Figure S1), but
this pathway was not explored.
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Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)
Glyceraldehyde-3-phosphate dehydrogenase

(GAPDH), coded for by the GAPDH gene, catalyzes the
conversion of glyceraldehyde-3-P to glycerate-1,3-P2
using NAD and phosphate as co-substrates. There are
reports in the literature that indicate that the GAPDH gene
is not under transcriptional control of HIF-1 and that the
protein is not up-regulated in cancer [67,68]. Our analysis
is consistent with these reports in that the GAPDH gene
expression level was virtually unchanged.

Phosphoglycerate kinase (PGK1)

The enzyme PGK1, coded for by the gene PGK1,
catalyzes the conversion of 1,3-bisphosphoglycerate
to 3-phosphoglycerate. The gene has been reported to
be over-expressed in cancer and under transcriptional
control of HIF-1 [19]. In this data set, however, the
expression of PGK was found to be unchanged (FC =
-1.09). 3-Phosphoglycerate is the point of initiation of
a pathway that branches from glycolysis and ultimately
serves to synthesize serine and glycine. This pathway will
be discussed in detail below.

Phosphoglycerate mutase (PGAM)

The enzyme phosphoglycerate mutase (PGAM)
catalyzes the isomerization of 3-phosphoglycerate to
2-phosphoglycerate. There are two monomeric isoforms
of this enzyme, phosphoglycerate mutase 1 (PGAM 1,
also known as PGAM B) and PGAM 2 (also known as
PGAM M), coded for by the genes PGAM1/2. The active
protein consists of homo- or heterodimers of PGAM B and
M with muscle and sperm cells primarily expressing MM
homodimers. It has been reported that PGAM] is under
transcriptional control of HIF-1 and is elevated in cancer
[19]. Our analysis was in agreement with this, showing
over-expression of PGAM1 (FC =2.10, p = 1.51E-06). In
addition, Unwin et al. [66] reported that the protein PGAM
1 (PGAM B) was increased in RCC tissue compared to
adjacent normal tissue. Curiously, PGAM?2 was found
to be somewhat under-expressed. Although the ratio
was slightly greater than 2 (-2.18), all calls were absent
meaning that the result is not particularly reliable.

Enolase (ENO)

The next step in the glycolytic pathway involves the
conversion of 2-phosphoglycerate to phosphoenolpyruvate
(PEP). This reaction is catalyzed by the protein enolase,
which consists of homo- or heterodimers of enolase a,
enolase v, and enolase B, which are coded for by the genes

ENOI1/3. As can be seen from Table 1, the gene with the
greatest increase in expression in the glycolysis pathway
was ENO2 (FC = 33.79, p = 3.53E-06). ENO2 codes for
the protein y-enolase and is expressed almost entirely in
mature neurons, neural-related cells, and neuroendocrine
(NE) cells [69]. As a consequence, it is often referred to
as neuron specific enolase. It has been known for quite
some time that y-enolase is frequently increased in NE
tumors compared to adjacent normal tissue. For example,
the increase in y-enolase, normalized for the change in
a-enolase level, was 33 in neuroblastoma tumors and 16
in small cell lung cancer (SCLC) [70]. Gamma-enolase
is detectable in serum, and a moderate increase in serum
levels of y-enolase in individuals with various types
of renal cell cancers was first reported by Takashi et al.
in 1989 [70]. This finding has been confirmed by other
researchers investigating y-enolase levels in serum [71-
73] and in interstitial fluid [74], as well as quantification
of y-enolase by immunohistochemistry [75,76] and
proteomic analysis comparing CCRCC tissue to normal
adjacent tissue [77,78]. These results provide support
to the gene expression analysis reported above. Despite
our reported highly significant increase in the expression
of ENO2 in CCRCC tumor tissue coupled with the
proteomic confirmation with respect to increased levels
of y-enolase, the evidence suggests that CCRCC is not of
neuroendocrine origin. Neuroendocrine kidney tumors do
exist, but they are extremely rare [79].

There is no evidence to suggest that ENO2 or
its corresponding protein, y-enolase, has any function
beyond its role in glycolysis; namely, the conversion of
2-phosphoglycerate to PEP. As a consequence, it appears
unlikely that the over-expression of ENO2 in tumor tissue
could be an indication of an alternative pathway that might
provide a competitive advantage to proliferating cancer
cells. However, a recent paper by Vander Heiden et al.
[80] provides evidence for a possible role for the observed
over-expression. These authors hypothesized that the fact
that PKM2 is significantly less reactive than PKM1 would
result in an accumulation of PEP in cancer cells where
PKM?2 has replaced PKM1. In investigating the possible
result of such an accumulation, both in vitro and in cell
lysates, an alternative synthesis of pyruvate was identified
— one that neither utilizes PK nor produces ATP. This
reaction occurs by the transfer of a phosphate group from
PEP, thus producing pyruvate, to a 25-kD protein, which
the authors identified as being PGAM 1. In addition, they
report that the reaction occurs only when PKM?2 is present.
Further work determined that the site of phosphorylation is
histidine (His 11). Given that phosphorylation of His 11 is
required for the enzymatic activity of PGAM 1, increasing
the extent of phosphorylation of His 11 leads to increased
PGAM 1 activity.

Vander Heiden et al. [80] proposed two possible
explanations for the importance of this alternate use
of PEP in cancer. The first is that it prevents excess
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Table 2: Gene expression FCs for genes Involved in the serine/glycine synthesis pathway
Gene | FC_ | FC | FC | Fc | Fc | FC | FC | FC | FC |Average | Palt
Pat.2 | Pat.3 | Pat.4 | Pat.5 | Pat.6 | Pat.9 | Pat. 10 | Pat. 11 | Pat. 12 FC SIT)
PSATI | -28.85 | -36.43 | -16.73 | -61.88 [ -100.44 | -20.74 | -18.36 | -6.66 -3.38 -21.39 2.20E-05
PHGDH | -1.12 | -12.13 | -2.48 | -2.38 | -2.84 | -7.58 -2.15 -3.30 | -16.53 -3.89 1.78E-03
SHMTI | -425 | -2.72 | -3.48 | -2.50 | -8.51 -2.20 | -2.20 -4.71 -3.71 -3.47 2.73E-05
PSPH | -1.22 2.00 1.12 1.72 -1.26 | -2.65 -1.04 -1.27 -3.05 -1.17 4.45E-01

production of ATP thus obviating feedback inhibition
of PFK-1. The second is that it increases the level of
activated PGAM 1, which may generate a positive
feedback loop, given that the PGAM 1 catalyzed inter-
conversion of 3-phosphoglycerate and 2-phosphoglycerate
is reversible. Both of these explanations suggest that
there may be a branch point in glycolysis downstream
of F-1,6-BP and upstream of 2-phosphoglycerate that
produces biomolecules essential for cellular proliferation.
The following two years saw the appearance of three
publications that identified such a branch point;
namely, the production of serine and glycine from
3-phosphoglycerate. Of particular interest is that three
different approaches were used to establish the increase
in production of serine and glycine as playing an
important role in cancer; namely, functional genomics
[81], metabolomics [82], and flux balance modeling
[83]. In addition Vi¢ et al.[84] demonstrated that PSATI,
the gene that codes for the second enzyme in the serine
biosynthesis pathway branching from 3-phosphoglycerate,
is over-expressed in tumor tissue samples obtained from
29 colorectal cancer (CRC) patients, and that the level of
PSATI mRNA is inversely correlated with response to
conventional chemotherapy for CRC.

As will be discussed below no conclusion can
be drawn from the kidney cancer data that the nine
CCRCC patients who clearly exhibit the aerobic
glycolytic phenotype have replaced PKM1 by PKM2.
A very reasonable hypothesis would be that if PEP does
not accumulate because PKM1 does not appear to be
replaced by PKM2, ENO2 could be significantly over-
expressed in order to produce the pool of PEP required
to cause increased serine and glycine synthesis from
3-phosphoglycerate. However, inspection of Table 2,
which provides gene expression values for the serine/
glycine pathway using the kidney cancer CCRCC data,
indicates that this is not the case. This pathway will be
discussed in more detail below.

Currently, it appears that there is no obvious
explanation for the highly increased expression of ENO2
in these patients. Nevertheless, the data would strongly
suggest that this gene/protein would make an excellent
target for anti-cancer drugs designed to interfere with

aerobic glycolysis in CCRCC.

Pyruvate Kinase (PK)

The enzyme PK catalyzes the dephosphorylation
of PEP to pyruvate, the last step of glycolysis, and is
responsible for net ATP production within glycolysis.
This production of ATP is independent of oxygen supply,
unlike production of ATP in the TCA cycle, thus allowing
tissues to survive under anaerobic conditions. Four
different isoenzymes of PK are expressed depending on
the different metabolic demands of the tissues in which
they are expressed; namely, PKM1, PKL, PKR, and
PKM2. PKMI has the highest affinity for its substrate,
PEP, is not allosterically regulated, and is the characteristic
PK isoenzyme of cells and tissues with high energy
demand such as muscle and brain. The L isoenzyme has
the lowest affinity for PEP and is expressed in tissues that
have high rates of gluconeogenesis such as liver, kidney,
and intestine. Pyruvate kinase type R is expressed in
erythrocytes. The isoenzyme M2 is expressed in some
differentiated tissues, such as lung and adipose tissue, as
well as in all highly proliferating cells including normal
proliferating cells, embryonic cells, adult stem cells, and
tumor cells in particular [85].

All four of the PK isoenzymes exist as tetramers in
their active state. In contrast to the other PK isoenzymes,
PKM2 may also occur in a dimeric form. Kinetic
characterizations revealed that under physiological
conditions the tetrameric form of PKM2 is highly active,
whereas the dimeric form is nearly inactive [85,86].
The ratio of active tetramer to inactive dimer is not
fixed but changes in response to both activating and
deactivating factors, which allows an optimal adaption of
metabolism to different conditions, e.g., nutrient supply
[87]. An important allosteric activator of PKM?2 is the
glycolytic metabolite F-1,6-BP. High levels of F-1,6-BP
induce the association of two dimers to the highly active
tetrameric form [88-93]. In addition, the amino acid
L-serine has also been reported to allosterically activate
PKM2 through conversion of the dimer to the tetramer
[87,94,95]. In tumor cells, the inactive dimeric form was
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found to be predominant due to direct interaction with
different oncoproteins, including the E7 oncoprotein of
the human papillomavirus type 16, as well as several
tyrosine kinases, [87,96-98]. Recently, Christofk et al.
[99] reported that phosphotyrosine proteins interact with
the PKM2:F-1,6-BP complex to displace F-1,6-BP thus
allowing the tetramer to revert to the dimer. Several
other mechanisms have been proposed including tyrosine
phosphorylation, lysine acetylation, cysteine oxidation,
and prolyl hydroxylation [100]. The amount of dimeric
PKM2 protein in plasma was shown to correlate with
staging in different cancers including breast cancer
[101,102], lung cancer [103,104], cervical carcinoma
[105], and melanoma [106]. In addition, levels of PKM2
in stool correlate with staging of colorectal cancer and
have been used for colorectal cancer screening as has been
clearly shown by a meta-analysis of 17 studies [107].
The four PK isoenzymes are coded for by two
genes; namely PKLR and PKM (also known as PKM?2).
The PKLR gene codes for both PKL and PKR under the
control of two different tissue specific promoters [108].
PKLR was strongly under-expressed in the CCRCC
tissue (FC =-8.51, p = 1.13E-04) (Table 1), although this
result was based on only three patients. This suggests that
either PKL or PKR or both play a less important role in
glucose metabolism in these tumors than in normal tissue.
There is a report of positive staining for PKL protein in
various renal cancers, including CCRCC [109]; however,
this enzyme was also present in normal renal tissue and
a quantitative comparison between normal and tumor
tissue could not be made. PKM, on the other hand, was
over-expressed in cancer tissue (FC = 3.19, p = 1.72E-
04) (Table 1). From the data available, however, it was
not possible to discriminate whether PKM1 or PKM2, is
up-regulated, since these two proteins are splice varieties
coded for by the same gene. Exon 9 of the PKM gene is
transcribed in PKM1, whereas exon 10 is transcribed in
PKM2. Recently it has been reported that four isoforms of
two proteins are responsible for splicing of exon 10 into
pyruvate kinase thus leading to the transcription of PKM2.
These four proteins are coded for by the genes HNRNPA 1,
HNRNPA2B1, PTB1, and PTB2. This report also provided
evidence indicating that transcription of these proteins is
up-regulated by c-Myc [110]. A later publication by the
same group provided references indicating that these
proteins are over-expressed in various cancers [111].
The genes that code for the four regulators of PKM
splicing were also included in the expanded glycolysis
network (Supplementary Figure S1). Although all were
over-expressed, none of them were over-expressed by a
factor of 2 with PTB2 having the largest FC (1.50, p =
0.01). FCs for the remaining three genes were: 1.38 for
HNRNPA2BI (p =0.007), 1.19 for PTBPI (p =0.02), and
1.05 for HNRNPAI (p = 0.6). This result could suggest
that there is no shift from PKM1 in normal tissue to
PKM?2 in CCRCC tissue; however, this would seem to

be unlikely. This is despite the fact that a recent report
supports such a result. Bluemlein et al. [112] conducted an
absolute quantification of the PKM1 and PKM2 isoforms
in 25 human malignant cancers, 6 benign oncocytomas,
tissue-matched controls, and several cell lines. In all cases
it was shown that PKM2 was the prominent isoform in
all cancer samples and cell lines. However, they report
that PKM2 was also the principal isoform in the matched
tissue samples.

Notwithstanding the Bluemlein et al. [112] result,
there are numerous studies that have reported significantly
higher levels of PKM2 isoenzyme in renal cancer.
Wechsel et al. [113] reported that the level of PKM?2 as
determined by immunohistochemistry was significantly
increased in 40 RCC patients compared to 39 controls
(p = 0.0001). Oremek et al. [114] used an ELISA-based
assay to compare levels of dimeric PKM?2 in plasma from
116 RCC patients compared to 42 patients suffering from
nephritis. Once again, there was a highly statistically
significant difference in PKM2 levels between the two
groups of subjects. Similar results were reported by
Hegele et al. [115]. Perroud et al. [77] reported a ratio
of 14.7 for PKM2/PKM1 comparing CCRCC tissue
to normal adjacent kidney tissue using proteomics. A
more recent proteomic study also reported an increase
of pyruvate kinase in CCRCC tumor tissue compared
to normal adjacent tissue; however, this study utilized a
single patient and the isoform of pyruvate kinase was not
specified [116]. On the other hand, it should be noted that
Unwin et al. [66] published an early proteomic study that
reported increased levels of PKM2 in RCC tumor tissue
compared to normal kidney tissue in six patients but a
more pronounced increase in PKM1 levels in these six
patients (2.1-3.5- and 2.4-14.8-fold increase, respectively).

Based on the reports cited above, there would
seem to be little question that levels of PKM2 protein
are elevated in CCRCC tumor tissue compared to normal
adjacent tissue. Therefore, it would appear that basing a
conclusion as to the lack of a shift from PKM1 to PKM2
on the absence of over-expression of the four genes that
code for the proteins responsible for the alternate splicing
is not warranted. One possible finding that could possibly
contribute to resolving this issue is that of Nisman et
al. [117], who reported that there was a strong positive
correlation with levels of dimeric PKM2 and tumor grade
(p = 0.001). Given that the nine subjects investigated
in this analysis exhibited either stage 1 or 2 CCRCC, it
is possible that the levels of PKM2 were only slightly
elevated in the tumor tissue.

The importance of the isoform of PKM present
in kidney cancer rests on the fact thata there is virtually
universal agreement as to the role that PKM2 is playing
in cancer. This is that the lowered activity of PKM2
as compared to PKM1 provides cancer cells with a
proliferative advantage by forcing a buildup of metabolites
that can be used to synthesize key biomolecules such as
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nucleotides and amino acids [85,99,100,118]. Specifically,
PEP would accumulate forcing glycolysis to proceed in
the reverse direction, thereby increasing the levels of
proteins that constitute branch points to the glycolytic
pathway. To investigate the possible role of the production
of such biomolecules in CCRCC, three specific pathways
were investigated; namely, gluconeogenesis, the reverse
of glycolysis; and two pathways that branch off from
glycolysis; namely the serine/glycine pathway and the
pentose phosphate pathway (PPP).

Gluconeogenesis

Gluconeogenesis is an anabolic pathway leading to
the synthesis of glucose, which is then used to synthesize
glycogen (Figure 2). Although the liver is generally
considered to be the principal organ involved in human
gluconeogenesis, it is well known that the kidney plays
a key role as well [119]. Gluconeogenesis is essentially
the reverse of glycolysis. Therefore, if a key aspect of the
metabolism of glucose involves reversal of glycolysis, at
least upstream of PEP because of the reduced activity of
PKM2 compared to PKM1, one would expect to see an
active gluconeogenesis pathway. With the exception of the
reactions catalyzed by hexokinase, phosphofructokinase,
and pyruvate kinase, the enzymes involved in glycolysis
catalyze both the forward and reverse reactions. As
a consequence, no conclusions can be drawn from
expression data for these genes as to which direction
the reaction is proceeding with the exception, as will be
seen, of the aldolase genes and proteins. However, in
the three reactions catalyzed by the enzymes mentioned
above, different proteins are utilized in glycolysis and
gluconeogenesis, and useful information can be obtained
from gene expression values. These steps will be discussed
below, and the data are tabulated in Table 3.
Pyruvate Carboxylase (PC) and
Phosphoenolpyruvate carboxykinase (PCK)

The conversion of PEP to pyruvate by any of the
PK isoenzymes is not reversible, and it requires at least
two steps to reconvert pyruvate to PEP. Following the
transport of pyruvate into the mitochondria, it can be
converted to oxaloacetate in the first step by the protein
pyruvate carboxylase (PC) [120], which is coded for
by the PC gene. The active form of the PC protein is a
homotetramer located in the mitochondrial matrix. PC
was very highly under-expressed in the CCRCC tumor
tissue with a FC of -8.10 (p = 2.18E-05), although this
result could be based on only six patients. Two genes,
phosphoenolpyruvate carboxykinase 1/2 (PCKI1/2),
code for the two proteins PEPCK-C and PEPCK-M,
respectively. These two proteins are responsible for the
conversion of oxaloacetate to PEP, with the concomitant

production of CO, and GDP, which constitutes the second
step of gluconeogenesis. The protein PEPCK-M is located
in the mitochondria, whereas PEPCK-C is located in the
cytosol, and the distribution of these two proteins differs
markedly as a function of species. For example, rabbits,
guinea pigs, and avian species express almost 100%
PEPCK-M in the liver, although there is evidence that
chicken kidney does express some PEPCK-C [121,122].
In these species the second step of the conversion of
pyruvate to PEP, the conversion of oxaloacetate to PEP,
is catalyzed by PEPCK-M, and the PEP is exported from
the mitochondria [123]. On the other hand in rats and mice
90-95% of PEPCK activity is contributed by PEPCK-C,
at least in the liver [124]. In such cases, the oxaloacetate
formed in the first step must be converted to either
malate or aspartate, which is, in turn, transported from
the mitochondria to the cytosol. Reconversion of either
of these two 4-carbon metabolites to oxaloacetate is then
followed by production of PEP in the cytosol catalyzed by
PEPCK- C [125,126]. Therefore, three steps are required.
Mitochondrial and cytosolic hepatic human PEPCK are
known to be about equally divided [124], and PEPCK-C
has also been shown to be present in human kidney [127].
Therefore, it must be assumed that both pathways are
active. This assumption is of no real importance, however,
since both of PCK genes were very strongly under-
expressed in CCRCC tumor tissue compared to normal
tissue of the nine subjects examined, with a FC of —8.96
(p = 1.67E-05) for PCK1 and a FC of -7.39 (p = 3.24E-06)
for PCK?2. Therefore, the conversion of pyruvate to PEP
was strongly inhibited in CCRCC. This finding, however,
provides no useful information as to the putative role of
PKM?2 on the build-up of glycolysis metabolites, since it
reflects only the synthesis of additional PEP

Aldolase B (ALDOB)

As noted in the section on glycolysis, both ALDOA
and ALDOC were over-expressed, whereas ALDOB was
very strongly under-expressed. The expression of this
gene in tumor tissue was about 2% of the expression
in normal tissue (p = 2.55E-05) (Tables 1 and 3). The
strong decrease in ALDOB expression in CCRCC tissue
compared to normal tissue has been reported by other
investigators [9,128,129], and similar results have been
published for the level of the ALDOB protein [63,77].
An explanation for the very significant under-expression
of ALDOB compared to a significant over-expression of
ALDOA and C is that the ALDOA and C proteins appear to
be much more effective in catalyzing the forward reaction
(glycolysis), whereas ALDOB is much more effective
in catalyzing the reverse reaction (gluconeogenesis).
ALDOB has a 10-fold lower K_ for G3P and DHAP than
does ALDOA [130], while ALDOA cleaves F-1,6-BP
about 25 times more rapidly than does ALDOB based on
the comparative k_ values [131]. Of particular interest are
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Table 3: Gene expression FCs for gluconeogenesis and fructose metabolism genes
Geme |FC _|FC |Fc |FCc _|FCc |FC |FC |FC  |FC Average ?f'rvoﬁ:l“e
Pat.2 (Pat.3 ([Pat.4 ([Pat.5 |Pat.6 |[Pat.9 |Pat.10 |Pat.11 |Pat.12 [FC TDSIT)
G6PC -31.66 |-19.47 |-304.97 |-7.26 |-21.32 |-69.94 |-99.07 |-147.53 |-127.90 [-53.84 8.38E-06
ALDOB [-82.38 |-23.11 |-35.40 |-17.78 |-10.01 |-13.62 |-135.83 |-40.16 |-658.50 |-43.75 2.55E-05
PCKI (1) |-11.87 [-10.50 ]-15.28 |-2.88 |-13.13 [-5.94 [-4.52 [-21.55 |-1086.66 [-8.96 1.67E-05
FBP1 -11.74 |-12.17 |-7.21 -7.52 [-6.73 [-9.92 [-3.97 |[-9.55 -11.61 -8.48 1.04E-07
PC -8.81 |A/A(2) |A/A -19.56 [-5.46 [-7.18 [A/A -5.34 -7.81 -8.10 2.18E-05
PCK2 -8.92 |-8.76 -7.94 -6.23 [-10.36 [-7.33 [-2.02 |-8.56 -12.93 -7.39 3.24E-06
KHK -1.88 |-5.93 -2.61 -2.04 [-291 |[-3.37 [-1.42 |-3.07 -3.57 -2.75 8.61E-05
MDH1 -1.32 |-2.53 -1.45 -1.98 [-2.63 [-2.19 [-1.38 |-1.59 -1.87 -1.83 1.14E-04
G6PC2 |-1.61 [-1.45 -1.20 A/A  |A/A  |-1.08 |A/A -1.37 -1.09 -1.29 1.47E-02
G6PC3 |-1.84 [-1.45 -1.37 -1.25 |-1.78 |-1.42 [1.13 -1.03 1.26 -1.27 4.17E-02
SLC245 |1.42 1.34 -4.36 1.39 |-1.16 |1.08 |[-1.51 -1.24 -1.19 -1.16 4.41E-01
(1) The T/N value for patient 12 was not included
(2) T/N ratio not calculated; both tumor and normal tissue calls were absent

the results of Yanez et al. [132], who reported that ALDOB
co-localizes with fructose-1,6-bisphosphatase (Fru-1,6-
Pase) and PEPCK, both of which are key gluconeogenic
proteins, in the proximal tubule cells of normal renal
tissue, whereas ALDOA co-localizes with PK in the distal
tubules and collecting ducts. These results led Yanez et al.
[132] to propose that ALDOB participates primarily in the
gluconeogenesis pathway, while ALDOA participates in
glycolysis. As a consequence, the strong under-expression
of ALDOB in CCRCC suggests that reverse of the aldolase
step of glycolysis; namely, the synthesis of F-1,6-BP from
the condensation of G3P and DHAP, does not take place
in CCRCC tumor tissue.

ALDOB and Fructose Metabolism — SLC2A45 and
KHK

The ALDOB protein plays another key role in the
extended glycolysis pathway; namely, the conversion
of fructose-derived fructose-1-phosphate (Fru-1-P) to
a mixture of G3P and DHAP [133] (Supplementary
Figure S1). Interestingly, mutations in ALDOB are
responsible for a rare but potentially fatal condition
known as hereditary fructose intolerance [133-135].
The very strong under-expression of ALDOB in the
nine CCRCC tumors investigated would suggest that
fructose does not contribute to the formation of the two
metabolites cited above, which could be used either in
glycolysis or gluconeogenesis. To test this hypothesis
we first examined the kidney cancer data focusing on the
genes coding for proteins linking fructose to glycolysis/
gluconeogenesis. These genes are SLC245, which codes
for GLUTS, a key fructose transporter; KHK, the gene

coding for ketohexokinase, the protein that converts
fructose to Fru-1-P; and ALDOB. It should be noted that
the initial products from the action of the ALDOB protein
on fructose-1-phosphate are glyceraldehyde and DHAP.
The enzyme triokinase then catalyzes the conversion of
glyceraldehyde to G3P. However, the gene that codes for
this protein appears to be unknown. The expression values
for these genes are listed in Table 3. As can be seen, two of
the three are significantly under-expressed in tumor tissue.
The results for ALDOB have already been mentioned.
KHK was under-expressed by a factor of 2.75 (p = 8.61E-
05). SLC245, however, was essentially unchanged (FC =
-1.16, p=4.41E-01). Secondly, we surveyed the literature
to determine if other investigators had observed under-
expression of any of these genes or down-regulation of
the corresponding proteins in renal cancer. At least two
groups of researchers have reported that KHK enzyme
activity [136] and protein levels [136,137] are reduced
in CCRCC as compared to normal tissue. On the other
hand, two recent papers from a single working group
reported an increase in SLC245 in CCRCC and, thereby,
an increase in the fructose transporter GLUTS5 [138,139].
This result is not in agreement with the kidney cancer
data analyzed herein. Moreover, the more recent of these
two papers provides unreferenced statements suggesting
that their data is consistent with the fact that both the
enzymes FBPase and G6Pase are increased significantly
in CCRCC. As will be seen below, this statement is
not only inconsistent with the gene expression data for
the 9 CCRCC patients analyzed in this work but is also
inconsistent with enzyme activity levels cited by other
researchers. This issue may perhaps cast some doubt on
the conclusions drawn in these two papers.
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Fructose 1,6-phosphatase (FBP)

The fourth specific gene involved in gluconeogenesis
is FBP1/2, which codes for the protein FBPase-1/2. This
protein catalyzes the conversion of F-1,6-BP to Fru-6-P,
the reverse of the glycolytic reaction catalyzed by PFK1.
FBPI was highly significantly under-expressed in CRCC
(FC =-8.48, p = 1.04E-07). No meaningful FC could be
calculated for FBP2, since all calls were absent. Inspection
indicates, however, that this gene was slightly under-
expressed. Several investigators have reported that protein
levels and activities of FBPase were significantly reduced
in CCRCC compared to normal kidney levels [66,109,140]
confirming inhibition of this step of gluconeogenesis. A
very recent paper provides compelling further evidence
[141]. These authors reported that FBPase-1 was inhibited
at the level of protein accumulation in almost 100% of
more than 200 CCRCC tumors examined compared to
normal kidney tissue.

Glucose-6-phosphatase (G6PC)

The last specific gene in the gluconeogenesis
pathway is G6PC. There are three forms of this gene,
G6PC, G6PC2, and G6PC3, which code for the 3
isoenyzmes G6Pase, G6Pase 2, and G6Pase 3. These three
proteins catalyze the conversion of glucose-6-phosphate to
glucose, the reverse of the first step of glycolysis catalyzed
by hexokinase. G6PC was highly significantly under-
expressed in the nine CRCC samples, with a fold-change
of -53.84 (p = 8.38E-06). The genes that code for the
other two isoenzymes are only slightly under-expressed
(G6PC2, FC =-1.29, p = 1.47E-02, based on 6 patients;
G6PC3,FC=-1.27, p=4.17E-02). It has been previously
reported that levels of G6PC enzyme are strongly reduced
in CCRCC [10,140], a finding that tends to confirm this
analysis.

To conclude this section, the gene expression
data utilized in this study clearly demonstrate that
gluconeogenesis does not appear to be functional in the
nine patients with CCRCC that exhibited the Warburg
effect. Moreover, this conclusion is well-supported by
published reports on gluconeogenesis protein levels in
CCRCC. This suggests that either PKM1 is not replaced
by PKM2, as indicated by the data on the lack of over-
expression of the four proteins responsible for the
alternate splicing of the PKM proteins, or that despite
the lower reactivity of PKM2, there is no reversal of
glycolytic flux. However, the fact that gluconeogenesis
is strongly reduced in CCRCC does not necessarily rule
out that replacement of PKM1 by the less active PKM2
could result in increasing levels of metabolites up-stream
of phosphoenolpyruvate. Since the gluconeogenesis
“bottleneck” does not occur until ALDOB, mass action
effects could indeed allow the build-up of metabolites

until this point is reached. Therefore, increases in
3-phosphoglycerate, the branch point for serine/glycine
synthesis, and glyceraldehyde-3-phosphate, the branch
point for the non-oxidative branch of the PPP, would still
be possible. On the other hand, the expression values
of ALDOB and FBP essentially rule out increased flux
through the oxidative branch of the PPP. As a consequence,
gene expression data for both of these pathways were
investigated.

Serine/Glycine Synthesis Pathway -
Phosphoglycerate dehydrogenase (PHGDH),
phosphoserine aminotransferase 1 (PSAT1),
phosphoserine transferase (PSPH), and serine
hydroxymethyltransferase (SHMT1)

There are four steps involved in the conversion
of 3-phosphoglycerate to serine and glycine. The first
step is catalyzed by the protein D-3-phosphoglycerate
dehydrogenase (PHGDH) coded for by the gene PHDGH.
The product of this reaction, 3-phosphohydroxypyruvate,
is converted to 3-phosphoserine, with the concomitant
conversion of glutamate to 2-oxoglutarate, by the enzyme
phosphoserine aminotransferase (PSAT) coded for by the
gene PSATI. 3-Phosphoserine is then dephosphorylated to
serine by the protein phosphoserine phosphatase (PSPH),
coded for by the gene PSPH. Lastly, serine is converted
to glycine by the protein serine hydroxymethyltransferase
(SHMT cytosolic) coded for by the gene SHMTI. Gene
expression values for the nine patients that exhibited the
Warburg effect are listed in Table 2. As can be seen, three
of these four genes were strongly under-expressed with
PSATI exhibiting a FC of -21.39 (p = 2.20E-05), PHGDH
exhibiting a FC of -3.89 (p = 1.78E-03), and SHMT! a FC
of -3.47 (p = 1.03E-05). The fourth gene, PSPH, showed
essentially no change in activity between normal kidney
tissue and tumor tissue.

No corresponding data were found in the literature
regarding expression levels of any of these four proteins
in human CCRCC. The only vaguely pertinent published
data relate to a comparison of the protein levels for PSAT1
and SHMT1 in a renal carcinoma transplanted in a rat and
normal kidney tissue in the rat [142]. This study reported
a small decrease in the activity of PSAT1, comparing
tumor to normal tissue, but a slight increase in activity
for SHMT1. There are, however, recent data on three of
these four proteins in other cancer tissue. Toyama et al.
[143] reported that PSAT1 was highly significantly up-
regulated in clear cell ovarian cancer, but only slightly
up-regulated in endometrial ovarian cancer. No change in
PSAT1 level was observed for either mucinous or serous
ovarian cancer. Up-regulation of PHGDH protein has
n reported in both human melanoma and breast cancer.
Increased levels of this protein in melanoma appear in
part to be caused by an increase in PHGDH copy number;
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however, protein increase in breast cancer is associated
with an increase in PHGDH mRNA. It is interesting to
note that the increase of PHGDH was associated with
distinct types of breast cancer [82]. Increased levels of
SHMT were reported in plasma of patients with breast
or ovarian cancer [144]. More recently, levels of SHMT
were found to be increased in thyroid follicular adenoma
as compared to normal tissue. Interestingly, there was an
almost perfect linear correlation with increases in SHMT
and PKM?2 protein levels [145].

Taken together, in the nine renal tumors analyzed
three of the four genes involved were significantly down-
regulated. This finding is inconsistent with a reversal of the
glycolytic pathway at the level of PEP or is inconsistent
with the role of such a reversal being responsible for the
increased synthesis of at least serine and glycine. Evidence
cited above for protein expression levels of the first three
proteins in the pathway suggest that flux through this
pathway is increased in some other types of cancers. This
could indicate that the reversal of glycolysis does occur
in other types of cancer possibly caused by the lower
reactivity of PKM2 compared to PKMI.

Pentose Phosphate Pathway (PPP) (Figure 3)

There are several reviews that suggest that a key
role of aerobic glycolysis in cancer cells is to increase
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the flux of glucose metabolites through the PPP, thus
increasing the production of the anti-oxidant NADPH as
well as ribose-5-phosphate, a key precursor of nucleosides
and nucleotides [see for example, 146,147]. There are
two points of entry from glycolysis to the PPP. The
first is from glucose 6-phosphate, which is converted to
6-phosphoglucono-d-lactone by glucose-6-phosphate
dehydrogenase in the first step of the PPP. This upstream
portion of the PPP is known as the oxidative phase of
the PPP and is responsible for the synthesis of NADPH.
As noted above, an important advantage with respect to
cellular proliferation resulting from the shift of PKM1
to PKM2 in cancer has been hypothesized to result from
the decreased rate of the conversion of PEP to pyruvate,
thus allowing upstream metabolites to accumulate and be
metabolized via the PPP. Since it appears that the bottle
neck at ALDOB would prevent increased formation
of glucose-6-phosphate, increased flux through the
PPP would have to be via the downstream entry point
branching from glyceraldehyde-3-phosphate, the non-
oxidative phase of the PPP. The possible importance of
the non-oxidative phase of the PPP in cancer was clearly
indicated in a paper by Boros et al. [148], which reported
that 85% of the de novo synthesis of ribose in cultured Mia
pancreatic adenocarcinoma cells is derived from glucose,
and that the synthesis of ribose proceeds primarily (85%)
via the non-oxidative phase of the PPP.
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Figure 3: Pentose phosphate pathway (PPP). Taken from http://www.wikipathways.org/ index.php/Pathway: WP134.
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Table 4: Gene expression values relevant to pyruvate metabolism and the TCA cycle
Gene FC FC FC FC FC FC FC FC FC Average |p-value
Pat. 2 | Pat. 3 | Pat. 4 | Pat. 5| Pat. 6 |Pat. 9 |Pat. 10 | Pat. 11 |Pat. 12 |FC (from TDSIT)
Over-expressed
PDK1 1623 1 17.82 | 3.90 | 537 | 6.22 | 9.76 6.17 9.34 15.34 10.02 2.07E-06
SLCI16A43 7.83 | 6.55 | 492 | 3.74 | 9.35 8.46 2.55 10.06 | 10.35 7.09 2.99E-06
SLCI6A1 419 | 5.10 | 2.99 | 2.11 | 2.10 1.04 5.24 5.73 3.50 3.56 2.68E-04
LDHA 299 | 2.84 | 3.21 | 272 | 299 | 2.61 3.23 2.35 4.13 3.01 3.34E-08
Under-expressed
SUCLG1 -4.57 1-525|-4.71]-526| -522 | 441 | -2.62 | -5.85 | -6.42 -4.80 7.88E-08
PDHB -1.76 | -3.69 | -1.59 | -2.49 | -3.63 | -2.16 | -2.03 | -2.89 | -4.51 -2.59 4.65E-05
OGDH -2.141-143 | -1.44 ] -324 | -1.77 | -3.23 | -535 | -1.68 | -3.64 -2.40 5.03E-04
PDHAI -1.53 1-2.65|-4.50]-1.35| -3.19 | -2.18 | -2.37 | -2.85 -2.09 -2.38 1.04E-04
SUCLG?2 -1.66 | -2.84 | -2.13 | -1.72 | -3.00 | -2.92 [ -1.92 | -1.98 | -3.14 -2.30 9.97E-06
DLST 1.21 [ -2.03]-1.49 | -2.51| -2.06 | -4.19 | -1.63 | -2.62 | -3.11 -2.08 1.60E-03
FH -1.651-3.89|-1.62|-2.13 | 221 | -2.60 | -1.94 | -1.32 | -1.77 -2.03 1.48E-04
Unchanged
PDK4 218 | 1.31 | 1.96 | 1.37 | -1.71 | 1.98 2.11 1.67 -1.02 1.46 3.01E-02
LDHB -2271-135]-1.84]-205| -3.05 | -1.92 | -1.74 | -1.98 | -1.18 -1.87 1.43E-04
IDH? 1.29 [ -1.86 ]| -2.65]-1.98 | -2.21 | -3.29 | -249 [ -1.44 | -1.38 -1.86 2.51E-03
PDK?2 -1.331-1.571-197|-156| -1.29 | -1.79 | -1.62 | -1.75 | -3.31 -1.73 3.56E-04
ACO?2 -1.231-2.03]-228|-1.66 | -1.24 | -3.15| -145 | -1.47 | -1.78 -1.73 6.57E-04
SDHD 231 -1.11 ] -1.27 | -1.21 | -1.71 | -1.82 | -1.37 | -1.80 | -3.42 -1.67 2.49E-03
DLAT 1.05 | -2.46 | -1.66 | 2.73 | -1.65 | -2.07 | -1.83 [ -1.67 | -3.46 -1.55 7.51E-02
SDHB -1.481-199]-149|-123 | -146 | -1.78 | -1.02 | -2.09 | -1.58 -1.53 4.53E-04
SDHC 1.72 | -1.41 ] -1.78 | -2.08 | -1.03 | -2.39 | -1.74 | -1.60 | -2.05 -1.52 2.08E-02
IDH3B -1.511-1.20 | -1.98 | -1.23 | -4.85 | -1.23 | -1.13 1.05 -1.33 -1.50 3.74E-02
DLD -1.241-1.16 | -1.94 ] -1.03 | -1.64 | -2.18 | -1.23 | -1.46 | -1.85 -1.48 1.93E-03
SUCLA2 -1.26 | 1.19 | -1.31 | 1.09 | -1.37 | -1.32 | -1.23 | -2.23 -4.15 -1.44 5.43E-02
MDH?2 -1.05]-1.07]-1.30 ] -148 | -1.40 | -1.52 [ -2.07 | -1.49 | -1.15 -1.36 2.32E-03
SDHA 1.01 | 1.14 | -1.87 | -1.88 | 1.10 | -1.71 1.00 -1.66 | -1.68 -1.33 3.25E-02
IDH3G -1.21 1 -1.17 | -1.28 | -1.20 | 1.10 | -1.47 | -2.07 | -1.34 | -1.24 -1.29 8.11E-03
CS -146 | 1.12 | -1.52 | -1.26 | -1.34 | -1.06 [ 1.04 -1.02 1.22 -1.12 1.54E-01
PDHX 1.63 [ -1.02 ] -1.21 | -1.12 | -1.60 | -1.23 | -1.11 [ -1.27 | -1.20 -1.12 2.17E-01
IDH3A 1.89 [ -1.09 | -1.81 | -1.42 | 1.28 1.04 | -1.44 | -1.42 1.56 -1.04 7.70E-01
PDK3 1.29 [ -1.36| 1.11 | -1.08 | -1.52 | 1.47 | -1.02 [ -1.22 1.10 -1.02 8.21E-01

There are nine genes involved in the PPP
(Supplementary Figure S1). Data were available for
eight of these genes, the one exception being RPE, the
gene that codes for the enzyme ribulose-phosphate
3-epimerase that catalyzes the conversion of ribulose-5-
phosphate to xylulose-5-phosphate. Seven of these eight
genes were neither over- nor under-expressed by greater
than a factor of 2. The one exception was transketolase-
like 2 (TKTL2), one of the three genes coding for proteins
that catalyze the reversible conversion of ribose-5-
phosphate and xylulose-5-phosphate to glyceraldehyde-
3-phosphate and sedoheptulose-7-phosphate. This gene
was under-expressed by a factor of 2.40; however, there
is considerable scatter within the nine patients, and the
result is not statistically significant (p = 0.067). Moreover,
all calls were absent. There is almost no information in the

literature regarding 7K7L2 or its corresponding protein.
Langbein et al.[149] reported that TK7L2 was strongly
under-expressed (>10-fold) in tissues of three out of five
human colon carcinomas compared to adjacent normal
tissue as well as in two of five lung adenocarcinomas.
In a slightly later paper Zhao et al. [150] reported that
murine BCR-ABL transformed hematopoietic cell
lines sensitive to imatinib and cultured under hypoxic
conditions demonstrated a highly significant decrease in
tktl2 expression level following treatment with shRNA
specific for Aif-1a. This suggests that at least murine tkt/2
may be under the transcriptional control of hif-1a.

On the other hand there is considerable evidence
that the transketolase-like 1 protein (TKTL1), which has
also been reported to catalyze the formation of ribose-5-
phosphate from glyceraldehyde-3-phosphate along with
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the protein transketolase (TKT), is up-regulated in a
number of cancers [151-154]. Furthermore, oxythiamine,
which has been reported to inhibit the activity of TKTL1,
has been shown to inhibit tumor growth in vivo [155,156].
This finding has also been reported for other thiamine
analogues [157]. There are limited data, however,
for CCRCC. Langbein et al. [158] reported increased
expression of TKTL1 protein in 55 kidney cancer patients
using immunohistochemistry. Although the type of cancer
was not specified, given that 70-80% of all kidney cancer
is CCRCC, it is virtually certain that most of these cancers
were indeed CCRCC. The average change in TK7L1 gene
expression level in the data set analyzed herein was an
increase of only 1.15-fold that was clearly not statistically
significant (p = 0.72). It is important to note, however,
that all 18 calls were absent. Therefore, this result may not
be particularly meaningful, as was the case with TKTL2.
There is evidence that suggests that the role of TKTLI1
may not be well understood. Mayer et al. [159] used real-
time PCR to investigate the presence of the TKTLI gene
in six different malignant cell lines and failed to find any
evidence for the expression of this gene. In addition, they
repeated the immunohistochemical studies using the same
antibody used by the Langbein group [158] and reported
staining of multiple unspecific bands in Western blots.
These authors concluded that: “The data presented in this
study raise reasonable doubts about the concept of the
pathophysiological relevance of a transketolase isoenzyme
TKTL-1 for energy metabolism, growth and progression
of malignant tumors.” A later paper compared a computer
model of the spatial structure of TKTL1 with TKT and
concluded that it is unlikely that TKTL1 would be capable
of catalyzing the transketolase reaction [160]. Jones and
Schulze [161] have recently reviewed the evidence pro
and con for the importance of TKTL1 in particular and the
PPP in general in cancer. They conclude that: “Although
the data support the role of the PPP in at least some types
of cancer, the results also underline the importance of
robust validation of potential cancer metabolism targets.”
The data presented herein cannot resolve these possible
issues.

In conclusion the data analyzed for CCRCC do not
suggest any up-regulation of any part of the PPP, at least
at the gene expression level. The only gene in this pathway
with an average change greater than 2 was TKTL2, which
was under-expressed. However, this change was not
statistically significant, and its under-expression would
seem to be of limited importance given that two other
genes code for enzymes that catalyze the same reaction.
The lack of any obvious increases in expression levels
for any gene involved in the PPP is consistent with the
conclusion that any proliferative advantage provided by
aerobic glycolysis in CCRCC is not a consequence of
increased synthesis of key biomolecules. However, the
results do not provide proof of this conclusion. Unlike
the situation with gluconeogenesis and the serine/glycine

pathways, there is no evidence for the under-expression
of key genes involved in the PPP. Therefore, it is certainly
possible that increased levels of glyceraldehyde-3-
phosphate produced by increased levels of PEP, as a
consequence of the low reactivity of PKM2, would lead to
increased flux through the non-oxidative arm of the PPP.

Metabolism of Pyruvate

Pyruvate, formed by the action of PK on PEP, can
undergo two principal routes of metabolism. The first is
its decarboxylation to acetyl-CoA by the enzyme pyruvate
dehydrogenase (PDH), while the second is its reduction
to lactate by the enzyme lactate dehydrogenase (LDH). It
is the shift in the partitioning of these two paths that led
Warburg to conclude that the metabolism of glucose in
cancer cells was radically different from its metabolism in
normal cells, since cancer cells produced consistently high
amounts of lactate even in the presence of oxygen [1].
In most adult somatic cells under normoxic conditions,
pyruvate is transported to the mitochondria where it is
metabolized to acetyl-CoA, which serves as a substrate
for the TCA cycle. In such cells pyruvate is converted
to lactate only when oxygen tension is low leading to an
inhibition of oxidative phosphorylation. This section will
cover the genes involved in the metabolism of pyruvate,
including the TCA cycle. The results are provided in Table
4.

(LDH) lactate

Lactate  dehydrogenase and

transporter (MCT)

There are three separate genes, LDHA/C, that code
for three monomeric forms of the lactate dehydrogenase
enzymes LDHA-C. The active enzymes are all tetramers,
and a number of specific isoenzymes have been described.
Five isoenzymes consisting of combinations of LDHA
(also known as LDHM (muscle)) and LDHB (also known
as LDHH (heart)) have been described. These are LDH-
1 (BBBB), LDH-2 (BBBA), LDH-3 (BBAA), LDH-4
(BAAA), and LDH-5 (AAAA) [162]. LDHC, is specific
to testis [19]. The LDHA protein chain is more active with
respect to conversion of pyruvate to lactate in comparison
to the B and C chains [163]. As anticipated, therefore,
it is the LDHA gene that is found to be over-expressed
in cancer. In addition, LDHA is under transcriptional
control of HIF-1 [19]. There are a number of results
indicating that levels of the LDH-5 protein (AAAA) are of
prognostic value for a number of different types of cancer
including melanoma [164] and squamous cell head and
neck cancer [165]. Our analysis confirmed these findings,
with LDHA being over-expressed by a factor of 3 (p =
3.34E-08) in the nine renal cancer patients. Proteomic
studies comparing levels of LDHA in RCC tissue and
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normal adjacent tissue also observed an increase in this
protein in RCC by a factor of 3.3-21.1, consistent with the
gene expression results [66,77]. On the other hand, LDHB
was under-expressed. The average of the nine patients was
slightly below 2 (FC = -1.87); however, the result was
statistically significant (p = 1.43E-04). Although LDHC
was also somewhat over-expressed (FC = 2.24), all calls
were absent; therefore, this over-expression is of limited
importance.

Another piece of evidence establishing that CCRCC
tumor tissue metabolizes glucose primarily to lactate as
opposed to acetyl-CoA involves the lactate transporter
proteins MCT1 and MCT4, which have been reported
to remove lactate from cancer cells characterized by
the aerobic glycolytic phenotype. These proteins are
members of the monocarboxylate transport family. They
are proton-linked 12-span transmembrane proteins and
are not specific for lactate. Although 14 members of
this family are known, research on these proteins has
been essentially focused on MCT1-4. MCT2 and MCT3
primarily function to import lactate into cells, whereas
MCTH4 is effective in the transport of lactate out of cells.
There are data that suggest that MCT1 can transfer lactate
in either direction [166]. Pinheiro et al. [167] examined
the levels of MCT1, MCT2, and MCT4 in about 120
tumor samples (breast carcinoma, colon adenocarcinoma,
non-small lung cancer, and ovarian adenocarcinoma)
using immunohistochemistry. Protein levels of MCT1
and MCT4 were significantly increased in tumor tissue
compared to normal adjacent tissue in both breast and lung
cancer tissues (p = 0.001). These authors note that only in
the case of MCT1 was there an increase localized to the
plasma membrane, which they indicate is a requirement
for lactate transport. A somewhat earlier paper concluded
that MCT4 is adapted to the transport of lactate from
glycolytic cells, although this conclusion is based on the
use of normal somatic cells with high rates of glycolysis
as opposed to tumor cells [168]. The SLCI6A4 gene
family codes for the MCT proteins. The gene that codes
for MCT1, SLCI16A41, was found to be over-expressed
by more than a factor of 3 (p = 2.68E-04) in the nine
patients investigated, while the gene that codes for MCT4,
SLC16A3, by a factor of 7 (p = 2.99E-06). There is recent
independent confirmation with respect to an increase of
MCT4 in CCRCC on both the gene and the protein level.
Gerlinger et al. [169] reported that SLC16A3 was the most
highly and consistently over-expressed gene comparing
results from 59 CCRCC samples to 11 normal kidney
tissue samples. On the other hand they report no increase
in the expression of SLC16A41. More recently Fisel et
al. [170] reported a highly significant increase in MCT4
protein levels determined by immunohistochemistry in two
different large patient cohorts in CCRCC tissue compared
to normal adjacent tissue (p<0.0001). In addition, there
was a significant correlation between MCT4 up-regulation
and cancer-related death. Similarly, there was a highly

significant increase in SLC/6A43 expression in a third
cohort (p<0.00001). These results taken together with
our analysis clearly support that pyruvate is primarily
converted to lactate in CCRCC.

Pyruvate dehyvdrogenase (PDH) and pyruvate
dehydrogenase kinase (PDK)

In cellular respiration, pyruvate is transported to
the mitochondria where it is converted into acetyl-CoA,
which then is utilized by the TCA cycle to complete the
metabolism of glucose to CO, and water, accompanied
by the synthesis of 36 molecules of ATP for each glucose
molecule. The protein responsible for this conversion is
pyruvate dehydrogenase (PDH), which is a complex of
three major subunits designated as E1-3. The E1 subunit
is composed of two o subunits and one 3 subunit. There
are five distinct genes that code for these subunits. PDHA 1
encodes the protein PDHE1-A type I, which constitutes
the al subunit of E1, the active site of the PDH protein.
PDHA?2 encodes the protein PDHE1-A type II, which also
constitutes the a1 subunit of E1 but is specific for testis.
PDHB encodes the protein PDHE1-B, which constitutes
the B subunit of E1. DLAT encodes the protein PDHE?2,
which constitutes the E2 subunit, and lastly PDHX
encodes PDHX, the E3 subunit. It is well established
that in tumors PDH is inhibited by phosphorylation of
PDHEIA by pyruvate dehydrogenase kinase (PDK).
Four different isoenzymes of PDK have been described
encoded by the genes PDK1/4. Our results have shown
that PDK 1 was over-expressed in tumor tissue by a factor
of 10 (p = 2.07E-06). This is consistent with the fact that
PDK1 has been reported to be under the transcriptional
control of HIF-1 [171]. None of the other PDK genes
were changed by a factor of 2, with PDK2 being slightly
under-expressed and PDK4 being slightly over-expressed
(Table 4). Although the inactivation of the PDH proteins
is a posttranscriptional modification, two of the five
genes coding for the five PDH isozymes were also under-
expressed by at least a factor of two; namely, PDHB and
PDHAI (FC = -2.59, p = 4.65E-05 and FC = -2.38, p =
1.04E-04). Given that PDHAI codes for the active site of
the PDH protein, its down regulation is of some interest.
Two of the three remaining three PDH genes, DLAT and
PDHX, were also under-expressed but by less than a factor
of 2, while PDHA2 was characterized by only absent calls.

TCA Cycle

A total of 18 genes are involved in the TCA
cycle (Figure 4), and data for all 18 were available. As
shown in Table 4, every gene in the TCA cycle without
exception was under-expressed. Five genes were under-
expressed by at least a factor of 2. The first two of these
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Table 5: Gene expression values relevant to lipid synthesis, anaplerosis, cataplerosis, and glutaminolysis
Gene FC FC FC FC FC FC FC FC FC Average |p-value (from
Pat.2 |Pat.3 |Pat. 4 |Pat.5|Pat. 6 |Pat.9 |Pat. 10 | Pat. 11 |Pat. 12 |FC TDSIT)
Over-expressed
ACLY [2.15 323 [1.62 [3.07 [244 [1.97 [3.13 [1.87 [3.54 [2.56 [ 1.05E-05
Under-expressed
ACOI1 -2.98 |-2.83 |-2.60 |-2.59 |-2.99 |-5.76 [-1.53 |-2.13 |-2.88 -2.76 2.38E-05
GLS -2.81 |-1.90 |-3.53 |-2.49 |-443 |-2.45 [-1.54 [-1.98 |-3.71 -2.62 3.28E-05
GLS2 (1) -1.86 |-3.98 |-1.40 |-7.23 |-4.00 |-2.63 |-2.27 [1.28 -3.18 -2.54 2.65E-03
ACACB -2.29 |-2.88 |-2.28 |-3.10 |-4.20 |1.10 |-1.89 [-3.43 |-1.79 -2.32 5.08E-04
IDHI -2.69 |-2.43 |-2.21 |-2.95 |-3.58 |-1.68 [-1.22 |-1.67 [-2.30 -2.20 9.61E-05
GOTI -1.09 |-1.72 |-3.16 [-1.55 |-3.59 |-2.92 |-1.27 |-1.86 |-2.75 -2.04 1.02E-03
Unchanged
ME?2 1.83 145 |[1.40 [1.62 |1.53 1.09 [1.18 1.25 2.20 1.47 7.54E-04
GOT?2 -1.25 |-1.18 |-2.32 |-1.66 |-2.46 |-2.28 [-2.66 [-1.86 |-1.92 -1.89 1.76E-04
GLUDI -1.57 |-145 |-1.02 |-1.39 |1.57 |-4.25 |-2.15 1.07 -2.89 -1.55 5.61E-02
FASN -1.22 |-1.57 |-1.09 |-1.61 |1.32 |-1.28 [-2.05 1.79 1.11 -1.14 3.48E-01
ME] -1.40 |-1.01 [1.94 |1.25 |-2.32 |-1.54 |-1.34 |2.68 -1.21 -1.03 9.00E-01
(1) All calls were absent

‘Metabolism of amino acids|

73
’

‘Degradation of Fatty Acid% /

T s | % /7
Glucose metabolism | i
~ /

\
~o v 2

i [ Fatty Acid Synthesis
b4

SDHA
SDHB
SDHC
SDHD

2
.

|Electron Transport Chain

DLST

SUCLG1
SUCLG2

| Emmm—

1
i
OGDH ||
|
1
i
i
1
i
i

Figure 4: Tricarboxylic acid (TCA) cycle. Taken from http://www.wikipathways.org/
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five under-expressed genes, OGDH and DLST, code for
two of the three protein components of the 2-oxoglutarate
dehydrogenase complex. This complex catalyzes the
conversion of 2-oxoglutarate to succinyl-CoA in the
presence of CoA. These two genes had FCs of -2.40 (p
=5.03E-04) and -2.08 (p = 1.60E-03), respectively. Two
of the three genes that code for the o and f subunits of
the heterodimeric protein succinate coenzyme A ligase
(SUCL) were also significantly under-expressed. SUCL
catalyzes the reversible conversion of succinyl-CoA to
succinate and is encoded for by the two genes, SUCLG1/2,
which exhibited FCs of -4.80 (p = 7.88E-08) and -2.30
(p = 9.97E-00), respectively. Lastly, FH, the gene that
codes for the enzyme fumarate hydratase was also under-
expressed by greater than a factor of 2 (FC = -2.03, p
= 1.48E-04). This well-known protein catalyzes the
reversible conversion of fumarate to (S)-malate.

Warburg’s early experiments with murine ascites
cancer cells, demonstrated not only a highly significant
increase in the production of lactate but also a highly
decreased utilization of oxygen [1]. He proposed that this
decrease was a consequence of irreversible damage to the
cells’ respiration, in other words loss of function of the
TCA cycle or oxidative phosphorylation. Many exceptions
violating this conclusion have been found in the following
decades, and the subject has been recently reviewed
[172,173]. Moreno-Sanchez et al. [172] point out that
some types of tumor cells, such as glioma C6 cells and
LoVo colon adenocarcinoma cells, produce ATP primarily
by glycolysis, whereas other types, such as bone sarcoma
cells and lung carcinoma cells, produce ATP primarily
by oxidative phosphorylation. Neither of these reviews
provides any information relevant for CCRCC tissue or
cells. In addition, as will be discussed below, the TCA
cycle can function quite well in cells where pyruvate-
derived acetyl-CoA is prevented from entering the
mitochondria by using glutamine as a substrate. This, as
well as the results obtained for SUCLG1, will be discussed
in more detail below.

Lipid Synthesis, Anaplerosis, Cataplerosis, and
Glutaminolysis (Table 5)

Although the proteins involved in the TCA cycle
are located exclusively in the mitochondria, certain TCA
metabolites can be exported to the cytosol in a process
known as cataplerosis. These metabolites must be replaced
for the TCA cycle to properly function, and this process
is known as anaplerosis [174]. A key TCA metabolite
that undergoes cataplerosis is citrate. This metabolite
is required for lipid synthesis, and the first step of this
process, which takes place in the cytosol, is its conversion
to acetyl-CoA and oxaloacetate catalyzed by the protein
ATP citrate synthase (ACL). This protein is coded for by
the gene ACLY.

There is considerable evidence that lipid synthesis
is increased in rapidly proliferating cells that exhibit
the aerobic glycolytic phenotype [175], and a number
of different types of cancers, including lung, prostate,
bladder, breast, liver, stomach, and colon cancer, exhibit
over-expression of ACLY [176]. Moreover, inhibition of
the ACL protein has been shown to inhibit cancer cell
proliferation both in vitro and in vivo [175,177,178].
The gene expression data from the nine CCRCC patients
included in our analysis were consistent with these
results, with a 2.56-fold increase in ACLY expression (p
= 1.05E-05). On the other hand, the genes that code for
the proteins that catalyze the following two steps of lipid
synthesis were not over-expressed. With respect to the first
of these steps, acetyl-CoA carboxylase beta (ACACB),
which codes for acetyl-CoA carboxylase 2 (ACC2), one
of the two isoforms of the enzyme that converts citrate-
derived acetyl-CoA to malonyl-CoA, was actually under-
expressed (FC = -2.26, p =5.60E-04). The expression
level of acetyl-CoA carboxylase alpha (4CACA), which
codes for the other isoform of the enzyme acetyl-CoA
carboxylase (ACC1), could not be determined, since
all 18 calls were absent. Expression of the gene fatty
acid synthase (FASN), which codes for the protein FAS,
was essentially unchanged. This enzyme catalyzes
the following step of fatty acid synthesis; namely, the
synthesis of long chain fatty acids from acetyl-CoA and
malonyl-CoA in the presence of NADPH. It is possible
that the sample of CCRC tumors used in this study was too
small and not sufficiently diversified with respect to stage
to detect an increase in FASN expression. Horiguchi et al.
[179] reported finding positive FAS protein staining in
18% of 120 renal tumors. This expression was associated
with advanced pathological T stage, regional lymph node
metastasis, and distant metastasis. In a more recent study,
Hakimi et al. [180] observed increased FASN expression
to be associated with poor survival rates in renal cancer
patients. Nevertheless, these results may call into question
that over-expression of ACLY observed in the nine
CCRCC patients examined in this study is indicative of
increased lipogenesis. The expression level of SLC2541,
which codes for the tricarboxylate transport protein, could
have provided evidence as to whether or not citrate is
indeed being transported into the cytosol. Unfortunately,
that gene was not included in the data set analyzed.

It should be noted that there is some evidence of
another function of ACL that could play a role in shifting
cellular metabolism to anaerobic glycolysis. Wellen et al.
[181] reported that inhibition of this enzyme led to a global
decrease of histone acetylation. Of particular importance
was that levels of four specific proteins involved in
acrobic glycolysis were also decreased; namely, GLUT4,
HK2, PFK-1, and LDHA. Therefore, it is possible that
the over-expression of ACLY that occurs in CCRCC
leads to an increase in histone acetylation that increases
transcription of these four genes, thus contributing to the
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aerobic glycolytic phenotype.

If over-expression of ACLY denotes increased
levels of ACL protein being used to degrade citrate
to acetyl-CoA, then the citrate that is exported from
the mitochondria (cataplerosis) must be replaced
(anaplerosis). Two small molecules have been identified as
being key contributors to anaplerosis. Although glutamine
is most frequently cited as being an anaplerotic substrate,
pyruvate can fulfil this role as well. Cheng et al. [182]
found that when GLS, the gene that codes for the enzyme
required for the first step of analplerotic utilization of
glutamine, was suppressed using shRNA in either LN229
or SF188 glioblastoma cell lines, net glutamine utilization
and cell proliferation were both reduced, yet the cells
remained completely viable. These authors reported
a source of glucose-derived anaplerosis; namely, the
conversion of pyruvate to oxaloacetate in the mitochondria
by pyruvate carboxylase (PC). The importance of pyruvate
as an anaplerotic substrate has also been reported in
other cell lines [183]. This conversion of pyruvate to
oxaloacetate was discussed above, in that it is the first
step of gluconeogenesis, and it was also noted that the PC
gene was very highly under-expressed in the nine CCRCC
patients (Table 3). Therefore, this reaction is clearly not
serving as a source of oxaloacetate, which could then be
converted to citrate thus replacing the citrate exported for
the first step of the fatty acid synthetic pathway.

As noted above, glutamine is generally regarded
as being the major anaplerotic substrate [183-186].
Glutamine is transported to the mitochondria where it is
converted to glutamate. Two genes are involved in this
transformation, GLS (also known as GLSI) and GLS2.
GLS codes for 2 proteins, KGA (also known as kidney
type (K-type) glutaminase) and GAC (also known as
glutaminase C), that are splice varieties. GLS?2 also codes
for 2 proteins, LGA and GAB, both of which are often
referred to as liver type enzymes. In this case the two
proteins are transcribed from the GLS2 gene but under the
control of different promoters. Interestingly, the GLS and
GLS?2 genes as well as their corresponding proteins appear
to be associated with virtually diametrically opposed
cellular phenotypes. GLS-derived protein up-regulation is
associated with increased rates of cellular proliferation,
whereas GLS2 prevalence appears to be associated with
resting, non-proliferative, or quiescent cell states. It
has been reported, for example, that over-expression of
the human GLS2 gene in the T98 glioblastoma cell line
correlated with a reversion of the transformed phenotype
[187]. On the other hand, there is abundant in vitro and in
vivo evidence that inhibition of the proteins coded for by
GLS inhibits cellular proliferation [183,187,188].

It might be assumed, therefore, that GLS would
be over-expressed in CCRCC, whereas GLS2 would be
under-expressed or unchanged. This, however, was not
the case. GLS was actually significantly under-expressed
(FC = -2.62, p = 3.28E-05) in the nine CCRCC patients

that provided the data for this study. GLS2 was also
significantly under-expressed, although to a very slightly
lesser extent (FC = -2.54, p = 2.52E-03). It should be
noted, however, that all calls for GLS2 were absent. The
fact that GLS is under-expressed would seem to suggest
that glutamine does not act as an anaplerotic substrate in
CCRCC. Further evidence supporting this conclusion is
that there was essentially no change in expression level
of GLUDI (FC = -1.33), which codes for the protein
glutamate dehydrogenase (GLD1, also known as GLDH).
This protein catalyzes the conversion of glutamate to
a-ketoglutarate, thus completing the anaplerotic process.
There is very little literature information with respect to
the role of either GLUD! or GLDI in cancer. It has been
reported, however, that the activity of GLD1 in peripheral
blood mononuclear cells is increased in individuals with
untreated B-chronic lymphocytic leukemia as compared to
healthy controls [189].

Further information regarding the role of glutamine
might have been provided from the gene expression
level of the gene coding for the protein responsible
for the transport of glutamine from the cytosol to the
mitochondria. This, however, turns out not to be the case.
First of all there are numerous transporters that have been
identified for glutamine, but none of them are specific for
glutamine. Secondly, the protein that transports glutamine
into the mitochondria has not yet been identified [190].
One transporter that appears to play a key role in tumor
cells is ASCT?2, coded for by the gene SLC1A45 [190-192].
However, it is highly likely that the role that ASCT?2 is
playing involves the role of glutamine with respect to
mTOR signaling, and this will be discussed briefly below.

Previously, this analysis has taken the position that
if a gene is under-expressed by greater than a factor of
two and the change is statistically significant, the process
catalyzed by the enzyme coded for by such a gene is
not playing a key role in the tumor. However, there are
several reasons why glutamine may still be a precursor
of citrate in CCRCC despite the under-expression of GLS
by a factor of 2.62. One point is that protein activity does
not necessarily correlate with gene expression level. For
example, Erickson and Cerione [193] reported that there
is a marked increase of the glutaminase enzyme GAC
as a consequence of phosphorylation of the enzyme.
Secondly, Wise et al. [194] recently published that
glutamine uptake into mitochondria is stimulated by the
oncoprotein c-Myc in SF188 glioma cells, while Gao et
al. [195] reported that the c-Myc enhanced production
of mitochondrial glutaminase was not a consequence
of enhanced GLS expression but rather a result of the
suppression of miR-23a/b, which apparently can decrease
the translation of GLS mRNA. However, perhaps the most
important point is that the normal kidney consumes very
large amounts of glutamine. Glutamine enters the kidney
mitochondria where it is transformed through the process
of glutaminolysis, which will be discussed below, and
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eventually serves as a major source for total glycogen
[196,197]. Moreover, it is required to maintain acid-base
balance via the production of ammonia [198]. Given that
glutaminolysis is not contributing to glycogen synthesis
in CCRCC, since it has already been demonstrated that
those genes that code for unique enzymes involved in
gluconeogenesis are strongly under-expressed, a relatively
small decrease in expression value for GLS, may still
allow an ample supply of glutamate to be formed allowing
glutamine to serve as an anaplerotic substrate.

Although the canonical pathway for the replacement
of citrate by glutamine involves incorporation of glutamate
in the TCA via the GLD1 conversion of glutamate to
2-oxoglutarate followed by its conversion to isocitrate
and then citrate in the oxidative direction, there exists
another pathway by which glutamine can be converted to
isocitrate. Moreover, there is evidence that this pathway is
of particular importance in tumors that are either hypoxic
or pseudohypoxic. This pathway, known as reductive
carboxylation, involves conversion of glutamine to citrate
via the reductive TCA cycle. One of the key steps in this
reaction is the IDH catalyzed conversion of 2-oxoglutarate
to isocitrate. In principle, this reaction can occur in the
mitochondria, catalyzed by IDH2 and/or IDH3, or in the
cytosol, in which case it would be catalyzed by IDHI.
Metallo et al. [199] used labelling studies to demonstrate
that the citrate-derived acetyl-CoA used in fatty acid
synthesis was derived from the reductive carboxylation
of 2-oxoglutarate in a large number of cancer cell lines.
In addition, they showed that knockdown of mRNA
from IDHI was effective in reducing this reductive
carboxylation and impaired cellular proliferation in these
cell lines. On the other hand, knockdown of mRNA
derived from /DH2 did not affect reductive flux in
A549, MDA-MB-231, and HCT116 cells. These results
strongly suggest that reductive formation of citrate occurs
in the cytosol and not the mitochondria. Of particular
interest is the fact that there was a significant increase
in reductive carboxylation when cells were cultured
under hypoxia. The role of pseudohypoxia with respect
to reductive carboxylation was also demonstrated by
Gameiro et al. [200]. These authors reported that labelling
studies confirmed the formation of citrate in UMRC2
cells, a VHL-deficient human renal carcinoma cell line.
Such cells would, by definition, exhibit pseudohypoxia.
Reintroduction of wild-type pVHL suppressed the
contribution of reductive carboxylation. These authors do
not provide any information as to which isoenzyme of IDH
is active in this system. Another recent study investigated
the role of reductive carboxylation in two different
melanoma cells lines [201]. This study reported that the
reductive pathway did not play a role in either WM35 or
LU1205 cells under normoxic conditions, but did play an
important role under hypoxic conditions. These authors
reported that both IDH2 and IDH1 were responsible for
the reductive conversion of glutamine to citrate. A fourth

report indicated that reductive carboxylation was catalyzed
specifically by IDH2 in SF188 glioblastoma cells cultured
under hypoxic conditions [202]. All of these studies may
be correct, in that different cell lines were used. However,
it should be noted that a recent paper by Moreno-Sanchez
et al. [203] suggests that the change in free energy of
the conversion of isocitrate to 2-oxoglutarate is too
large to allow it proceed in the reverse direction in the
mitochondria. Conversion in the cytosol, however, would
be much more likely.

If 2-oxolgutarate is serving as the precursor for
isocitrate in the cytoplasm, then it must be able to cross
the mitochondrial membrane. This can be accomplished
by the mitochondrial 2-oxoglutarate/malate carrier protein
(OGCP) coded for by the gene SLC25411 [204]. Although
the canonical pathway for the conversion of glutamate to
2-oxoglutarate is via its oxidation by GLUDI, as already
mentioned, there is another route. This route involves the
transaminase aspartate aminotransferase (AAT, also known
as AST, ASAT, GOT), which involves the reaction of
glutamate with oxaloacetate to produce 2-oxoglutarate and
aspartate. The soluble form of this enzyme is coded for by
the gene GOT, while the mitochondrial form is coded for
by the gene GOT?2. It has been recently reported that AAT
catalyzes the conversion of glutamate to 2-oxoglutarate in
human pancreatic ductal adenocarcinoma [205,206]. The
authors describe this route as a novel pathway. There is
some indication, however, that this pathway is operative
in the HuH13 human hepatoma cell line [207], as well as
in transformed NIH3T3 mouse fibroblasts expressing an
oncogenic K-Ras protein [208].

Gene expression values for the cytosolic reductive
carboxylation pathway were calculated for the nine
patients analyzed. The key gene with respect to conversion
of 2-oxoglutarate to isocitrate in the cytoplasm is /DH1.
This gene was clearly under-expressed in tumor tissue with
a FC of -2.20 (p = 9.61E-05). In addition, ACO1, the gene
that codes for the cytosolic form of aconitase, the enzyme
that catalyzes the conversion of isocitrate to citrate, was
also clearly under-expressed (FC = -2.76, p = 2.38E-05).
Therefore, it seems clear that reductive carboxylation
of 2-oxoglutrate does not occur in CCRCC tumor tissue
from these nine patients. Further confirmatory evidence
could have been provided by the expression results for
SLC25A11, the gene that codes for the transport protein
that allows 2-oxoglutarate to move from the mitochondria
to the cytoplasm in exchange for malate. Unfortunately,
data for this gene was not included in the data set. No
conclusions can be drawn with respect to any role of
mitochondrial reductive carboxylation of 2-oxoglutarate.
This is because it is impossible to determine if any change
in gene expression level involves flow through the TCA
cycle in the oxidative or reductive direction. In any event,
all of the genes involved were slightly under-expressed
(IDH2,FC=-1.86,p=2.51E-03; IDH3A4, FC=-1.04,p=
7.70E-01; IDH3B, FC = -1.50, p = 3.74E-02; IDH3G, FC
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=-1.29,p=8.11E-03; ACO2, FC =-1.73, p = 6.57E-03).

There is also no evidence to suggest that the non-
canonical conversion of glutamate to 2-oxoglutarate
catalyzed by either the cytosolic or mitochondrial form
of AAT occurs in the tumor tissue of these nine CCRCC
patients. The gene GOT that codes for the cytosolic form
of AAT is under-expressed by a factor of 2.04 (p = 1.02E-
03), while GOT2, which codes for the mitochondrial form
of AAT, is under-expressed by close to a factor of 2 (FC
=-1.89, p=1.76E-04). A recent proteomic study reported
down-regulation of GOT?2 protein in renal cancer tumor
tissue when compared to matched normal tissue [209].

To summarize, ACLY was over-expressed in tumor
tissue suggesting that citrate is being exported from the
mitochondria to the cytosol, where it is converted to
acetyl-CoA, which serves as a starting point for lipid
synthesis. The fact that the genes that code for the
proteins that catalyze the following two steps of lipid
synthesis were not over-expressed casts some doubt on
this straightforward explanation for the increase in ACLY
expression. This doubt is reinforced by the fact that both
PC and GLS, which code for proteins allowing pyruvate
and glutamate, respectively, to serve as anaplerotic
substrates, were also under-expressed in tumor tissue.
However, it is difficult to draw a definitive conclusion. As
pointed out above, there is evidence that the protein FAS
is not up-regulated in early stage renal cancer, but that it
is up-regulated in later stage disease. Given that all nine
of the patients analyzed herein had either stage 1 or stage
2 disease, the fact that FASN expression was unchanged
is consistent with the protein data. Secondly, the under-
expression of GLS may be difficult to interpret in that
the normal kidney clearly metabolizes large amounts
of glutamine via the mitochondria. It does appear clear,
however, that GLS or its corresponding protein would not
be a viable target to treat CCRCC. By the same token,
reductive carboxylation of 2-oxoglutarate and conversion
of glutamate to 2-oxoglutarate by transamination would
also not provide meaningful targets. ACLY, on the other
hand, may be a viable target. Further research into the role
that ACLY and its corresponding protein are playing in
CCRCC could be of considerable importance.

It is important to point out that glutamine plays
a large number of roles in both normal and tumor
tissue — particularly tumor tissue. Several authors have
stated that cancer cells are addicted to glutamine. One
of the principal functions of glutamine in cancer is the
glutaminolysis pathway [185,198]. The first two steps of
glutaminolysis, conversion of glutamine to 2-oxoglutarate
via glutamate, have already been described in considerable
detail above in the context of glutamine as an anaplerotic
substrate to replace citrate. However, glutaminolysis can
serve as a major source of energy via its metabolism
through the TCA cycle, particularly under conditions
where the availability of pyruvate-derived acetyl-CoA is
reduced stemming from glucose deprivation, hypoxia, or

pseudohypoxia. In addition, glutamine serves as a major
source of NADPH, thus maintaining redox balance.
There is essentially no information that the present gene
expression data can contribute to elucidating the role of
most of the remaining steps of glutaminolysis in CCRCC.
This is because the majority of these steps constitute the
TCA cycle. As discussed above, all genes coding for TCA
cycle proteins were under-expressed, but only five of them
were under-expressed by more than a factor of 2. Four of
these five genes were under-expressed by less than a factor
of 2.5. The one exception is the gene SUCLG 1, which was
under-expressed by almost a factor of 5 (FC =-4.80, p =
7.88E-08). This gene codes for the a-subunit of the protein
SUCL, which catalyzes the conversion of succinyl-CoA
to succinate. The marked under-expression of SUCLG1
would suggest that the TCA cycle is not functional in
these nine CCRC patients. However, that conclusion
is not consistent with the gene expression levels of the
remaining 17 genes involved in the TCA cycle. On the
other hand a recent publication that compared 30 matched
tumor and normal tissue samples reported that the protein
SUCLGI was down-regulated by a factor of 13, which
fully supports our gene expression analysis [209]. There
is one pathway involved in glutaminolysis that is external
to the TCA cycle. This pathway is the conversion of
malate to pyruvate via malic enzyme, an NAD" dependent
enzyme that also produces NADPH. One recent study
reported that a significant amount of pyruvate produced
by malic enzyme is converted into lactate [210], while
another study reported a relatively small amount of lactate
from this route [211]. Although both studies utilized
SF188 glioblastoma cells, it is difficult to compare the
two results. There are two forms of malic enzyme, a
cytosolic form, which is coded for by the gene ME!, and
a mitochondrial form coded for by ME2. Our analysis
indicated that the expression level of ME! is unchanged
(FC=-1.03, p=0.9). ME2, on the other hand is somewhat
over-expressed (FC = 1.47, p = 7.54E-04) but by less than
a factor of 2. As can be seen, it is rather difficult to draw
any firm conclusions as to the role that glutaminolysis
plays in CCRCC based on these data. It may play a role,
but the gene expression result for SUCLGI casts some
doubt on this. Perhaps there is an unknown protein that
can catalyze the conversion of succinyl-CoA to succinate.

Glutamine plays many other roles, some of which
are important in cancer. Two of them will be briefly
mentioned, although they have no real relationship to
aerobic glycolysis. The first is that glutamine is a key
precursor of glutathione, necessary to detoxify ROS
[212]. A second and highly interesting role of glutamine
is that it has been shown to induce mTOR signaling via
mTORCI thus increasing cellular proliferation. This has
been reported in HeLa cells [213], A549 lung cancer cells
[214], and C8161 and 1205Lu melanoma cells [215].
Somewhat curiously, it appears that glutamine itself has
no effect on mTORC1. Glutamine is taken up by the cell
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via the transport protein ASCT2, and then is exchanged
for leucine by the transport protein LAT1 [191,213]. It is
then leucine that induces mTOR signaling. As can be seen,
glutamine is an extremely important molecule in cancer.
Some effects are related to glucose metabolism, while
others are completely unrelated. As indicated, however,
the contributions of glutamine to the pathway of glucose
metabolism are extremely difficult to define in CCRCC
based on gene expression data. Other roles, although
possibly important with respect to CCRCC, are beyond
the scope of this analysis.

CONCLUSIONS

The results outlined above are quite gratifying in
that they are consistent with the expectation that nine
out of ten subjects with CCRCC in the data set analyzed
clearly exhibit a Warburg effect. Moreover, in general, the
gene expression changes were in line with the copious
literature dealing with aerobic glycolysis. The majority of
the genes that code for glycolytic enzymes as well as for
LDH were over-expressed, whereas the genes that code for
the proteins involved in the dehydrogenation of pyruvate
to yield acetyl-CoA were under-expressed. PDKI, the
gene that codes for the enzyme that phosphorylates PDH
thereby inhibiting pyruvate dehydrogenase, was also
highly over-expressed. The genes that code for the proteins
involved in the TCA cycle were either under-expressed
or unchanged. These results point to an increased
metabolism via glycolysis to pyruvate and lactate in the
CCRCC tumor tissue investigated. However, there are
also a few surprising results. The first is that ENO?2 is very
highly over-expressed (FC = 33.79). This gene codes for
the protein y-enolase, which is known to be highly up-
regulated in tumors of neuroendocrine cells. There are
previous reports that y-enolase is indeed up-regulated
in renal cancers, although the reported increase is much
more modest. Moreover, there is evidence suggesting that
CCRCC is not of neuroendocrine cell origin. Although at
this time there appears to be no good explanation of why
ENO? is so highly over-expressed, it would appear that the
ENO2/y-enolase axis would constitute a promising target
for anti-cancer drugs.

The second surprise involves the four PFKFB1/4
genes. Our findings indicate that PFKFB4 was
significantly over-expressed (FC = 3.00), whereas
PFKFB2 was highly under-expressed (FC = -5.02). Most
published results have reported that the PFKFB gene
over-expressed in cancer is PFKFB3, although, as noted,
a recent result was cited that indicated over-expression of
PFKFB4 in three different prostate cancer cell lines [58].
The CCRCC data presented herein indicate that PFKFB3
is somewhat over-expressed but by less than a factor of
2. Our analysis suggests that the role of the four PFKFB
genes in cancer may not be well understood. Nevertheless,
drugs that might decrease the expression of PFKFB4 or

its corresponding protein or increase the expression of
PFKFB? or its corresponding protein could be of interest
with respect to CCRCC.

The most surprising result, however, relates to the
PKM gene. Although this gene was indeed over-expressed
in CCRCC tissue (FC = 3.19), since this gene codes for
both PKM1 and PKM2, no conclusions can be drawn
as to which of the two proteins might be up-regulated.
On the other hand genes that code for the four proteins
that are responsible for the alternate splicing leading to
the production of PKM2 were not over-expressed. That
could imply that either the protein expressed in normal
tissue is already PKM2, as suggested by Bluemlein et al.
[112], or that there is no shift from PKM1 to PKM2 in
the tumor. As discussed above, however, either conclusion
would be at considerable odds with extensive proteomic
data. Nevertheless, what does appear to be a valid
conclusion is that if there is a shift from PKM1 to PKM2,
the lowered activity of PKM2 as compared to PKM1
does not provide CCRCC tumor cells with a proliferative
advantage by forcing a buildup of metabolites that can be
used to synthesize key biomolecules such as nucleotides
and amino acids. This would require that the glycolysis
pathway proceeds in the reverse direction to allow the
relevant metabolites to be diverted into side pathways
responsible for the synthesis of such biomolecules. The
gene expression values derived from these nine CCRCC
patients did not support this hypothesis. First of all, the
unique genes involved in gluconeogenesis, the reverse
of glycolysis, were all significantly under-expressed in
CCRCC tissue compared to adjacent normal tissue (Table
3). Moreover, most of the genes in one of the pathways
branching from glycolysis that has been implicated as a
source of key biomolecules, the serine/glycine pathway,
were also clearly under-expressed (Table 2). Genes
involved in the second key pathway, the PPP, which has
been proposed as a source of ribose-5-phosphate, a key
precursor of nucleosides and nucleotides, were essentially
unchanged. In addition, it would appear logical to assume
that cancer cells would require energy in the form of ATP
to proliferate. Given that PMK2 has reduced activity
compared to PKM1 would suggest a decrease in available
ATP. Taken together, these data would suggest that PKM2
would not be a profitable target with respect to CCRCC.
This conclusion, however, may need to be modified by
the fact that there are recent findings that PKM2 can be
translocated to the nucleus, particularly the “inactive”
dimeric form. The exact role of nuclear PKM2 is not
known; however, evidence has been published that it can
regulate HIF-1 transcriptional activity [216] and interact
with and activate other transcription factors such as
B-catenin, Oct-4, and Stat3, thereby contributing to cell
survival and proliferation [217].

It would seem obvious that certain cancers adopt the
aerobic glycolytic phenotype to provide the tumor with
a competitive advantage. It does not appear, however,
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that the overall changes to the metabolism of glucose
provides CCRCC with such an advantage through
increased synthesis of key biomolecules required for
increased proliferation. A key question, therefore, is how
do these tumors proliferate? Part of the answer is that
early stage renal tumors grow very slowly [218,219].
Organ et al. [219] reported that Fuhrman stage 1 tumors
(<7 cm) from 169 patients grew at a median rate of 0.12
cm/year. Although four of the nine patients analyzed in
this study had Fuhrman stage 2 cancer (patient 8 was not
analyzed), we detected no differences in gene expression
patterns between stage 1 and stage 2 patients. This point
was also made in one of the two papers published by
the investigators who deposited the data in the GEO [9].
A possible explanation for the competitive advantage
imparted by aerobic glycolysis in CCRCC is that the
increased production of lactic acid could be playing a key
role. There is considerable support for this hypothesis. One
of the earliest papers to focus on a possible competitive
advantage provided to cancer cells by lactic acid formed
via aerobic glycolysis was published in 2006 [220]. This
study presented the following potential rationales as to the
advantages that lactic acid could provide to the tumor: 1)
induction of cell death in neighboring stromal cells due
to necrosis or caspase-mediated apoptosis pathways thus
producing potential space into which the tumor cells may
proliferate; 2) promotion of angiogenesis through acid-
induced release of vascular endothelial growth factor
(VEGF) and IL-8; 3) promotion of extracellular matrix
degradation by inducing normal cells to release proteolytic
enzymes; or 4) inhibition of immune response to tumor
antigens.

An extremely interesting hypothesis as to an
advantage that may be provided to cancer cells by the
production of lactic acid was recently proposed by
Sonveaux, et al. [221]. These authors investigated two
cell lines; namely, a human cervix squamous carcinoma
cell line (SiHa), characterized by relatively low glucose
utilization and limited lactate release, and a human
colorectal adenocarcinoma cell line (WiDr), characterized
by a predominantly aerobic glycolytic metabolism.
Exogenous lactate could effectively replace glucose to
fuel SiHa cell respiration. Of particular interest was the
finding that SiHa tumors contained two viable tumor cell
sub-populations defined by differential pO, and MCT1
expression, an MCT isoform responsible for lactate uptake.
A first subset of cells, located in the well-vascularized
and oxygenated tumor margin, expressed MCT1. The
other sub-population was hypoxic, poorly vascularized,
and did not express MCT1. That MCT1 plays a role in
metabolism of cancer cells was demonstrated by the
fact that inhibition of MCT1 was found to inhibit tumor
growth in a syngeneic mouse model. A rather unusual
model was developed based on these findings; namely,
that lactate released as the end product of glycolysis in
the hypoxic tumor compartment prominently fuels the

oxidative metabolism of the oxygenated tumor cell sub-
population, thereby sparing glucose for oxygenated cells.
Therefore, interfering with the transport of lactate by the
blockade of MCT1 inhibits tumor cell proliferation.

There are also data with respect to a possible role
of lactic acid in cancer patients. For example, Fischer, et
al. [222] reported a positive correlation between lactate
serum levels and tumor burden in 140 patients with nine
different types of cancer. In order to test the possibility that
at least one effect of lactic acid might be to compromise
immune functions, the authors studied the effect of lactic
acid on CD8" cytotoxic T lymphocytes (CTL). They
report that lactic acid inhibited CTL proliferation, up to
95%, impaired cytokine production, and inhibited the
cytotoxicity of the CTLs by up to 50%. The potential
immunosuppressive role of lactic acid has been recently
reviewed [223], while another recent review [166]
discusses the effect of increased lactic acid in a number of
cancers and cancer cell lines.

Lastly, a very recent article should be mentioned
which reported that tumor derived lactic acid can induce
the expression of VEGF, an effect noted above, but can
also induce the M2-like polarization of tumor-associated
macrophages [224]. In addition, evidence was presented
indicating that this effect of lactic acid is mediated by
HIF-1a. Clearly these interesting results warrant further
study.

In actuality, no information has been presented
in this analysis that provides any additional support
for the hypothesis that lactic acid production provides
CCRCC cancer cells with a competitive advantage. The
gene expression data are consistent with this hypothesis,
however, which is not the case for the acrobic glycolytic
phenotype playing a role with respect to the synthesis of
key biomolecules. The role that lactic acid may be playing
in cancer has recently been reviewed [225].

The strength of this study is that it provides
a detailed understanding of “the context-dependent
metabolic needs of cancer cells to effectively target
metabolism for therapeutic benefit.” [7] Given that all
of the gene expression data were derived from CCRCC
cancer patients via a comparison of values in tumor tissue
to adjacent normal tissue, the results are completely
internally consistent. In addition, the work is focused in
that all differences with respect to gene expression values
relate to the extended Warburg effect network. In general
GWAS identify differences in expression values with
the hope of finding key genes that are linked to cancer.
Although these differences are usually allocated to gene
ontology pathways, it is difficult to put them into context
without being able to examine downstream and upstream
events that may not have exhibited a significant FC.

There are some clear limitations with respect to
this study. The first, and perhaps most important, is the
fact that the results are derived from only nine CCRCC
patients. In order to attempt to strengthen the relationships
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described above, we looked at an earlier study (GSE781)
reported by Lenburg et al. [226] that also provided data
comparing gene expression values in nine CCRCC
patients seven of which also had data on adjacent normal
tissue. A hierarchical cluster analysis indicated a clear
separation between gene expression values in tumor and
adjacent normal tissue, as was the case for the GSE6344
data (Supplementary Figure S2). The Lenburg data set
did not indicate whether calls were present, marginal or
absent. Consequently, in cases where data from more than
one probe for the same gene were provided, selection
criteria based on this information could not be used. As
a consequence, probe sets with the highest average signal
intensity calculated across all samples were chosen.
As indicated in the Methods section, this was the third
option to select the most reliable probe set for GSE6344.
The agreement between the two sets of gene expression
values applied to the extended Warburg effect network
was excellent, particularly when genes characterized by
a large number of absent calls in data set GSE6344 are
ignored. All of the data obtained from GSE781 as well as
the average gene expression changes for both GSE6344
and GSE781 are shown in Supplementary Table S2.

A more recent paper appeared while the work on
this analysis was well underway [227]. This very large
study by the Cancer Genome Atlas Research Network
obtained a complete data set from 372 CCRCC patients,
including not only comparative gene expression values
but mutation analyses and copy number variation as
well. It would have been beyond our capabilities to have
mapped the large amount of gene expression data from
this study on to our extended Warburg effect network.
The authors did present a brief discussion of their results
with respect to glycolysis, the TCA cycle, and the PPP
in the context, however, of correlation with survival. For
those patients with a poorer prognosis, glycolytic genes
were over-expressed, whereas genes involved in the TCA
cycle were under-expressed. These results are in complete
agreement with the analysis provided herein. On the other
hand a number of genes in the PPP were over-expressed
(G6PD, PGLS, TALDO, TKT), which is not in agreement
with our analysis. In addition, both ACACA and FASN, two
of the three genes that code for the proteins catalyzing the
second and third steps of fatty acid synthesis, were over
expressed in individuals with a poor prognosis. This result
is also in contrast to our analysis. However, given that the
nine patients we analyzed had either stage 1 or stage 2
CCRCC, it is unlikely that any of them had progressed to
a stage where survival was an issue. This point illustrates
another limitation of this study; namely, that the data were
obtained from only stage 1 and 2 tumors. The results
reported in the Cancer Genome Atlas Research Network
publication [227] clearly suggest that some of our results
might well have been different had gene expression values
from stage 3 and 4 tumors also been available. This point
was made above with respect to FASN protein expression

in later stage tumors.

A third issue is that gene expression values do
not necessarily correlate with protein activities. Not
only is there a possibility of alternate splice varieties, a
point amply discussed with respect to PKM, but protein
activity can be significantly altered by posttranslational
modifications, which cannot be determined by gene
expression values. There have been a number of proteomic
studies designed to investigate relevant protein activities in
CCRCC, and these have been cited above. In most cases,
the directional change in enzyme activity reflects the same
directional change in gene expression values. As was
pointed out earlier in this section, the major strength of
this analysis is that it is focused on transcriptomic changes
in human patients with CCRCC and compares tumor
tissue data with adjacent normal tissue data. Although
there is no question that proteomic, phosphoproteomic and
metabolomic data would clearly provide highly valuable
additional information, for it to be useful it would have
to be obtained from human CCRCC patients in which
tumor levels are compared to normal adjacent tissue.
Unfortunately, at this time these data do not exist for the
majority of the gene products investigated herein.

Gene expression values do not directly provide
information on the level of important cofactors produced
in many of the steps of the extended glycolytic pathway,
such as ATP and NAD". The importance of these cofactors
can be seen by the fact that several articles have been
published that have developed an in silico model of
extended glycolysis in cancer. These authors utilized what
they term an Objective Function; that is, the constraint
that must be satisfied to maximize biomass, which
includes these two cofactors as well as NAD(P)H. Such
a model clearly predicts a number of the key changes
in gene expression values identified herein and by other
investigators [228]. Therefore, quantifying the changes in
such cofactors comparing cancer tissue to normal tissue is
of significant importance in understanding the role of the
acrobic glycolytic phenotype in cancer.

The last issue is that in no case has a potential
transcription factor been identified responsible for the
increase or decrease in the expression values for the genes
in the extended glycolysis network with the exception of
HIF. As has been pointed out, it is well known that most
of the genes that code for glycolytic proteins are under the
transcriptional control of HIF-1, which is constitutively
active in CCRCC due to inactivation of the VHL protein.
Although almost all glycolytic genes were indeed found to
be over-expressed, there are wide differences in the degree
of over-expression, and transcription factors such as AKT
or c-myc, or other proteins such as mTOR or p53, could
be playing important roles. In all cases where an unusually
large change in expression level was observed, an attempt
was made to determine if the protein involved could be
playing a different role than would be anticipated from the
extended glycolysis pathway. However, with the exception
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of the role played by ALDOB in gluconeogenesis, no
such alternate functions were found. As a consequence,
it is possible that such unusually large changes are due to
changes in levels of key transcription factors or signaling
pathways.

A number of key genes have been identified that
could serve as valid targets for anti-cancer pharmaceutical
agents. Genes that are highly over-expressed include
ENO2, HK2, PFKP, SLC2A43, PDKI, and SLCI6AI.
Genes that are highly under-expressed include ALDOB,
PKLR, PFKFB2, G6PC, PCKI, FBPI, PC, and SUCLGI.
It cannot be overemphasized that these results apply only
to CCRCC and not to other cancers. It is highly likely that
contextual differences exist, and it will be necessary to
perform a similar analysis for other cancers that exhibit the
aerobic glycolytic phenotype to identify such contextual
differences.

METHODS

Extended Glycolysis Network

The extended glycolysis network was constructed
in Cytoscape, version 2.8.2 [229] (Supplementary Figure
S1). The glycolysis/gluconeogenesis network was
downloaded from WikiPathways [230]. Following this,
both the TCA cycle and the pentose phosphate pathway
were downloaded from WikiPathways and merged with
the glycolysis/gluconeogenesis pathways. The short
pathways, including serine/glycine synthesis, fructose
metabolism, alternate splicing of the PKM gene, glutamate
utilization, and the initial steps of fatty acid synthesis,
were curated from the references noted in the relevant sub-
section in the Results and Discussion.

Gene Mapping

GSE6344 Combofiles were downloaded from
GEO. The authors have created these tables from the A
and B chip of HG U133 Set. The MASS corrected signal
intensities and the absolute calls were taken and mapped
to the corresponding genes from the extended glycolysis
network using Affymetrix NetAffx annotations for HG-
U133A and HG-U133B (version 33).

A representative probe set was selected for genes
which are represented by more than one probe set.
Selection criteria were:

(i) Most samples with reliable signal intensities as
represented by “Present Calls”. If less than 50 % of the
samples had a Present Call this probe set was marked as
not reliable.

(ii) Probe sets with _x_at or s_at were discriminated
compared to _at probe sets.

(iii)) Probe sets with the highest average signal

intensity calculated across all samples.

The signal intensities for all representative probe
sets and all twenty samples were used for hierarchical
clustering with Euclidean distance as distance and average
linkage as cluster method.

All gene names conform to HGNC nomenclature
and were taken from Entrez Gene.

Data Analysis

Fold change (FC) was calculated for all genes by
dividing the signal intensity from the tumor sample by
the signal intensity of the adjacent normal tissue for each
patient. When one or more of both normal tissue and tumor
tissue calls were absent, these were excluded from the
calculation. When all calls were absent, an average FC was
calculated, but the result was not assumed to be reliable as
noted in the text. In cases where the gene expression level
in the tumor sample was less than that of adjacent normal
tissue, the FC was defined as the negative reciprocal of
this value. In cases where all patients exhibited a positive
FC for a particular gene, the numerical average was used
to designate the average FC for that gene. In cases where
there was at least one negative FC, all negative FCs were
converted to positive changes by taking the reciprocal.
Since these FCs are no longer normally distributed, the
sum of the In values for all FCs was calculated, and the
average of the In value was then converted to the average
FC by exponentiation. If the average result was <1, the FC
was represented by the negative reciprocal. Genes were
identified as differentially expressed if the average FC was
greater than 2 or less than -2.

P-values were calculated via Excel using the In(FC)
if the FC was positive or In(ABS(1/FC) if the FC was
negative. A 2-tailed t test method was utilized. P-values
<0.05 are considered to be statistically significant. No
correction for multiple testing was made.

Competing interests

The authors declare that they have no competing
interests.

ACKNOWLEDGEMENTS

The authors would like to thank Dr. Walter Schlage
for a thorough reading of the manuscript and helpful
discussions. The authors would also like to thank Emily
Dempsey for preparing the final tables.

REFERENCES

1. Warburg O. On the origin of cancer cells. Science.
1956(3191);123:309-314.

www.impactjournals.com/oncoscience

177

Oncoscience



10.

12.

13.

Gatenby RA, Gillies RJ. Why do cancers have high aerobic
glycolysis? Nat Rev Cancer. 2004;4(11):891-899.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next
generation. Cell. 2011;144(5):646-674.

Altenberg B, Greulich KO. Genes of glycolysis are
ubiquitously overexpressed in 24 cancer classes. Genomics.
2004;84(6):1014-1020.

Ding L, Getz G, Wheeler DA, Mardis, ER, McLellan
MD, Cibulskis K, Sougnez C, Greulich H, Muzny DM,
Morgan MB, Fulton L, Fulton RS, Zhang Q, et al. Somatic
mutations affect key pathways in lung adenocarcinoma.
Nature. 2008;455(7216):1069-1075.

Nam SO, Yotsumoto F, Miyata K, Shirasu N, Miyamoto S,
Kuroki M. Possible therapeutic targets among the molecules
involved in the Warburg effect in tumor cells. Anticancer
Res. 2013;33(7):2855-2860.

Israelsen WJ, Dayton TL, Davidson SM, Fiske BP, Hosios
AM, Bellinger G, LiJ Yu'Y, Sasaki M, Horner JW, Burga
LN, Xie J, Jurczak MJ, et al. PKM2 isoform-specific
deletion reveals a differential requirement for pyruvate
kinase in tumor cells. Cell. 2013;155(2):397-409.

Gumz ML, Zou H, Kreinest PA, Childs AC, Belmonte LS,
LeGrand SN, Wu KJ, Luxon BA, Sinha M, Parker AS,
Sun LZ, Ahlquist DA, Wood CG, Copland JA. Secreted
frizzled-related protein 1 loss contributes to tumor
phenotype of clear cell renal cell carcinoma. Clin Cancer
Res. 2007;13(16):4740-4749.

Tun HW, Marlow LA, von Roemeling CA, Cooper SJ,
Kreinest P, Wu K, Luxon BA, Sinha M, Anastasiadis
PZ, Copland JA. Pathway signature and cellular
differentiation in clear cell renal cell carcinoma. PLoS One.
2010;5(5):e10696.

Schmoll D, Balabanov S, Schwarck D, Burchell A, Kleist
B, Zimmermann U, Walther R. Differential expression of
the subunits of the glucose-6-phosphatase system in the
clear cell type of human renal cell carcinoma — no evidence
for an overexpression of protein kinase B. Cancer Lett.
2001;167(1):85-90.

Turner KJ, Moore JW, Jones A, Taylor CF, Cuthbert-
Heavens D, Han C, Leek RD, Gatter KC, Maxwell PH,
Ratcliffe PJ, Cranston D, Harris AL. Expression of hypoxia-
inducible factors in human renal cancer: relationship to
angiogenesis and to the von Hippel-Lindau gene mutation.
Cancer Res. 2002;62(10):2957-2961.

Gottlieb E, Tomlinson IP. Mitochondrial
suppressors: a genetic and biochemical update. Nat Rev
Cancer. 2005;5(11):857-866.

Sanders E. Pseudohypoxia, mitochondrial mutations, the
Warburg effect and cancer. Biomed Res. 2012;23(SI):109-
131.

Dayan F, Roux D, Brahimi-Horn MC, Pouyssegur J, Mazure

tumour

NM. The oxygen sensor factor-inhibiting hypoxia-inducible
factor-1 controls expression of distinct genes through the
bifunctional transcriptional character of hypoxia-inducible

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

factor 1a. Cancer Res. 2006;66(7):3688-3698.

Stubbs M, Griffiths JR. The altered metabolism of tumors:
HIF-1 and its role in the Warburg effect. Adv Enzyme
Regul. 2010;50(1):44-55.

Semenza GL. HIF-1 mediates the Warburg effect in
clear cell renal carcinoma. J. Bioenerg Biomembr.
2007;39(3):231-234.

Denko NC. Hypoxia, HIF1 and glucose metabolism in the
solid tumour. Nat Rev Cancer.2008;8(9):705-713.

McFate T, Mohyeldin A, Lu H, Thakar J, Henriques
J, Halim ND, Wu H, Schell MJ, Tsang TM, Teahan
O, Zhou S, Califano JA, Jeoung NH, et al. Pyruvate
dehydrogenase complex activity controls metabolic
and malignant phenotype in cancer cells. J Biol Chem.
2008;283(33):22700-22708.

Marin-Hernandez A, Gallardo-Perez JC, Ralph SJ,
Rodriguez-Enriquez S, Moreno-Sanchez R. HIF-1lalpha
modulates energy metabolism in cancer cells by inducing
over-expression of specific glycolytic isoforms. Mini Rev
Med Chem. 2009;9(9):1084-1101.

Kim JJ, Rini BI, Hansel DE. Von Hippel LIndau syndrome.
Adv Exp Med Biol. 2010;685:228-249.

Ozcan A, Shen SS, Zhai QJ, Truong LD. Expression of
GLUT]1 in primary renal tumors: morphologic and biologic
implications. Am J Clin Pathol. 2007;128(2):245-254.

Mathupala SP, Ko YH, Pedersen PL. The pivotal roles
of mitochondria in cancer: Warburg and beyond and
encouraging prospects for effective therapies. Biochim
Biophys Acta. 2010;1797(6-7):1225-1230.

Pedersen PL. Warburg, me and hexokinase 2: multiple
discoveries of key molecular events underlying one of
cancers’ most common phenotypes, the “Warburg effect”,
i.e., elevated glycolysis in the presence of oxygen. J
Bioenerg Biomembr. 2007;39(3):211-222.

Gelb BD, Adams V, Jones SN, Griffin LD, MacGregor
GR, McCabe ER. Targeting of hexokinase 1 to liver
and hepatoma mitochondria. Proc Natl Acad Sci USA.
1992;89(1):202-206.

Pastorino JG, Hoek JB. Regulation of hexokinase binding
to VDAC. J Bioenerg Biomembr. 2008;40(3):171-182.
Moeller LC, Dumitrescu AM, Refetoff S. Cytosolic
action of thyroid hormone leads to induction of hypoxia-
inducible factor-1a and glycolytic genes. Mol Endocrinol.
2005;19(12):2955-2963.

Liang GP, Su YY, Chen J, Yang ZC, Liu YS, Luo XD.
Analysis of the early adaptive response of endothelial cells
to hypoxia via a long serial analysis of gene expression.
Biochem Biophys Res Commun. 2009;384(4):415-419.
Chen L, Qiu JH, Zhang LL, Luo XD. Adrenomedullin
promotes human endothelial cell proliferation via HIF-1a.
Mol Cell Biochem. 2012;365(1-2):263-273.
Sanchez-Martinez C, AM, Aragon JJ.
Phosphofructokinase C isozyme from ascites tumor cells:

Estevez

cloning, expression, and properties. Biochem Biophys Res

WWWw

.impactjournals.com/oncoscience

178

Oncoscience



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Commun. 2000;271(3):635-640.

Moon JS, Kim HE, Koh E, Park SH, Jin W], Park BW,
Park SW, Kim KS. Kriippel-like factor 4 (KLF4) activates
the transcription of the gene for the platelet isoform of
phosphofructokinase (PFKP) in breast cancer. J Biol Chem.
2011;286(27):23808-23816.

Song E, Ma X, Li H, Zhang P, Ni D, Chen W, Gao
Y, Fan Y, Pang H, Shi T, Ding Q, Wang B, Zhang Y,
Zhang X. Attenuation of Kriippel-like factor 4 facilitates
carcinogenesis by inducing G1/S phase arrest in clear cell
renal cell carcinoma. PLoS One. 2013;8(7):¢67758.

Rider MH, Bertrand L, Vertommen D, Michels PA,
Rousseau GG, Hue L. 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase: head-to-head with a bifunctional
enzyme that controls glycolysis. Biochem J. 2004;381(Pt
3):561-579.

Van Schaftingen E, Hers HG. Phosphofructokinase 2: the
enzyme that forms fructose 2,6-bisphosphate from fructose
6-phosphate and ATP. Biochem Biophys Res Comm.
1981;101(3):1078-1084.

Bando H, Atsumi T, Nishio T, Niwa H, Mishima S, Shimizu
C, Yoshioka N, Bucala R, Koike T. Phosphorylation of the
2,6-bisphophatase/
PFKFB3 family of glycolytic regulators in human cancer.
Clin Cancer Res. 2005;11(16):5784-5792.

Kessler R, Eschrich K. Splice isoforms of ubiquitous

6-phosphofructo-2-kinase/fructose

6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase in
human brain. Brain Res Mol Brain Res. 2001;87(2):190-
195.

Choi 1Y, Wu C, Okar DA, Lange AJ, Gruetter R.
Elucidation of the role of fructose 2,6-bisphosphate in the
regulation of glucose fluxes in mice using in vivo 13C NMR
measurements of hepatic carbohydrate metabolism. Eur J
Biochem. 2002;269(18):4418-4426.

Jin ES, Uyeda K, Kawaguchi T, Burgess SC, Malloy CR,
Sherry AD. Increased hepatic fructose 2,6-bisphosphate
after an oral glucose load does not affect gluconeogenesis.
J Biol Chem. 2003;278(31):28427-28433.

Yalcin A, Telang S, Clem B, Chesney J. Regulation
of glucose metabolism by 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatases in cancer. Exp Mol Pathol.
2009;86(3):174-179.

Atsumi T, Chesney J, Metz C, Leng L, Donnelly S, Makita
Z, Mitchell R, Bucala R. High expression of inducible
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase
(iPFK-2; PFKFB3) in human cancers. Cancer Res.
2002;62(20):5881-5887.

Minchenko OH, Ochiai A, Opentanova IL, Ogura T,
Minchenko DO, Caro J, Komisarenko SV, Esumi H.
Overexpression of 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase-4 in the human breast and colon malignant
tumors. Biochemie. 2005;87(11):1005-1010.

Minchenko OH, Ogura T, Opentanova IL, Minchenko
DO, Ochiai A, Caro J, Komisarenko SV, Esumi H.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

6-Phophofructo-2-kinase/fructose-2,6-bisphosphatase gene
family overexpression in human lung tumor. Ukr Biokhim
Zh. 2005;77(6):46-50.

Bobarykina AY, Minchenko DO, Opentanova IL, Moenner
M, Caro J, Esumi H, Minchenko OH. Hypoxic regulation
of PFKFB-3 and PFKFB-4 gene expression in gastric and
pancreatic cancer cell lines and expression of PFKFB genes
in gastric cancers. Acta Biochim Pol. 2006;53(4):789-799.

Minchenko A, Leshchinsky I, Opentanova I, Sang N,
Srinivas V, Armstead V, Caro J. Hypoxia-inducible factor-
I-mediated expression of the 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase-3 (PFKFB3) gene. Its possible
role in the Warburg effect. J Biol Chem.2002;277(8):6183-
6187.

Minchenko O, Opentanova I, Caro J. Hypoxic regulation of
the 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase
gene family (PFKFB1-4) expression in vivo. FEBS Lett.
2003;554(3):264-270.

Obach M, Navarro-Sabaté A, Caro J, Kong X, Duran J,
Gomez M, Perales JC, Ventura F, Rosa JL, Bartrons R.
6-Phosphofructo-2-kinase (ptktb3) gene promoter contains
hypoxia-inducible factor-1 binding sties necessary for
transactivation in response to hypoxia. J Biol Chem.
2004;279(51):53562-53570.

Minchenko O, Opentanova I, Minchenko D, Ogura T, Esumi
H. Hypoxia induces transcription of 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase-4 gene via hypoxia-
inducible factor-lo activation. FEBS Lett. 2004;576(1-
2):14-20.

Bensaad K, Tsuruta A, Selak MA, Vidal MN, Nakano
K, Bartrons R, Gottlieb E, Vousden KH. TIGAR, a p53-
indcible regulator of glycolysis and apoptosis. Cell.
2006;126(1):107-120.

Ando M, Uehara I, Kogure K, Asano Y, Nakajima W,
Abe Y, Kawauchi K, Tanaka N. Interleuken 6 enhances
glycolysis through expression of the glycolytic enzymes
hexokinase 2 and 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase-3. J Nippon Med Sch. 2010;77(2):97-105.

Novellasdemunt L, Obach M, Millan-Arino L, Manzano
A, Ventura F, Rosa JL, Jordan A, Navarro-Sabate A,
Bartrons R. Progestins activate 6-phosphofructo-2-kinase/
fructose-2,6-phosphatase 3 (PFKFB3) in breast cancer cells.
Biochem J. 2012;442(2):345-356.

Calvo MN, Bartrons R, Castano E, Perales JC, Navarro-
Sabaté A, Manzano A. PFKFB3 gene silencing decreases
glycolysis, delay inhibits
anchorage-independent growth in HeLa cells. FEBS Lett.
2006;580(13):3308-3314.

Hirata T, Watanabe M, Miura S, Ijichi K, Fukasawa
M, Sakakibara N. Inhibition of tumor cell growth
by a specific 6-phosphofructo-2-kinase inhibitor,
N-bromoacetylethanolamine phosphate, and its analogues.
Biosci Biotechnol Biochem. 2000;64(10):2047-2052.

Clem B, Telang S, Clem A, Yalcin A, Meier J, Simmons

induces cell-cycle and

www.impactjournals.com/oncoscience

179

Oncoscience



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

A, Rasku MA, Arumugam S, Dean WL, Eton J, Lane
A, Trent JO, Chesney J. Small-molecule inhibition of
6-phosphofructo-2-kinase activity suppresses glycolytic
flux and tumor growth. Mol Cancer Ther. 2008;7(1):110-
120.

Seo M, Kim JD, Neau D, Sehgal I, Lee YH. Structure-
based development of small molecule PFKFB3 inhibitors: a
framework for potential cancer therapeutic agents targeting
the Warburg effect. PLoS One. 2011;6(9):¢24179.

Sakakibara R, Kato M, Okamura N, Nakagawa T, Komada
Y, Tominaga N, Shimojo M, Fukasawa M. Characterization
of a human placental fructose-6-phosphate, 2-kinase/
fructose-2,6-bisphosphatase. J. Biochem. 1997, 122(1):122-
128.

Sakakibara R, Uemura M, Hirata T, Okamura N, Kato
M: Human placental fructose-6-phosphate, 2-kinase/
fructose-2,6-bisphosphatase: its isozymic form, expression
Biotechnol Biochem

and characterization. Biosci

1997;61(11):1949-1952.

Okar DA, Manzano A, Navarro-Sabaté A, Riera L, Bartrons
R, Lange AJ. PFK-2/FBPase-2: maker and breaker of the
essential biofactor fructose-2.6-bisphosphate. Trends
Biochem Sci. 2001;26(1):30-35.

Hue L, Beauloye C, Bertrand L, Horman S, Krause U,
Marsin AS, Meisse D, Vertommen D, Rider MH: New
targets of AMP-activated protein kinase. Biochem Soc
Trans. 2003;31(Pt 1):213-215.

Ros S, Santos CR, Moco S., Baenke F, Kelly G, Howell
M, Zamboni N, Schulze A. Functional metabolic screen
identifies 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase 4 as an important regulator of prostate
cancer cell survival. Cancer Discov. 2012;2(4):328-343.

Goidts V, Bageritz J, Puccio L Nakata S, Zapatka M,
Barbus S, Toedt G, Campos B, Korshunov A, Momma
S, Van Schaftingen E, Reifenberger G, Herold-Mende C,
et al. RNAI screening in glioma stem-like cells identifies
PFKFB4 as a key molecule important for cancer cell
survival. Oncogene. 2012;31(27):3235-3243.

Mendelsohn AR, Larrick JW. Paradoxical effects of
antioxidants on cancer. Rejuvenation Res. 2014;17(3):306-
311.

Yalcin A, Clem BF, Simmons A, Lane A, Nelson K, Clem
AL, Brock E, Siow D, Wattenberg B, Telang S, Chesney J.
Nuclear targeting of 6-phosphofructo-2-kinsae (PFKFB3)
increases proliferation via cyclin-dependent kinases. J Biol
Chem. 2009;284(36):24223-24232.

Dang, CV. Cancer cell metabolism: there is no ROS for the
weary. Cancer Discov. 2012;2(4):304-307.

Zhu YY, Takashi M, Miyake K, Kato K. An
immunochemical and immunohistochemical study
of aldolase isozymes in renal cell carcinoma. J Urol.
1991;146(2):469-472.

Takashi M, Zhu Y, Nakano Y, Miyake K, Kato K. Elevated
levels of serum aldolase A in patients with renal cell

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

carcinoma. Urol Res. 1992;20(4):307-311.

Castaldo G, Calcagno G, Sibillo R, Cuomo R, Nardone
G, Castellano L, Del Vecchio Blanco C, Budillon G,
Salvatore F. Quantitative analysis of aldolase A mRNA in
liver discriminates between hepatocellular carcinoma and
cirrhosis. Clin Chem. 2000;46(7):901-906.

Unwin, RD, Craven RA, Harnden P, Hanrahan S, Totty
N, Knowles M, Eardley I, Selby PJ, Banks RE. Proteomic
changes in renal cancer and co-ordinate demonstration
of both the glycolytic and mitochondrial aspects of the
Warburg effect. Proteomics. 2003;3(8):1620-1632.

Said HM, Hagemann C, Stojic J, Schoemig B, Vince
GH, Flentje M, Roosen K, Vordermark D. GADPH is not
regulated in human glioblastoma under hypoxic conditions.
BMC Mol Biol. 2007;8:55.

Said HM, Polat B, Hagemann C, Anacker J, Flentje M,
Vordermark D. Absence of GADPH regulation in tumor
cells of different origin under hypoxic conditions in-vitro.
BMC Res Notes. 2009;2:8.

Kashyap MK, Kumar A, Emelianenko N, Kashyap A,
Kaushik R, Huang R, Khullar M, Sharma SK, Singh SK,
Bhargave AK, Upadhyaya SK. Biochemical and molecular
markers in renal cell carcinoma: an update and future
prospects. Biomarkers. 2005;10(4):258-294.

Takashi M, Haimoto H, Tanaka J, Murase T, Kato K.
Evaluation of gamma-enolase as a tumor marker for renal
cell carcinoma. J Urol. 1989;141(4):830-834.

Takashi M, Sakata T, Kato K. Use of serum gamma-enolase
and aldolase A in combination as markers for renal cell
carcinoma. Jpn J Cancer Res. 1993;84(3):304-309.

Yaman O, Baltaci S, Arikan N, Ozdiler E, Gogus O,
Muftuoglu YZ. Serum neuron specific enolase: can it be a
tumour marker for renal cell carcinoma? Int Urol Nephrol.
1996;28(2): 207-210.

Rasmuson T, Grankvist K, Roos G, Ljungberg B.
Neuroendocrine differentiation in renal cell carcinoma —
evaluation of chromgranin A and neuron-specific enolase.
Acta Oncol. 1999;38(5):623-628.

Teng PN, Hood BL, Sun M, Dhir R, Conrads TP.
Differential proteomic analysis of renal cell carcinoma
tissue interstitial fluid. J Proteome Res. 2011;10(3):1333-
1342.

Westlin J, Edgren M, Letocha H, Stridsberg M, Wilander
E, Nilsson S. Positron emission tomography utilizing
C-11
neuroendocrine immunohistochemistry of metastatic renal-
cell carcinoma. Oncol Rep. 1995;2(4):543-548.

Ronkainen H, Soini Y, Vaarala MH, Kauppila S, Hirvikoski
P. Evaluation of neuroendocrine markers in renal cell
carcinoma. Diagn Pathol. 2010;5:28.

Perroud B, Lee J, Valkova N, Dhirapong A, Lin PY, Fiehn
O, Kiiltz D, Weiss RH. Pathway analysis of kidney cancer
using proteomics and metabolic profiling. Mol Cancer.
2006;5:64.

5-hydroxytrytophan, plasma biochemistry and

www.impactjournals.com/oncoscience

180

Oncoscience



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Sun CY, Zang YC, San YX, Sun W, Zhang L. Proteomic
analysis of clear cell renal cell carcinoma. Identification of
potential tumor markers. Saudi Med J. 2010;31(5):525-532.

La Rosa S, Bernasconi B, Micello D, Finzi G, Capella C.
Primary small cell neuroendocrine carcinoma of the kidney:
morphological, immunohistochemical, ultrastructural, and
cytogenetic study of a case and review of the literature.
Endocr Pathol. 2009;20(1):24-34.

Vander Heiden MG, Locasale JW, Swanson KD, Sharfi H,
Heffron GJ, Amador-Noguez D, Christofk HR, Wagner G,
Rabinowitz JD, Asara JM, Cantley LC. Evidence for an
alternative glycolytic pathway in rapidly proliferating cells.
Science. 2010;329(5998):1492-1499.

Possemato R, Marks KM, Shaul YD, Pacold ME, Kim
D, Birsoy K, Sethumadhavan S, Woo HK, Jang HG, Jha
AK, Chen WW, Barrett FG, Stransky N, et al. Functional
genomics reveal that the serine synthesis pathway is
essential in breast cancer. Nature. 2011;476(7360):346-350.

Locasale JW, Grassian AR, Melman T, Lyssiotis CA,
Mattaini KR, Bass AJ, Heffron G, Metallo CM, Muranen
T, Sharfi H, Sasaki AT, Anastasiou D, Mullarkey E, et al.
Phosphoglycerate dehydrogenase diverts glycolytic flux and
contributes to oncogenesis. Nat Genet. 2011;43(9):869-874.

Vazquez A, Markert EK, Oltvai ZN. Serine biosynthesis
with one carbon catabolism and the glycine cleavage system
represents a novel pathway for ATP generation. PLoS One.
2011;6(11):e25881.

Vié N, Copois V, Bascoul-Mollevi C, Denis V, Bec N,
Robert B, Frasion C, Conseiller E, Molina F, Larroque
C, Martineau P, Del Rio M, Gongora C. Overexpression
of phosphoserine aminotransferase PSAT1 stimulates cell
growth and increases chemoresistance of colon cancer cells.
Mol Cancer. 2008;7:14.

Mazurek S. Pyruvate kinase type M2: a key regulator of the
metabolic budget system in tumor cells. Int J Biochem Cell
Biol. 2011;43(7):969-980.

Eigenbrodt E, Basenau D, Holthusen S, Mazurek S,
Fischer G. Quantification of tumor type M2 pyruvate
kinase (Tu M2-PK) in human carcinomas. Anticancer Res.
1997;17(4B):3153-3156.

Mazurek S, Boschek CB, Hugo F, Eigenbrodt E. Pyruvate
kinase type M2 and its role in tumor growth and spreading.
Semin Cancer Biol. 2005;15(4):300-308.

Jurica MS, Mesecar A, Heath PJ, Shi W, Nowak T, Stoddard
BL. The allosteric regulation of pyruvate kinase by fructose-
1,6-bisphosphate. Structure. 1998;6(2):195-210.

Mazurek S, Eigenbrodt E. The tumor metabolome.
Anticancer Res. 2003;23(2A):1149-1154.

Dombrauckas JD, Santarsiero BD, Mesecar AD. Structural
basis for tumor pyruvate kinase M2 allosteric regulation and
catalysis. Biochemistry. 2005;44(27):9417-9429.

Kumar S, Barth. The allosteric effect of fructose

bisphosphate on muscle pyruvate kinase studied by infrared
spectroscopy. J Phys Chem B. 2011;115(39):11501-11505.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Anastasiou D, Yu Y, Israelsen WJ, Jiang JK, Boxer MB,
Hong BS, Tempel W, Dimov S, Shen M, Jha A, Yang
H, Mattaini KR, Metallo CM, et al. Pyruvate kinase M2
activators promote tetramer formation and suppress
tumorigenesis. Nat Chem Biol. 2012;8(10):839-847.
Morgan HP, O’Reilly FJ, Wear MA, O’Neill JR, Fothergill-
Gillmore LA, Hupp T, Walkinshaw MD: M2 pyruvate
kinase provides a mechanism for nutrient sensing and
regulation of cell proliferation. Proc Natl Acad Sci USA.
2013;110(15):5881-5886.

Eigenbrodt E, Reinacher M, Scheefers-Borchel U, Scheefers
H, Friis R. Double role for pyruvate kinase type M2 in the
expansion of phosphometabolite pools found in tumor cells.
Crit Rev Oncog. 1992;3(1-2):91-115.

Chaneton B, Hillmann P, Zheng L, Martin AC, Maddocks
OD, Chokkathukalam A, Coyle JE, Jankevics A, Holding
FP, Vousden KH, Frezza C, O’Reilly M, Gottlieb E. Serine
is a natural ligand and allosteric activator of pyruvate kinase
M2. Nature. 2012;491(7424):458-462.

Presek P, Reinacher M, Eigenbrodt E. Pyurvate kinase
type M2 is phosphorylated at tyrosine residues in
cells transformed by Rous sarcoma virus. FEBS Lett.
1988;242(1):194-198.

Mazurek S. Pyruvate kinase type M2: a key regulator within
the tumour metabolome and a tool for metabolic profiling
of tumours. Ernst Schering Found Symp Proc. 2007;(4):99-
124.

Hitosugi T, Kang S, Vander Heiden MG, Chung TW, EIf
S, Lythgoe K, Dong S, Lonial S, Wang X, Chen GZ, Xie J,
Gu TL, Polakiewicz RD, et al.: Tyrosine phosphorylation
inhibits PKM2 to promote the Warburg effect and tumor
growth. Sci Signal. 2009;2(97):ra73.

Christofk HR, Vander Heiden MG, Wu N, Asara JM,
Cantley LC. Pyruvate kinase M2 is a phosphotyrosine-
binding protein. Nature. 2008;452(7184):181-186.

Parnell KM, Foulks JM, Nix RN, Clifford A, Bullough J,
Luo B, Senina A, Vollmer D, Liu J, McCarthy V, Xu Y,
Saunders M, Liu XH, et al. Pharmacological activation of
PKM2 slows lung tumor xenograft growth. Mol Cancer
Ther. 2013;12(8):1453-1460.

Liiftner D, Mesterharm J, Akrivakis C, Geppert R, Petrides
PE, Wernecke KD, Possinger K. Tumor type M2 pyruvate
kinase expression in advanced breast cancer. Anticancer
Res. 2000;20(6D):5077-5082.

Yilmaz S, Ozan S, Ozercan IH. Comparison of pyruvate
kinase variants from breast tumor and normal breast. Arch
Med Res. 2003;34(4):315-324.

Schneider J, Neu K, Grimm H, Velcovsky HG, Weisse G,
Eigenbrodt E. Tumor M2-pyruvate kinase in lung cancer
patients: immunohistochemical detection and disease
monitoring. Anticancer Res. 2002;22(1A):311-318.
Schneider J, Peltri G, Bitterlich N, Philipp M, Velcovsky
HG, Morr H, Katz N, Eigenbrodt E. Fuzzy logic-based
tumor marker profiles improved sensitivity of the detection

WWWw

.impactjournals.com/oncoscience

181

Oncoscience



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

of progression in small-cell lung cancer patients. Clin Exp
Med. 2003;2(4):185-191.

Kaura B, Bagga R, Patel F. Evaluation of the pyruvate
kinase isoenzyme tumor (Tu M2-PK) as a tumor marker for
cervical carcinoma. J Obstet Gynaecol Res. 2004;30(3):193-
196.

Ugurel S, Bell N, Sucker A, Zimpfer A, Rittgen W,
Schadendorf D. Tumor type M2 pyruvate kinase (TuM2-
PK) as a novel plasma tumor marker in melanoma. Int J
Cancer. 2005;117(5):825-830.

Tonus C, Sellinger M, Koss K, Neupert G. Faecal pyruvate
kinase isoenzyme type M2 for colorectal cancer screening:
a meta-analysis. World J Gastroenterol. 2012;18(30):4004-
4011.

Yamada K, Noguchi T. Nutrient and hormonal regulation of
pyruvate kinase gene expression. Biochem J. 1999;337(Pt
1):1-11.

Brinck U, Eigenbrodt E, Ochmke M, Mazurek S, Fischer
G. L- and M2- pyruvate kinase expression in renal
cell carcinomas and their metastases. Virchows Arch.
1994;424(2):177-185.

David CJ, Chen M, Assanah M, Canoll P, Manley
JL. HnRNP proteins controlled by c-Myc deregulate
pyruvate kinase mRNA splicing in cancer. Nature.
2010;463(7279):364-368.

Chen M, David CJ, Manley JL. Concentration-dependent
control of pyruvate kinase M mutually exclusive splicing by
hnRNP proteins. Nat Struct Mol Biol. 2012;19(3):346-354.

Bluemlein K, Griining NM, Feichtinger RG, Lehrach H,
Kofler B, Ralser M. No evidence for a shift in pyruvate
kinase PKM1 to PKM2 expression during tumorigenesis.
Oncotarget. 2011;2(5):393-400.

Wechsel HW, Petri E, Bichler KH, Feil. Marker for renal
cell carcinoma (RCC): the dimeric form of pyruvate kinase
type M2 (Tu M2-PK). Anticancer Res. 1999;19(4A):2583-
2590.

Oremek GM, Sapoutzis N, Kramer W, Bickeboller R, Jonas
D. Value of tumor-M2 (Tu M2-PK) in patients with renal
carcinoma. Anticancer Res. 2000;20(6D):5095-5098.

Hegele A, Varga Z, Kosche B, Stief T, Heidenreich A,
Hofmann R. Pyruvate kinase type tumor M2 in urological
malignancies. Urol Int. 2003;70(1):55-58.

Johann DJ Jr, Wei BR, Prieto DA, Chan KC, Ye X, Valera
VA, Simpson RM, Rudnick PA, Xiao Z, Issaq HJ, Linchan
WM, Stein SE, Veenstra TD, Blonder J. Combined blood/
tissue analysis for cancer biomarker discovery: application
to renal cell carcinoma. Anal Chem. 2010;82(5):1584-1588.
Nisman B, Yutkin V, Nechushtan H, Gofrit ON, Peretz
T, Gronowitz S, Pode D. Circulating tumor M2 pyruvate
kinase and thymidine kinase 1 are potential predictors
for disease recurrence in renal cell carcinoma after
nephrectomy. Urology. 2010;76(2):513.e1-6.

Ward PS, Thompson CB. Metabolic reprogramming: a
cancer hallmark even Warburg did not anticipate. Cancer

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Cell. 2012;21(3):297-308.

Triplitt CL. Understanding the kidneys’ role in blood
glucose regulation. Am J Manag Care. 2012;18(1
Suppl):S11-S16.

Jitrapakdee S, Vidal-Puig A, Wallace J. Anaplerotic roles of
pyruvate carboxylase in mammalian tissues. Cell Mol Life
Sci. 2006;63(7-8):843-854.
Nordlie RC, Lardy HA.
phosphenolpyruvate carboxykinase activities. J Biol Chem.
1963;238:2259-2263.

Watford M, Hod Y, Chiao YB, Utter MF, Hanson RW.
The unique role of the kidney in gluconeogenesis in
the chicken. The significance of a cytosolic form of
phosphoenolpyruvate carboxykinase. J Biol Chem.
1981;256(19):10023-10027.

Burgess SC, He T, Yan Z, Lindner J, Sherry AD,
Malloy CR, Browning JD, Magnuson MA. Cytosolic
phosphoenolpyruvate carboxykinase does not solely control

Mammalian  liver

the rate of hepatic gluconeogenesis in the intact mouse liver.
Cell Metab. 2007;5(4):313-320.

Chakravarty K, Cassuto H, Reshef L, Hanson RW. Factors
that control the tissue-specific transcription of the gene for
phosphoenolpyruvate carboxykinase-C. Crit Rev Biochem
Mol Biol. 2005;40(3):129-154.

Lardy HA, Pactkau V, Walter P. Paths of carbon in
gluconeogenesis and lipogenesis: the role of mitochondria
in supplying precursors of phosphoenolpyruvate. Proc Natl
Acad Sci USA. 1965;53(6):1410-1415.

Rognstad R, Katz J. Gluconeogenesis in the kidney cortex.
Effects of D-malate and amino-oxyacetate. Biochem J.
1970;116(3):483-491.

Rajas F, Jourdan-Pineau H, Stefanutti A, Mrad EA,
PB, Mithieux.
localization of glucose 6-phosphatase and cytosolic

Iynedjian Immunocytochemical
phosphoenolpyruvate carboxykinase in gluconeogenic
tissues reveals unsuspected metabolic zonation. Histochem
Cell Biol. 2007;127(5):555-565.

Takahashi M, Rhodes DR, Furge KA, Kanayama H,
Kagawa S, Haab BB, Teh BT. Gene expression profiling
of clear cell renal cell carcinoma: gene identification
and prognostic classification. Proc Natl Acad Sci USA.
2001;98(17):9754-9759.

Takahashi M, Teh BT, Kanayama HO. Elucidation of
the molecular signatures of renal cell carcinoma by gene
expression profiling. J Med Invest. 2006;53(1-2):9-19.
Penhoet EE, Kochman M, Rutter WJ. Isolation of
fructose diphosphate aldolases A, B, and C. Biochemistry.
1969;8(11):4391-4395.

Eagles PA, Igbal M. A comparative study of aldolase from
human muscle and liver. Biochem J. 1973;133(3):429-439.
Yanez AJ, Ludwig HC, Bertinat R, Spichiger C, Gatica R,
Berlien G, Leon O, Brito M, Concha I1, Slebe JC. Different
involvement for aldolase isoenzymes in kidney glucose
metabolism: aldolase B but not aldolase A colocalizes

www.impactjournals.com/oncoscience

182

Oncoscience



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

and forms a complex with FBPase. J Cell Physiol.
2005;202(3):743-753.

Bouteldja N, Timson DJ. The biochemical basis of
hereditary fructose intolerance. J Inherit Metab Dis.
2010;33(2):105-112.

Ali M, Rellos P, Cox TM. Hereditary fructose intolerance. J
Med Genet. 1998;35(5):353-365.

Coffee EM, Yerkes L, Ewen EP, Zee T, Tolan DR. Increased
prevalence of mutant null alleles that cause hereditary
fructose intolerance in the American population. J Inherit
Metab Dis. 2010;33(1):33-42.

Hwa JS, Kim HJ, Goo BM, Park HJ, Kim CW, Chung
KH, Park HC, Chang SH, Kim YW, Kim DR, Cho GJ,
Choi WS Kang KR. The expression of ketohexokinase is
diminished in human clear cell type of renal cell carcinoma.
Proteomics. 2006;6(3):1077-1084.

Peng JP, Zhang J, Hwang HW, Wang FH, Du XJ, Luo
PC. L-arginine-glycine amidinotransferase, betaine-
homocysteine S-methlytransferase, and neuropolypeptide
H3 are diminished in renal clear cell carcinoma of humans.
Saudi Med J. 2011.32(5):467-473.

Aparicio LM, Villaamil V, Calvo MB, Rubira LV, Rois JM,
Valladares-Ayerbes M, Campelo RG, Bolos MV, Pulido
EG. Glucose transporter expression and the potential role
of fructose in renal cell carcinoma: a correlation with

pathological parameters. Mol Med Rep. 2010;3(4):575-580.

Medina Villaamil V, Aparicio Gallego G, Valbuena Rubira
L, Garcia Campelo R, Valladares-Ayerbes M, Grande
Pulido E, Victoria Bolos M, Santamarina Cainzos I, Anton
Aparicio LM. Fructose transporter GLUTS expression in
clear renal cell carcinoma. Oncol Rep. 2011;25(2):315-323.

Steinberg P, Storkel S, Oesch F, Thoenes W. Carbohydrate
metabolism in human renal clear cell carcinomas. Lab
Invest. 1992;67(4):506-511.

Li B, Qiu B, Lee DS, Walton ZE, Ochocki JD, Mathew
LK, Mancuso A, Gade TP, Keith B, Nissim I, Simon MC.
Fructose-1,6-bisphosphatase opposes renal carcinoma
progression. Nature. 2014;513(7517):251-255

Snell, K. Enzymes of serine metabolism in normal
and neoplastic rat tissues. Biochim Biophys Acta.
1985;843(2):276-281.

Toyama A, Suzuki A, Shimada T, Aoki C, Aoki Y, Umino Y,
Nakamura Y, Aoki D, Sato TA. Proteomic characterization
of ovarian cancers identifying annexin-A4, phosphoserine
aminotransferase, cellular retinoic acid-binding protein 2,
and serpin BS5 as histology-specific biomarkers. Cancer Sci.
2012;103(4):747-755.

Souchelnytskyi S, Lomnytska M, Dubrovska A, Hellman
U, Volodko N. Proteomics success story. Towards early
detection of breast and ovarian cancer: plasma proteomics
as a tool to find novel markers. Proteomics. 2006;6(Suppl
2):65-68.

Bluemlein K, Gliickmann M, Griining NM, Feichtinger R,
Kriiger A, Wamelink M, Lehrach H, Tate S, Neureiter D,

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Kofler B, Ralser M. Pyruvate kinase is a dosage-dependent
regulator of cellular amino acid homeostasis. Oncotarget.
2012;3(11):1356-1369.

Ferreira LM, Hebrant A, Dumont JE. Metabolic
reprogramming of the tumor. Oncogene. 2012;31(36):3999-
4011.

Icard P, Lincet H: A global view of the biochemical
pathways involved in the regulation of the metabolism of
cancer cells. Biochim Biophys Acta. 2012;1826(2):423-433.
Boros LG, Puigjaner J, Cascante M, Lee WN, Brandes
JL, Bassilian S, Yusuf FI, Williams RD, Muscarella
P, Melvin WS, Schirmer WI.
dehydroepiandrosterone inhibit the nonoxidative synthesis

Oxythiamine and

of ribose and tumor cell proliferation. Cancer Res.
1997;57(19):4242-4248.

Langbein S, Zerilli M, Zur Hausen A, Staiger W, Rensch-
Boschert K, Lukan, N, Popa J, Ternullo MP, Steidler A,
Weiss C, Grobholz R, Willeke F, Alken P, et al. Expression
of transketolase TKTL1 predicts colon and urothelial cancer
patient survival: Warburg effect reinterpreted. Br J Cancer.
2006;94(4):578-585.

Zhao F, Mancuso A, Bui TV, Tong X, Gruber JJ, Swider
CR, Sanchez PV, Lum JJ, Sayed N, Melo JV, Perl AE,
Carroll M, Tuttle SW, Thompson CB. Imatinib-resistance
associated with BCR-ABL upregulation is dependent
on HIF-la-induced metabolic reprograming. Oncogene.
2010;29(20):2962-2972.

Krockenberger M, Engel JB, Schmidt M, Kohrenhagen
N, Héusler SF, Dombrowski Y, Kapp M, Dietl J,
Honig A. Expression of transketolase-like 1 protein
(TKTL1) in human endometrial cancer. Anticancer Res.
2010;30(5):1653-1659.

Diaz-Moralli S, Tarrado-Castellarnau M, Alenda C,
Castells A, Cascante M. Transketolase-like 1 expression
is modulated during colorectal cancer progression and
metastasis formation. PLoS One. 2011;6(9):e25323.

Feyen O, Coy JF, Prasad V, Schierl R, Saenger J, Baum
RP. EDIM-TKTLI blood test: a noninvasive method to
detect upregulated glucose metabolism in patients with
malignancies. Future Oncol. 2012;8(10):1349-1359.

Fritz P, Coy JF, Mirdter TE, Ott G, Alscher MD, Friedel
G. TKTL-1 expression in lung cancer. Pathol Res Pract.
2012;208(4):203-209.

Comin-Anduix B, Boren J, Martinez S, Moro C, Centelles
JJ, Trebukhina R, Petushok N, Lee WN, Boros LG,
Cascante M. The effect of thiamine supplementation on
tumour proliferation. A metabolic control analysis study.
Eur J Biochem. 2001;268(15):4177-4182.

Yang CM, Liu YZ, Liao JW, Hu ML. The in vitro and
in vivo anti-metastatic efficacy of oxythiamine and the
possible mechanisms of action. Clin Exp Metastasis.
2010;27(5):341-349.

Thomas AA, Le Huerou Y, De Meese J, Gunawardana
I, Kaplan T, Romoff TT, Gonzales SS, Condroski K,

www.impactjournals.com/oncoscience

183

Oncoscience



158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Boyd SA, Ballard J, Bernat B, DeWolf W, Han M, et
al. Synthesis, in vitro and in vivo activity of thiamine
antagonist transketolase inhibitors. Bioorg Med Chem Lett.
2008;18(6):2206-2210.

Langbein S, Frederiks WM, zur Hausen A, Popa J, Lehmann
J, Weiss C, Alken P, Coy JF. Metastasis is promoted by a
bioenergetic switch: new targets for progressive renal cell
cancer. Int J Cancer. 2008;122(11):2422-2428.

Mayer A, von Wallbrunn A, Vaupel P. Glucose metabolism
of malignant cells is not regulated by transketolase-like
(TKTL)-1. Int J Oncol. 2010;37(2):265-271.

Maslova AO, Meshalkina LE, Kochetov GA. Computer
TKTLI, a
marker of certain tumor tissues. Biochemistry (Mosc).
2012;77(3):296-299.

Jones NP, Schulze A. Targeting cancer metabolism — aiming
at a tumour’s sweet-spot. Drug Discov Today. 2012;17(5-
6):232-241.

Drent M, Cobben NA, Henderson RF, Wouters EF, van
Dieijen-Visser M. Usefulness of lactate dehydrogenase

modeling of transketolase-like protein,

and its isoenzymes as indicators of lung damage or
inflammation. Eur Resipr J. 1996;9(8):1736-1742.
Shim H, Dolde C, Lewis BC, Wu CS, Dang G, Jungmann
RA, Dalla-Favera R, Dang CV. c-Myc transactivation of
LDH-A: implications for tumor metabolism and growth.
Proc Natl Acad Sci USA. 1997;94(13):6658-6663.

Zhuang L, Scolyer RA, Murali R, McCarthy SW, Zhang
XD, Thompson JF, Hersey P. Lactate dehydrogenase 5
expression in melanoma increases with disease progression
and is associated with expression of Bel-XL and Mcl-1, but
not Bcl-2 proteins. Mod Pathol. 2010;23(1):45-53.

Koukourakis MI, Giatromanolaki A, Winter S, Leek R,
Sivridis E, Harris A. Lactate dehydrogenase 5 expression
in squamous cell head and neck cancer relates to prognosis
following radical or postoperative radiotherapy. Oncology.
2009;77(5):285-292.

Dhup S, Dadhich RK, Porporato PE, Sonveaux P. Multiple
biological activities of lactic acid in cancer: influences on
tumor growth, angiogenesis and metastasis. Curr Pharm
Des. 2012;18(10):1319-1330.

Pinheiro C, Reis RM, Ricardo S, Longatto-Filho A,
Schmitt F, Baltazar F. Expression of monocarboxylate
transporters 1, 2, and 4 in human tumours and their
association with CD147 and CD44. J Biomed Biotechnol.
2010;2010:427694.

Dimmer KS, Friedrich B, Lang F, Deitmer JW, Broer S. The
low-affinity monocarboxylate transporter MCT4 is adapted
to the export of lactate in highly glycolytic cells. Biochem
J.2000;350(Pt 1):219-227.

Gerlinger M, Santos CR, Spencer-Dene B, Martinez P,
Endesfelder D, Burrell RA, Vetter M, Jiang M, Saunders
RE, Kelly G, Dykema K, Rioux-Leclercq N, Stamp G,
et al. Genome-wide RNA interference analysis of renal
carcinoma survival regulators identifies MCT4 as a Warburg

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

effect metabolic target. J Pathol. 2012;227(2):146-156.

Fisel P, Kruck S, Winter S, Bedke J, Hennenlotter J, Nies
AT, Scharpf M, Fend F, Stenzl A, Schwab M, Schaeffeler
E. DNA methylation of the SLC16A3 promoter regulates
expression of the human lactate transporter MCT4 in renal
cancer with consequences for clinical outcome. Clin Cancer
Res. 2013;19(18):5170-5181.

Kim JW, Tchernyshyov I, Semenza GL, Dang CV. HIF-1-
mediated expression of pyruvate dehydrogenase kinase:
a metabolic switch required for cellular adaptation to
hypoxia. Cell Metab. 2006;3(3):177-185.
Moreno-Sanchez R, Rodriguez-Enriquez S, Marin-
Hernandez A, Saavedra. Energy metabolism in tumor cells.
FEBS J. 2007;274(6):1393-1418.

Koppenol WH, Bounds PL, Dang CV. Otto Warburg’s
contributions to current concepts of cancer metabolism. Nat
Rev Cancer. 2011;11(5):325-337.

DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB.
The biology of cancer: metabolic reprogramming fuels cell
growth and proliferation. Cell Metab. 2008;7(1):11-20.
Hatzivassiliou G, Zhao F, Bauer DE, Andreadis C, Shaw
AN, Dhanak D, Hingorani SR, Tuveson DA, Thompson
CB. ATP citrate lyase inhibition can suppress tumor cell
growth. Cancer Cell. 2005;8(4):311-321.

Zaidi N, Swinnen JV, Smans K. ATP-citrate lyase:
a key player in cancer metabolism. Cancer Res.
2012;72(15):3709-3714.

Schwartz L, Abolhassani M, Guais A, Sanders E, Steyaert
JM, Campion F, Israel M. A combination of alpha lipoic
acid and calcium hydroxycitrate is efficient against
mouse cancer models: preliminary results. Oncol Rep.
2010;23(5):1407-1416.

Abramson HN. The lipogenesis pathway as a cancer target.
J Med Chem. 2011;54(16):5615-5638.

Horiguchi A, Asano T Asano T, Ito K, Sumitomo M,
Hayakawa M. Fatty acid synthase over expression is an
indicator of tumor aggressiveness and poor prognosis in
renal cell carcinoma. J Urol. 2008;180(3):1137-1140.

Hakimi AA, Furberg H, Zabor EC, Jacobsen A, Schultz N,
Ciriello G, Mikklineni N, Fiegoli B, Kim PH, Voss MH,
Shen H, Laird PW, Sander C, et al. An epidemiological and
genomic investigation into the obesity paradox in renal cell
carcinoma. J Natl Cancer Inst. 2013;105(24):1862-1870.
Wellen KE, Hatzivassiliou G, Sachdeva UM, Bui
TV, Cross JR, Thompson CB. ATP-citrate lyase links
cellular metabolism to histone acetylation. Science.
2009;324(5930):1076-1080.

Cheng T, Sudderth J, Yang C, Mullen AR, Jin ES, Matés
M, DeBerardinis RJ. Pyruvate carboxylase is required for
glutamine-independent growth of tumor cells. Proc Natl
Acad Sci USA. 2011;108(21):8674-8679.

Cantor JR, Sabatini DM. Cancer cell metabolism: one
hallmark, many faces. Cancer Discov. 2012;2(10):881-898.

DeBerardinis RJ, Cheng T. Q’s next: the diverse functions

www.impactjournals.com/oncoscience

184

Oncoscience



185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

of glutamine in metabolism, cell biology and cancer.
Oncogene. 2010;29(3):313-324.

Daye D, Wellen KE. Metabolic reprogramming in cancer:
unraveling the role of glutamine in tumorigenesis. Semin
Cell Dev Biol. 2012;23(4):362-369.

Ruiz-Perez MV, Sanchez-Jiminez F, Alonso FJ, Segura JA,
Marquez J, Medina MA. Glutamine, glucose and other fuels
for cancer. Curr Pharm Des. 2014;20(15):2557-2579.

Mates JM, Segura JA, Martin-Rufian M, Campos-Sandoval
JA, Alonso FJ, Marquez J. Glutaminase isoenzymes as key
regulators in metabolic and oxidative stress against cancer.
Curr Mol Med. 2013;13(4):514-534.

van den Heuvel AP, Jing J, Wooster RF, Bachman KE.
Analysis of glutamine dependency in non-small cell lung
cancer: GLSI splice variety GAC is essential for cancer cell
growth. Cancer Biol Ther. 2012;13(12):1185-1194.

Pajic T, Cernelc P, Sesek Briski A, Lejko-Zupanc T, Malesic
I. Glutamate dehydrogenase activity in lymphocytes of
B-cell chronic lymphocytic leukaemia patients. Clin
Biochem. 2009;42(16-17):1677-1684.

McGivan JD, Bungard CI. The transport of glutamine into
mammalian cells. Front Biosci. 2007;12:874-882.

Fuchs BC, Bode BP. Amino acid transporters ASCT2 and
LAT1 in cancer: partners in crime? Semin Cancer Biol.
2005;15(4):254-266.

Fuchs BC, Finger RE, Onan MC, Bode BP. ASCT2
silencing regulates mammalian target-of-rapamycin growth
and survival signaling in human hepatoma cells. Am J
Physiol Cell Physiol. 2007;293(1):C55-63.

Erickson JW, Cerione RA. Glutaminase: a hot spot
for regulation of cancer cell metabolism? Oncotarget.
2010;1(8):734-740.

Wise DR, DeBerardinis RJ, Mancuso A, Sayed N,
Zhang XY, Pfeiffer HK, Nissim I, Daikhin E, Yudkoff
M, McMahon SB, Thompson CB. Myc regulates a
transcriptional program that stimulates mitochondrial
glutaminolysis and leads to glutamine addiction. Proc Natl
Acad Sci USA. 2008;105(48):18782-18787.

Gao P, Tchernyshyov I, Chang TC, Lee YS, Kita K,
Ochi T, Zeller KI, De Marzo AM, Van Eyk JE, Mendell
JT, Dang CV. c-Myc suppression of miR-23a/b enhances
mitochondrial glutaminase expression and glutamine
metabolism. Nature. 2009;458(7239):762-765.

Stumvoll M, Perriello G, Meyer C, Gerich J. Role of
glutamine in human carbohydrate metabolism in kidney
and other tissues. Kidney Int. 1999;55(3):778-792.

Curi R, Newsholme P, Procopio J, Lagranha C, Gorjao
R, Pithon-Curi TC. Glutamine, gene expression, and cell
function. Front Biosci. 2007;12:344-357.

Hensley CT, Wasti AT, DeBerardinis RJ. Glutamine and
cancer: cell biology, physiology, and clinical opportunities.
J Clin Invest. 2013;123(9):3678-3684.

Metallo CM, Gameiro PA, Bell EL, Mattaini KR, Yang
J, Hiller K, Jewell CM, Johnson ZR, Irvine DJ, Guarente

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

L, Kelleher JK, Vander Heiden MG, Iliopoulos O,
Stephanopoulos G. Reductive glutamine metabolism
by IDHI mediates lipogenesis under hypoxia. Nature.
2011;481(7381):380-384.

Gameiro PA, Yang J, Metelo AM, Perez-Carro R, Baker
R, Wang Z, Arreola A, Rathmell WK, Olumi A, Lopez-
Larrubia P, Stephanopoulos G, Iliopoulos O. In vivo HIF-
mediated reductive carboxylation is regulated by citrate
levels and sensitizes VHL-deficient cells to glutamine
deprivation. Cell Metab. 2013;17(3):372-385.

Filipp FV, Scott DA, Ronal ZA, Osterman AL, Smith JW.
Reverse TCA cycle flux through isocitrate dehydrogenases
1 and 2 is required for lipogenesis in hypoxic melanoma
cells. Pigment Cell Melanoma Res. 2012;25(3):375-383.
Wise DR, Ward PS, Shay JE, Cross JR, Gruber JJ, Sachdeva
UM, Platt JM, DeMatteo RG, Simon MC, Thompson CB.
Hypoxia promotes isocitrate dehydrogenase-dependent
carboxylation of a-ketoglutarate to citrate to support
cell growth and viability. Proc Natl Acad Sci USA.
2011;108(49):19611-19616.

Moreno-Sanchez R, Marin-Hernandez A, Saavedra E,
Pardo JP, Ralph SJ, Rodriguez-Enriquez S. Who controls
the ATP supply in cancer cells? Biochemistry lessons to
understand cancer energy metabolism. Int J Biochem Cell
Biol. 2014;50:10-23.

lacobazzi V, Palmieri F, Runswick MJ, Walker JE.
Sequences of the human and bovine genes for the
mitochondrial carrier. DNA  Seq.
1992;3(2):79-88.

Son J, Lyssiotis CA, Ying H, Wang X, Hua S, Ligorio
M, Perera RM, Ferrone CR, Mullarky E, Shyh-Chang
N, Kang Y, Fleming JB, Bardeesy N, et al. Glutamine
supports pancreatic cancer growth through a Kras-regulated

metabolic pathway. Nature. 2013;496(7443):101-105.

Lyssiotis CA, Son J, Cantley LC, Kimmelman AC.
Pancreatic cancers rely on a novel glutamine metabolism
pathway to maintain redox balance. Cell Cycle.
2013;12(13):1987-1988.

Matsuno T. Pathway of glutamate oxidation and its

2-oxoglutarate

regulation in the HuH13 line of human hepatoma cells. J
Cell Physiol. 1991;148(2):290-294.

Gaglio D, Metallo CM, Gameiro PA, Hiller K, Danna
LS, Balestrieri C, Alberghina L, Stephanopoulos G,
Chiaradonna F. Oncogenic K-Ras decouples glucose and
glutamine metabolism to support cancer cell growth. Mol
Syst Biol. 2011;7:523.

White NM, Masui O, Desouza LV, Krakovska O, Metias
S, Romaschin AD, Honey RJ, Stewart R, Pace K, Lee J,
Jewett MA, Bjarnason GA, Siu KW, Yousef G. Quantitative
proteomic analysis reveals potential diagnostic markers and
pathways involved in pathogenesis of renal cell carcinoma.
Oncotarget. 2014;5(2):506-518.

DeBerardinis RJ, Mancuso A, Daikhin E, Nissim I, Yudkoff
M, Wehrli S, Thompson CB. Beyond aerobic glycolysis:

www.impactjournals.com/oncoscience

185

Oncoscience



211.

212.

213.

214.

215.

216.

217.

218.

219.

transformed cells can engage in glutamine metabolism
that exceeds the requirement for protein and nucleotide
synthesis. Proc Natl Acad Sci USA. 2007;104(49):19345-
19350.

Yang C, Sudderth J, Dang T, Bachoo RM, McDonald
JG, DeBerardinis RJ. Glioblastoma cells require
glutamine dehydrogenase to survive impairments of
glucose metabolism or Akt signaling. Cancer Res.
2009;69(20):7986-7993.

Le A, Lane AN, Hamaker M, Bose S, Gouw A, Barbi J,
Tsukamoto T, Rojas CJ, Slusher BS, Zhang H, Zimmerman
LJ, Liebler DC, Slebos RJ, et al. Glucose-independent
glutamine metabolism via TCA cycling for proliferation
and survival in B-cells. Cell Metab. 2012;15(1):110-121.
Nicklin P, Bergman P, Zhang B, Triantafellow E, Wang
H, Nyfeler B, Yang H, Hild M, Kung C, Wilson C, Myer
VE, MacKeigan JP, Porter JA, et al. Bidirectional transport
of amino acids regulates mTOR and autophagy. Cell.
2009;136(3):521-534.

Hassanein M, Hoeksema MD, Shiota M, Qian J, Harris
BK, Chen H, Clark JE, Alborn WE, Eisenberg R, Massion
PP. SLC1AS5 mediates glutamine transport required for
lung cancer cell growth and survival. Clin Cancer Res.
2013;19(3):560-570.

Wang Q, Beaumont KA, Otte NJ, Font J, Bailey CG,
van Geldermalsen M, Sharp DM, Tiffen JC, Ryan RM,
Jormakka M, Haass NK, Rasko JE, Holst J. Targeting
glutamine transport to suppress melanoma cell growth. Int
J Cancer. 2014;135(5):1060-1071..

Luo W, Hu H, Chang R, Zhong J, Knabel M, O’Meally R,
Cole RN, Pandev A, Semenza GL. Pyruvate kinase M2 is a
PHD3-stimulated coactivator for hypoxia-inducible factor
1. Cell. 2011;145(5):732-744.

Chaneton B, Gottlieb E. Rocking cell metabolism: revised
functions of the key glycolytic regulator PKM?2 in cancer.
Trends Biochem Sci. 2012;37(8):309-316.

Jewett MA, Zuniga A. Renal tumor natural history: the
rational and role for active surveillance. Urol Clin North
Am. 2008;35(4):627-634.

Organ M, Jewett M, Basiuk J, Morash C, Pautler S, Siemens
DR, Tanguay S, Gleave M, Drachenberg D, Chow R, Chin
J, Evans A, Fleshner N, et al. Growth kinetics of small
renal masses: a prospective analysis from the Renal Cell
Carcinoma Consortium of Canada. Can Urol Assoc J.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

2014;8(1-2):24-27.
Gatenby RA, Gawlinski ET, Gmitro AF, Kaylor B, Gillies

RJ. Acid-mediated tumor invasion: a multidisciplinary
study. Cancer Res. 2006;66(10): 5216-5223.

Sonveaux P, Végran F, Schroeder T, Wergin MC, Verrax J,
Rabbani ZN, De Saedeleer CJ, Kennedy KM, Diepart C,
Jordan BF, Kelley MJ, Gallez B, Wahi ML, et al. Targeting
lactate-fueled respiration selectively kills hypoxic tumor
cells in mice. J. Clin. Invest. 2008;118(12):3930-3942.
Fischer S, Schlosser E, Mueller M, Csaba N, Merkle
HP, Groettrup M, Gander. Concomitant delivery of a
CTL-restricted peptide antigen and CpG ODN by PLGA
microparticles induces cellular immune response. J Drug
Target. 2009;17(8):652-661.

Choi SY, Collins CC, Gout PW, Wang Y. Cancer-generated
lactic acid: a regulatory, immunosuppressive metabolite? J
Pathol. 2013;230(4):350-355.

Colegio OR, Chu NQ, Szabo AL, Chu T, Rhebergen AM,
Jairam V Cyrus N, Brokowski CE, Eisenbarth SC, Phillips
GM, Cline GW, Phillips AJ, Medzhitov R. Functional
polarization of tumour-associated macrophages by tumour-
derived lactic acid. Nature. 2014;513(7519):559-563.

F, Sattler UG, Mueller-Klieser W.
Lactate: a metabolic key player in cancer. Cancer Res.
2011;71(22):6921-6925.

Lenburg ME, Liou LS, Gerry NP, Frampton GM, Cohen
HT, Christman MF. Previously unidentified changes in renal

Hirschhaeuser

cell carcinoma gene expression identified by parametric
analysis of microarray data. BMC Cancer. 2003;3:31.

Cancer Genome Atlas Research Network. Comprehensive
molecular characterization of clear cell renal cell carcinoma.
Nature. 2013;499(7456):43-49.

Hernandez Patino CE, Jaime-Munoz G, Resendis-
Antonio O. Systems biology of cancer: moving toward the
integrative study of the metabolic alterations in cancer cells.
Front Physiol. 2013,;3:481.

Cline MS, Smoot M, Cerami E, Kuchinsky A, Landys N,
Workman C, Christmas R, Avila-Campilo I, Creech M,
Gross B, Hanspers K, Isserlin R, Kelley R, et al. Integration
of biological networks and gene expression data using
Cytoscape. Nat Protoc. 2007;2(10):2366-2382.

Kelder T, Pico AR, Hanspers K, van lersel MP, Evelo
C, Conklin BR. Mining biological pathways using
WikiPathways web services. PLoS One. 2009;4(7):¢6447.

www.impactjournals.com/oncoscience

186

Oncoscience



