Alma Mater Studiorum - Universita di Bologna

DOTTORATO DI RICERCA IN

Scienze Biomediche: progetto n°3 “ Fisiologia Applicata e
Fisiopatologia”

Ciclo XXVI

Settore consorsuale di afferenza: 06/A2
Settore scientifico disciplinare: MED/04

THE INHIBITION OF AEROBIC GLYCOLYSIS AS A
THERAPEUTIC APPROACH TO IMPROVE CANCER
CHEMOTHERAPY

Presentata da: Dott.ssa Marina Eleonora Vettraino

Coordinatore Dottorato: Relatore:
Prof. Lucio Cocco Prof.ssa Giuseppina Di Stefano

Esame finale anno 2014



INDEX

T (oo [8 o} o] o PSSO 2
References to iNtrodUCLION...........ccceevveiiieiie e 24
SCIENTITIC PrOQUCTION. ....c.eiiiieieie e 38
General diSCUSSION.........uciieiieieeie ettt ettt 94
CONCIUSTON.....iiiiectic et e bt 119
References t0 diSCUSSION........cuiuiiieiieie et 125
ACKNOWIEAGEMENLS. ...ccvii it 138



Introduction

Chapter |

Introduction



Introduction

Cellular energy metabolism is one of the main process that is affected during the
transition from normal to cancer cells. This was recognized several years ago by
Warburg (1930) who observed that neoplastic cells produce high amounts of
lactic acid even in the presence of oxygen (Warburg O, 1930). This metabolic
behaviour, named aerobic glycolysis, was attributed by Warburg to an
impairment of cell respiration with a consequent enhancement of glycolysis to
cope with the high energetic needs of neoplastic cells.

Warburg also proposed that the impaired cell respiration was the prime cause of
cancer. However, this theory was considered too simplistic, since it did not
directly link the molecular mechanism of uncontrolled cell growth to the impaired
respiration. Interest in the metabolic property of cancer continued up to the 1960s
and began to decline concomitantly with the widespread application of newer
molecular techniques (Gatenby RA and Gillies RJ, 2004). So, the view of cancer
as a metabolic disease was gradually displaced with the view of cancer as a
genetic disease. However, in recent years, interest has been renewed as it has
become clear that many of the signalling pathways that are affected by genetic
mutations have a profound effect on core metabolism, making this topic once
again one of the most intense areas of research in cancer biology.

To date it is well documented that the metabolic reprogramming of cancer cells is
the direct result of alterations in oncogenes and oncosuppressors (Levine AJ et al,
2010; Buchakjian MR et al, 2010). For instance, c-myc is known to transactivate
most of genes of glycolytic enzymes, including lactate dehydrogenase A (LDH-A)

and the glucose transporter 1 (GLUTL1), and to enhance both glucose uptake and
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lactate production (Osthus RC et al, 2000; Shim H et al, 1997). It has been
proposed that the hypoxic environment, where tumors develop, promotes the
stabilization of hypoxia inducible factor 1 alpha (HIFla) which in turn induces
the expression of glycolytic enzymes (aldolase, phosphoglycerate Kkinase,
phosphofructokinase, pyruvate kinase and LDH-A) and GLUT1 (Semenza GL et
al, 1994; Elbert BL et al, 1995). As a further example, hyperactivation of Akt,
which is one of the most frequently observed mutations in human cancers, was
reported to contribute both to the increased proliferation of cancer cells and to
their highly glycolytic phenotype (Robey RB and Hay N, 2009).

The tumor suppressor protein p53 has also been involved in the glycolytic shift of
cancer cells. On the one hand, overexpression of a dominant negative mutant p53
can be found in some tumors and leads to the induction of hexokinase Il (HK-II)
and to an increased glucose uptake (Mathupala SP et al, 1997; Smith TA et al,
2006). On the other hand, loss-of-function of the tumor suppressor p53 promotes
an enhanced glycolytic phenotype by the repression of TIGAR (TP53-induced
glycolysis and apoptotic regulator) expression, which normally down-regulates
fructose-2,6-bisphosphatase, thus decreasing the glycolytic rate. Likewise, loss-
of-function of p53 diminishes the expression of SCO-2, a gene required for the
appropriate assembly of cytochrome ¢ oxidase, and thus limits the activity of
mitochondria in the cancer cells (Bensaad K et al, 2006).

The glycolysis-based metabolism of cancer cells is further promoted by the

expression of a spliced variant form of pyruvate kinase (PKM2), which is less
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active and was found to cause reduced oxygen consumption and increase lactate

production (Vander Heiden MG et al, 2010).

Modified from Ortega AD et al, 2009

Figure 1. Genetic alterations underlying the glycolytic phenotype of cancer cells.
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Glycolysis and “aerobic glycolysis”

The first biochemical reactions of glucose metabolism, which generate two
residues of reduced NAD and of pyruvic acid from one molecule of sugar, are the
same in normal and in neoplastic cells. In normal cells, NADH is then re-
oxidized by the highly active respiratory chain and pyruvic acid, after
decarboxylation to acetyl-CoA, enters the TCA cycle. On the contrary, in
neoplastic cells reduced NAD is re-oxidized by pyruvic acid, a reaction catalyzed
by the enzyme lactate dehydrogenase (LDH) which converts pyruvic into lactic
acid. The regeneration of NAD by LDH activity allows a sustained glucose
consumption with a build up of lactate (aerobic glycolysis). In aerobic glycolysis
each molecule of glucose is metabolized to two residues of lactic acid, with a net

gain of two ATP residues.
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Figure 2. Glucose metabolism through the glycolytic flux.
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Contrary to normal, non proliferating cells, which typically adopt a catabolic
metabolism focused on maximizing energy yield through the complete demolition
of glucose to CO2, cancer cells are characterized by an anabolic-type metabolism,
aimed at biomass construction. As a result of increased glucose uptake and
glycolysis, high levels of glycolytic intermediates are generated, which can be
used to obtain the building blocks needed for macromolecular biosynthesis.
Anabolic pathways branching from glycolysis are in fact responsible for
producing some amino acids, as well as both lipid and nucleotide precursors
(Christofk HR et al, 2008).

It is worth noting that this anabolic-type metabolism is not exclusive of cancer
cells, but can also be observed in normal tissues when a rapid cell division is
required, such as during embryonic development, in wound healing or during the
activation of immune responses. Contrary to what supposed in past years,
proliferating normal cells and a large part of cancer cells use glycolysis mainly to
generate new macromolecules, and still derive a significant fraction of their ATP
from oxidative phosphorylation (Bellance N et al, 2009). Glycolytic ATP
becomes a more important energetic resource when the hypoxic
microenvironment hinders mitochondrial function, such as in the healing wound
bed or in hypo-vascularized tumor regions. The increased lactate production
operated by LDH also contributes to the development of extracellular acidosis, a
factor which finally facilitates tumor invasion and metastasis (Neri D and Supuran
CT, 2011), although it should be reiterated that lactic acid is not just a discharge

product; instead it actively participates in angiogenesis, migration, immune and
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radio-resistance (Sonveaux P et al, 2008). Moreover it is involved in energy
production thanks to a particular cell-cell shuttle system, also known as the
“lactate shuttle” (Draoui N and Feron O, 2011). Tumor cells usually can be
classified into two categories: ‘“normoxive/glycolytic”, which are closer to blood
vessels, or ‘“hypoxic/glycolytic”, which are further away from the vascular
network; these two cell types establish a symbiotic cell-cell shuttling of lactate. In
general, glucose is actively taken up through the transporter GLUT into less
oxygenated cells, which use it in the glycolytic process to produce ATP. The final
conversion of pyruvate to lactate is catalyzed by lactate dehydrogenase 5 (LDH-
5). The monocarboxylate transporter 4 (MCT4) then extrudes lactic acid from
hypoxic cells into the extracellular milieu. Lactate then functions as a metabolic
fuel in oxidative tumor cells, where it is taken up through the monocarboxylate
transporter 1 (MCT1) and oxidized to pyruvate by LDH-1, thus entering the TCA

cycle in mitochondria with production of energy and CO2.
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Figure 3. The lactate-shuttle system.
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In some tumors, a symbiosis between lactate producing cells and lactate
consuming cells was also observed. By studying the metabolic profile of
neoplastic cells and associated fibroblasts obtained from breast cancer specimens,
Pavlides et al. (Pavlides S et al, 2009) observed that cells from tumor stroma
display metabolic features similar to those of wound-healing fibroblasts and
secrete high levels of lactate and pyruvate originating from aerobic glycolysis.
The Authors hypothesized that these energetic metabolites can be taken by
epithelial cancer cells and used to fuel the TCA cycle, resulting in efficient energy
production and in a consequent proliferative advantage for cancer cells. This
proposed metabolic relationship between cancer stromal and parenchymal cells

has been termed “reverse Warburg effect”.
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Inhibition of aerobic glycolysis as a possible strategy to hinder

cancer cell proliferation

The observation that cancer cells exhibit increased glycolysis and are more
dependent on this pathway to ATP generation has led to the evaluation of
glycolytic inhibitors as potential anticancer agents. One of the first studied
inhibitors was 3-bromopyruvate, a compound which inhibits hexokinase and has
been shown to abolish ATP production and cause severe depletion of cellular
ATP. 3-Bromopyruvate was shown to exhibit potent cytotoxic activity against
cancer cells with mitochondrial respiratory defects and cells in hypoxic conditions
(Pelicano H et al, 2006).

Another glycolytic inhibitor is 2-deoxyglucose (2-DG) which is a glucose
analogue and has long been known to act as a competitive inhibitor of glucose
metabolism. 2-DG is phosphorylated by hexokinase to 2-DG-phosphate, but
unlike glucose-6-phosphate, cannot be further metabolized by phosphohexokinase
isomerase which converts glucose-6-phosphate to fructose-6-phosphate. In this
manner, 2-DG causes ATP depletion, leading to blockage of cell cycle
progression and cell death in vitro (Pelicano H et al, 2006).

Several other glycolysis inhibitors have been shown to have promising anticancer
activity in vitro and in vivo, and some of them have entered clinical trials;
however, it should be recognized that there are potential obstacles in using
glycolytic inhibitors for cancer treatment: in fact, glycolytic enzymes are also

necessary to glucose metabolism of normal cells and their inhibition can cause
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severe disorders produced by the impaired glucose utilization. It is known that
certain normal tissues including brain, retina and testis use glucose as the main
energy source. In this way, inhibition of glycolysis may be potentially toxic for
these tissues.

In the laboratory where |1 worked during my PhD project, studies were focused on
lactate dehydrogenase (LDH), which converts pyruvate to lactate. LDH is the only
enzyme whose inhibition should allow a blocking of aerobic glycolysis of tumor
cells without damaging normal cells which in conditions of normal functional
activity and sufficient oxygen supply do not need this enzyme. The LDH
inhibition as an approach to anticancer was proposed several years ago (Fiume L,
1960; Papacostantinou J and Colowick SP, 1961a; Papacostantinou J and
Colowick SP, 1961b) and is currently under active investigation (Manerba M et
al, 2012; Granchi C et al, 2010; Ward RA et al, 2012). Interest in LDH as an
anticancer therapeutic target also comes from the observation that this enzyme
(namely its —A isoform) becomes constantly up regulated during neoplastic
change (Levine AJ et al, 2010; DeBerardinis RJ et al, 2008; Buchakjian MR et al,
2010; Dang CV and Gao P, 2009), offering the possibility of a therapeutic
intervention aimed at correcting this altered activity. LDH-A is trascriptionally
up-regulated by HIF-1, and it was found to be correlated with aggressive
phenotypes and poor prognosis in several tumor types (Koukourakis Ml et al,
2003; Kolev Y et al , 2008). Early literature data indicated that up-regulation of
LDH-A under c-myc control ensures efficient aerobic glycolysis in tumor cells,

conferring growth advantage (Shim H et al, 1997), whereas this enzyme does not
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seem to be as necessary for healthy cells under normal conditions, as they
generally use the aerobic oxidation pathway. A definitive confirmation of the key
role of LDH-A in tumor maintenance was obtained by inhibition of LDH-A
expression by shRNA, which decreased the ability of tumors to proliferate under
hypoxic conditions and stimulated mitochondrial respiration (Fantin VR et al,
2006; Wang ZY et al, 2012). Moreover, increased expression of LDH-A plays an
important role in resistance of human breast cancer cells against paclitaxel and
trastuzumab: this observation was proven by genetically down-regulating LDH-A,
which led to a significantly increased sensitivity of resistant cells to both
anticancer agents (Zhou M et al 2010; Zhao Y et al, 2011). Furthermore, LDH-A
knockdown by shRNA, in fumarate hydratase deficient cells which rely on
glycolytic metabolism, results in a significant decrease in tumor growth in a
xenograft mouse model of renal cancer (Xie H et al, 2009).

Interest in LDH as an anticancer therapeutic target also comes from the
observation that, in normal cells, inhibition of LDH enzymatic activity should not
cause harmful effects, as can be deduced by studying individuals with LDH
genetic deficiencies; in fact it is known that patients with a hereditary deficiency
of the A (Kanno T et al, 1988) or B (Motoshi K et al,1971; Miwa S et al, 1971,
Okumura N et al, 1999) LDH isoform are free of symptoms, except for muscle
rigidity and myoglobinuria, which can appear in individuals with LDH-A (Kanno
T et al, 1988) deficiency after strenuous exercise. Overall, these observations

encourage to study the validity of an anticancer therapeutic approach based on
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LDH inhibition and justify the present efforts aimed at identifying small molecule

inhibitors of this enzyme.
Lactate dehydrogenase (LDH)

LDH enzyme inter-converts pyruvate and lactate using nicotinamide adenine

dinucleotide (NAD) as a cofactor.

W/% OH
H> LDH
cn—c cCoo

W cn—cn COOH

Pyruvate Lactate

Figure 4. LDH enzymatic reaction.

This (or similar) enzymatic activity has been characterized in organisms of the
three domains of life (Archaea, Bacteria and Eukarya) (Madern D, 2002) and was
evolutionarily conserved since it can be an important source of ATP and oxidized
NAD for living organisms during periods of transient anaerobiosis.

As well as the enzyme of other vertebrates, human LDH is a 140 kDa tetrameric
molecule which exists in different isozymes, generally composed by the
association of two different 35 KDa subunits (Markert CL et al, 1975). In
vertebrates (including humans) three LDH-encoding loci have been identified in

DNA: Idh-a, Idh-b and Idh-c, which produce the M (muscle) subunit, also named
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LDH-A, H (heart) subunit, also name LDH-B and X subunit, respectively. The
three genetic loci show 71-75% sequence identity, indicating extensive
conservation in amino acid composition of the LDH subunits (Holmes RS et al,
2009). In humans, the X subunit is almost exclusively found in spermatozoa; the
isozyme composed by X subunits is usually called LDH-C and has been supposed
to play a role in male fertility (Yu Y et al, 2001). The association of M and H
subunits can give rise to five isozymes: the tetramers H4, H3M1, H2M2, H1M3

and M4,

Figure 5. Lactate dehydrogenase M4.

These five isozymes have different electrophoretic mobility, which is dependent
on their H subunit content. H4 is the fastest moving form and for this reason it is
also reported as LDH-1; on the contrary, the slowest form, M4, is also named
LDH-5. The LDH forms enriched in M subunit predominate in skeletal muscle
(fast twitch glycolytic fibers) and liver, while those enriched in H subunits are

primarily found in heart and brain. LDH-A and —B also display different kinetic
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properties (Read JA et al, 2001). LDH-A requires higher pyruvate concentrations
to reach the maximum activity: the Km for pyruvate is 158 uM for LDH-A and 58
uM for LDH-B (Eszes CM et al, 1996; Hewitt CO et al, 1999). Moreover, at
substrate concentrations needed for optimal LDH-A activity, the —B isozyme is
inhibited: the Ki for pyruvate is 770 uM for LDHB and 3900 uM for LDH-A
(Eszes CM et al, 1996; Hewitt CO et al, 1999).

On the basis of these differences, Kaplan (1975) hypothesized a different
physiological function for the LDH isozymes (Everse J et al, 1975). He proposed
the so-called “aerobic-anaerobic theory” which postulates that the B type of LDH
is suited to aerobic metabolism, while the A type is more suited to tissues exposed
to oxygen limitation, such as the overworking skeletal muscle. However, later
data put into question this theory, since it was observed that human erythrocytes,
which do not have mitochondria, predominantly synthesize LDH-B and that
individual organs of different animal species display large differences in the LDH
iISozyme pattern.

In normal conditions, the different LDH isozyme pattern expressed in tissues does
not seem to play a different physiological role and in cytosol, in spite of their
different Kinetic parameters, both LDH-A and —B preferentially catalyze the
reduction of pyruvate to lactate (Quistorff B et al, 2011).

Since in most tissues the total enzymatic activity is high compared to the
metabolic flux observed in steady state conditions, the LDH catalyzed reaction is
always close to equilibrium and, as a consequence, both LDH-A and —B operate

in the same way, as it is the same chemical reaction being catalyzed. LDH

15



Introduction

reaction could significantly deviate from its equilibrium only during extensive
changes in glycolytic flux and energy metabolism. Therefore, it is only in these
situations that a different physiological role of the isozyme pattern can be
perceived.

LDH engaged in glycolysis is located in the cytosol; however, the enzyme is also
present in peroxisomes, mitochondria and nuclei, where it exerts peculiar
functions which so far may have not received due consideration in the studies
aimed at inhibiting its activity.

Peroxisomal LDH - In peroxisomes LDH is present in the matrix, where the A
isoform predominates (Baumgart E et al, 1996; McClelland GB et al, 2003). One
of the main function of peroxisomes is to shorten the longchain fatty acids (C >
22), which cannot be handled by mitochondria. The NADH generated by p-
oxidation of the longchain fatty acid cannot be re-oxidized by the respiratory
chain. A solid evidence was obtained that it can be reconverted to NAD by LDH
in the presence of pyruvate (Baumgart E et al, 1996; McClelland GB et al, 2003).
Lactate/pyruvate exchange is made possible by the monocarboxylate transporter
present in the peroxisome membrane (McClelland GB et al, 2003).

Mitochondrial LDH — Glycolysis derived lactate can be re-oxidized and used as
an energy source or as a precursor of gluconeogenesis (Brooks GA, 2009); re-
oxidation takes place in mitochondria and can occur both in the cells of origin and
in adjacent or distant cells, after lactate release in extracellular medium. The
facilitated transport of lactate across cell membranes is accomplished by a family

of monocarboxylate transport proteins differentially expressed in tissues (Brooks
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GA, 2009). Through these transporters, lactate can also gain access to
mitochondria, where it is oxidized to pyruvic acid by the mitochondrial form of
LDH. In mitochondria, pyruvate dehydrogenase rapidly metabolizes pyruvic acid,
reducing its concentrations and favoring the oxidation of lactate by LDH.

Nuclear LDH - Besides its widely known role in cell energy metabolism, the M
subunit of LDH also displays an additional function in nuclei. Some years ago
several authors observed that the LDH M subunit binds to single-stranded DNA
(ssDNA) (Patel GL et al, 1980; Kaiserman HB et al, 1989). In analogy with what
observed for other ssDNA-binding proteins (Shamoo Y, 2002) an involvement of
the enzyme in DNA transcription and/or replication was suggested. This
possibility was supported by the finding that nuclear LDH was localized on
transcriptionally active regions of chromosomes (Patel GL et al, 1980; Williams
KR et al, 1985). Moreover, the injection of the enzyme in cells of Chironomus
salivary glands stimulated RNA synthesis in polytenic chromosomes, which on
the contrary was inhibited by antibodies binding to LDH M subunit (Egyhazi E et
al, 1989). More recently, a decisive proof of a role played by LDH in DNA
transcription was obtained by Zhang, Luo and collaborators, who demonstrated
that the enzyme is an essential component of the transcriptional complex of the
histone 2B gene (H2B) (Dai RP et al, 2008). In this transcriptional complex, LDH
M subunit is in association with glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and the coordinated activity of the two enzymes maintain the proper
NAD/NADH ratio necessary for optimal H2B expression (Dai RP et al 2008; He

H et al, 2013). In contrast with cytoplasmic LDH, for which the minimal
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functional unit was shown to be a dimmer (Wang XC et al, 1987), the nuclear
enzyme is monomeric and is presumably maintained catalytically active by the
supramolecular structure formed with GAPDH and with the other components of
the transcriptional complex. GAPDH and LDH monomers were also found to
form catalytically active complexes in vitro (Levashov AV et al, 1997). Since
LDH M subunit is widely distributed within cell nuclei (Cattaneo A et al, 1985),
its involvement in regulating the transcription of other genes cannot be excluded,;
these observations suggest that LDH could also participate in regulating survival
pathways and that its inhibition in anticancer treatment might have effects not

simply limited to the energy metabolism of transformed cells.

ECM

Cytosol

Modified from Kim JW and Dang CV, 2005

Figure 6. LDH in the transcriptional complex of the histone 2B gene.
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The search for LDH inhibitors

The success of a therapeutic approach based on LDH inhibition chiefly depends
on the availability of inhibitors with good target specificity. Unfortunately, in
spite of extensive research, LDH proved to be a very difficult target for the
development of new inhibitors, since all high throughput screening experiments
have been usually characterized by a very low success rate (Ward et al, 2012).

One of the approaches adopted in the search of small molecules which could
inhibit LDH enzyme is represented by the modification of already known
inhibitors, like oxamic acid and gossypol, two longtime known inhibitors,
displaying no selectivity between the —A and —B LDH isoforms. Oxamic acid is
an analogue of pyruvic acid, the enzyme substrate. Although displaying a good
selectivity for LDH (Papacostantinou and Colowick, 1961a) and a weak toxicity
in healthy animals (Papacostantinou and Colowick, 1961b), oxamic acid has the
drawback of a poor cellular penetration; as a consequence, it was found to inhibit
the proliferation of tumor cells cultured in vitro only at millimolar concentrations,
which cannot be expected to be reached in vivo. Starting from oxamic acid as a
lead compound, some libraries of derivatives have been created, with the aim of
improving the therapeutic potential of the molecule. Several of these molecules
were synthesized and tested on LDH of Plasmodium falciparum, a parasite which
relies on aerobic glycolysis for its energetic needs in order to improve the

chemotherapy of malaria (Choi S et al, 2007; Deck LM et al, 1998).
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Encouraging results were also obtained on the a-hydroxyacid dehydrogenase
(HADH) of Trypanosoma cruzi, which shows similarities with the human LDH-C.
Simple derivatives of oxamic acid such as N-isopropyl and N-propyl oxamate
were found more active in inhibiting HADH in vitro than the parent compound
and their ethyl-ester pro-drugs orally administered to Trypanosoma cruzi infected
mice also demonstrated therapeutic efficacy in vivo (Aguirre-Alvarado C et al,
2007). To our knowledge, no oxamic acid derivative with anticancer potential has
been identified with this approach.

Gossypol is a natural polyphenolic aldehyde derivative found in cotton seeds and
it is a well-known nonselective LDH inhibitor competitive with NADH. However,
it also inhibits other NAD-dependent enzymes such as glyceraldehydes-3-
phosphate dehydrogenase (GADPH) (Gomez MS et al, 1997). Moreover, because
of its structural characteristics gossypol can interact with different cellular
components affecting several biological functions, which causes unspecific
toxicity (Dodou K et al 2005; Lee CY et al, 1982). Contrary to oxamic acid, it
displays in vitro activity at the micromolar level; for this reason, many gossypol
analogues have been designed with the aim of reducing the molecule toxicity. The
most promising one is a derivative called FX-11, selected as a potential anticancer
drug for its ability to preferentially inhibit the A isoform of LDH (Le A et al,
2010). Furthermore, it was demonstrated that FX-11-mediated inhibition of LDH-
A negatively affected cellular energy supply by depleting ATP levels, diminished
cellular production of lactate, induced oxidative stress, and caused cell death. FX-

11 also decreased growth in tumor xenograft models, such as human lymphoma
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and pancreatic cancer (Le A et al, 2010). However, further studies have
challenged the validity of FX-11, giving rise to the suspicion that some of the
observed effects could be not specifically ascribed to LDH inhibition, but to the
reactive nature of the catechol group of the molecule (Kohlmann A et al, 2013;
Lee CY etal, 1982).

Another commonly procedure adopted for the search of pharmacologically active
molecules that potentially could inhibit LDH is the screening of already
established compound collections by using high throughput technologies. It was
recently employed by researchers from Genentech Inc., who tested for LDH-A
inhibition the compounds available in their own Company Repository and in the
Roche collections. This screening identified 2-thio-6-o0xo-1,6-dihydropyrimidine
as a moderately potent LDH-A and LDH-B inhibitor, with only weak effects on
other structurally related dehydrogenases, suggesting some specificity for LDH.
In following experiments, a series of chemical modifications were introduced in
the molecule structure with the aim of improving its LDH-A inhibition properties.
Unfortunately, none of the obtained inhibitors, tested on cultured cell up to 50
uM, was found to reduce lactate production (Dragovich PS et al, 2013); additional
studies are then needed to improve the biological properties of these inhibitors.
Recently  researchers from GlaxoSmithKline announced the discovery of
quinoline 3-sulfonamides as potent (nanomolar) LDH inhibitor, with good
selectivity towards the A isoform (Billiard J et al, 2013). The details of the high
throughput screening procedure leading to this discovery are at present un-

published.
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Moreover another strategy to find new potential LDH inhibitors is that adopted by
a research team from the University of Pisa, which used an ex-novo design
method to obtain new chemical structures by inserting —OH and —COOH groups
into a N-hydroxyindole (NHI) scaffold (Granchi C et al, 2011). These compounds
were designed on the basis of the “OH-COOH” pharmacophore motif often
present in previously reported LDH inhibitors, as the active site normally hosts an
a-hydroxy group (lactate) or an a-keto acid (pyruvate).

Several molecules obtained with this procedure were found to inhibit the lactate
production in cancer cells, but no further experiments were performed with this
class of compounds; a thorough examination of their biological characteristics
would be useful to better evaluate their potential.

Fragment-based lead generation also proved to be a successful approach with a
number targets (Rees DC et al, 2004). It requires a preliminary screening aimed at
identifying small chemical fragments which, although not inhibiting the activity
of target protein, show the property of binding to critical sites needed for its
function, as, in the case of LDH, the NADH and the pyruvate binding regions.
This preliminary selection is usually performed with the aid of NMR spectroscopy
and/or surface plasmon resonance. The identified fragments are then linked
together by the use of flexible spacers, yielding compounds with greatly improved
potency and selectivity. This approach has been applied the first time to the search
of LDH inhibitors by Moorhouse et al (Moorhouse AD et al, 2011). More
recently, it has been simultaneously used by two different teams of researchers, in

Astra-Zeneca and ARIAD Laboratories. By using this approach, Astra-Zeneca
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researchers succeeded in obtaining some of the most potent LDH inhibitors now
available (Ward RA et al, 2012); in particular the most active molecule showed in
the enzyme inhibition assay a 1C50 as low as 0.27 uM, but, unfortunately, was
reported to lack activity in cell based assays, probably because of scarce cellular
penetration. However, its dimethyl ester derivative, although displaying reduced
enzyme inhibitory potency compared to the parental compound, was found to
inhibit lactate production in cultured cells (IC50 = 4.8 uM). Researchers at
ARIAD Pharmaceuticals obtained similarly potent molecules (Kohlmann A et al,
2013); one of the most promising was able to heavily reduce lactate production in
cultured cells, although at rather high doses (200 uM).

Both the Astra-Zeneca and the ARIAD study are quite recent and to our
knowledge further published reports are still lacking. New advances leading to the
generation of more bioavailable molecules are expected, to make possible the start
of anticancer experiments in vivo.

Finally, the structure-based virtual screening approach is a further method to
search new LDH inhibitors. My research team in collaboration with the
Department of Pharmaceutical Sciences of the University of Bologna, by adopting
a virtual screening protocol based on the crystal structure of the human M subunit
of LDH and applied to the molecules of the National Cancer Institute diversity set,
identified a molecule, named galloflavin which is able to inhibit both the —A and —
B LDH isoforms. The description of this new inhibitor and all its effects, showed

in several cellular models, are presented in this thesis.
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Abstract

Background/Aims: By reducing the number of ATP mole-
cules produced via aerobic glycolysis, the inhibition of lactic
dehydrogenase (LDH) should hinder the growth of neoplas-
tic cells without damaging the normal cells which do notrely
on this metabolic pathway for their energetic needs. Here,
we studied the effact of oxamic and tartronic acids, 2 inhibi-
tors of LDH, on aerobic glycolysis and cell replication of
Hep(G2 and PLC/PRF/5 cells, 2 lines from human hepatocel-
lular carcinomas. Methods: Aerabic glycolysis was measured
by calculating the amounts of lactic acid formed. The effect
on replication was assessed by culturing the cells in both
standard conditions and glucose-deprived medium, which
was used to shut down aerobic glycolysis. Results: The
oxamic and tartronic acids inhibited aerobic glycolysis, im-
paired the growth of both cell lines and also induced an in-
creased expression of p53-upregulated modulator of apop-
tosis, a signal of cell death. A strong impairment of cell repli-
cation by oxamic acid was only found when the cells were
culturedin the presence of glucose, indicating that it was for
the most part owing to inhibition of aerobic glycolysis. Con-
clusions: Inhibition of aerobic glycolysis achieved by block-
ing LDH could be useful in the treatment of human hepato-

cellular carcinomas. Without interfering with glucose me-
tabolism in normal cells, it could hinder cell growth by itself
and could also enhance the chemotherapeutic index of as-
sociated anticancer agents by decreasing the levels of ATP
selectively in neoplastic cells.  copyright© 20105 Karger A5, Basel

Introduction

According to the finding of Warburg [1], reevaluated
in recent years [2], neoplastic cells derive much of thelr
energy for survival and growth from aerobic glycolysis.
This property prompted many efforts to deprive neoplas-
tic cellsof ATP by inhibiting the enzymes of glycolysis [3].
However, glycolytic enzymes are also necessary for the
glucose metabolism of normal cells, and their inhibition
can cause the severe disorders induced by impaired glu-
cose utilization [4]. Lactic dehydrogenase (LDH) is the
only glycolytic enzyme whose inhibition should allow a
blocking of the aerobic glycolysis of tumor cells without
damaging the normal cells which, in conditions of nor-
mal functional activity and sufficient oxygen supply, do
not need thisenzyme [5, 6]. Innormal cells, pyruvate, the
end product of the glycolysis pathway, is not converted
into lactate, but is decarboxylated to acetyl-CoA, which
enters the Krebs cycle. Support for the possibility that
LDH activity is not necessary for normal cells also comes
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from the findings that humans with a hereditary defi-
clency In the activity of LDH-A (the isoform of the muscle
and liver) do not display any symptoms under normal
circumstances [7], andalso that acomplete hereditary de-
ficiency in LDH-B (the isoform of the heart) is usually
asymptomatic [8].

In the present experiments, we studied whether the
inhibition of aerobic glycolysis achieved by LDH blocking
can be exploited to impair the growth of human hepato-
cellular carcinoma (HCC) cells, the treatment of which
with systemic chemotherapy has met with little success.
We examined two HCC lines with different biological
properties: HepG2 cells, a p53-native, well-differentiated
hepatoma [9], and PLC/PRE/5 cells, a p53-mutant, poorly
differentiated hepatocarcinoma [10].

In these cell lines, the activity of LDH was blocked by
using oxamic and tartronic acids, two competitive inhib-
itors of the enzyme [11, 12J; the former inhibitor was
found to reduce HCC cell viability by selectively prevent-
ing aerobic glycolysis.

Materials and Methods

Cell Culture and Treatments

HepG2 and PLC/PRE5 cells were cultured in DMEM with 25
mmol/l glucose, supplemented with 10% fetal bovine serum, non-
essentialaminoacids, 100 TU/ml penicillin, 100 pg/ml streptomy-
cinand 2 mmol/] glutamine, and deprived of sodium pyruvate.
All products were obtained from BioWhittaker. Cells were incu-
bated in a humidified atmosphere of 5% CO, and 95% airat 37°C.
Prior to the experiments, 1.6 x 10 cells suspended in 500 ] cul-
ture medium were seeded into each well of a 12-well Nunclon
Multidish plate. After 24 b, the culture medium was discarded
and the experiment was started by addition of 500 ! of fresh me-
dium with or without the sodium salts of oxamic acid or tartron-
ic acid (obtained from Sigma). Each concentration of the drug
was tested in quadruplicate. The medium was replaced every
24h. 72 h after the start of the experiment, cell growth was evalu-
ated using the neutral red assay, which gives a measure of the
number of viable cells that actively endocytose this compound
[13]. In the present experiments, this assay was preferred to that
based on the reduction of MTT since this last reagent is also re-
duced by cytosolic NADH [14], whose pool can be modified by
inhibitors of LDH. The ICs; (dose of compound producing a 50%
inhibition of cell growth) was calculated from the second-order
polynomial regression of the experimental data. In the different
determinations, r* values ranged from 0.95 to 0.95.

A second set of experiments was performed by growing the
cellsin glucose-free medium to divert their metabolism from aer-
obic glycolysis [15-17]. In these experiments, DMEM was pre-
pared by substituting 25 mmol/] glucose with 10 mmol/l galactose
and supplemented with dialyzed fetal bovine serum. The culture
and treatment conditions were as described above.

2 Pharmacology 317519

Evaluation of Aerobic Glycolysis

Aerobic glycolysis was evaluated by determining the amounts
of lactic acid formed. 5 x 10° cells in 2 ml of culture medium (see
above) were seeded in each well (35 mm in diameter) of a 6-well
Nunclon plate. The cells were incubated for 24 h. The medium was
then aspirated off and replaced with 1 ml of Krebs-bicarbonate
buffer containing 25 mmol/l glucose (with or without the inhibi-
torof LDH), prewarmed at 37°C. Each dose of LDH inhibitor was
tested in triplicate. Lactic acid was measuredin 3 wellsat the start
of the experiment (zero time’) and 3 h after incubation at 37°C
in wells with or without the compound. To assess the concentra-
tions of lactic acid in the wells (intracellularly plus released in
medium), 100 pl of 100% trichloroacetic acid solution was added
to each well; the cell lysate was collected and the well washed with
1 mlof 10% trichloroacetic acid. After centrifugation, the concen-
tration of lactic acid in the supernatant was measured according
to the method of Barker and Summerson [18]. It had previously
been verified that neither oxamic nor tartronic acid interferes
with the lactic acid measure. The amount of lactic acid formed
during the 3-hour incubation with or without the LDH inhibitor
was calculated by subtracting the value measured at ‘zero time'
Each experiment was repeated twice.

Expression of p33-Upregulated Modulator of Apoptosis

To verify whether the inhibition of aerobic glycolysis can trig-
ger death signals in cells, we evaluated the expression of the p53-
upregulated modulator of apoptosis (PUMA; a protein of the BH3-
only family, which is considered a general sensor of cell death [19])
in cultures of HepG2 or PLC/PRE/5 cells (1 x 10° cells, seeded in
25-cm? flasks) maintained for 3 days in the presence of 80 mmol/l
oxamic acid. At the end of treatment, the oxamic acid-exposed
cells and cells from a control culture were Iysed in 100 pl of 100
mmeol/l potassium phosphate buffer, pH 7.5, containing 1% NP-40
and a protease inhibitor cocktail (Sigma). The cell homogenates
were left 30 min on ice and then centrifuged 15 minat 10,000 g 15
pg of proteins of the supernatants (measured according to Lowry)
was loaded into 12% polyacrylamide gel for electrophoresis. The
separated proteins were blotted on a low fluorescent polyvinyli-
dene difluoride membrane (GE Life Sciences) using a standard ap-
paratus for wet transfer with an electrical field of 300 mA for 2 h.
The blotted membrane was blocked with 5% BSA in TBS-Tween.
PUMA was revealed using a rabbit polyclonal antibody (Abcam),
visualizedbya Cy5-labeled secondary antibody (GE Life Sciences).
B-Actin was used as a loading control. It was revealed by using a
rabbit polyclonal antibody (Sigma), visualized by the Cy5-labeled
secondary antibody. All incubation steps were performed accord-
ing to the manufacturer’s instructions. Fluorescence of the blots
was assayed by the Pharos FX scanner (BioRad) at a resolution of
100 pm, using the Quantity One software (BioRad).

Results

Aerobic Glycolysis

As shown in figure 1, oxamic and tartronic acids in-
hibited the aerobic glycolysis of both HCC cell lines. The
inhibition by oxamic acid was stronger than that by tar-
tronic acid, probably because of a more efficient block of
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Fig. 1. Effect of oxamic acid (a) and tartronic acid (b} on the amounts of lactic acid produced in 3 h by HepG2
(m) and by PLC/PRE/5 (00) cells. Each entry is the mean value of 6 determinations performed in 2 different
experiments. Results were statistically evaluated using the t test. p was <0.001 for all the data, except for the
lower concentration of tartronic acid (10 mmol/L; p < 0.01). In the absence of the inhibitors, the amounts of lac-
tate formed in 3 h by HepG2 and by PLC/PRE/5 cells were 2.57-2.85 and 3.83-3.91 pmol/106 cells, respectively.

LDH. The effective concentrations of the 2 inhibitors
were very similar to those acting in inhibiting the aerobic
glycolysis in Ehrlich ascites tumor cells and in Hela cells
[5,20].

Cell Growth

The effect of oxamic and tartronic acids on the growth
of HCC cell lines was tested using the same concentra-
tions which inhibited aerobic glycolysis. As shown in fig-
ure 2a, b, oxamic acid displayed a similar activity on both
HepG2 and PLC/PRE/5 cell lines. The ICs; were 62.3and
50.8 mmol/l for HepG2 and PLC/PRF/5, respectively. Al-
though tartronic acid hindered aerobic glycolysis to a
lower extent than oxamic acid (fig. 1), the percentages of
cell growth inhibition caused by the former compound
were similar (PLC/PRE/5 cells: 1C5; = 59.5 mmol/l) or
even higher (HepGz cells: ICs; = 19.6 mmol/l) than those
produced by equal concentrations of the latter com-
pound. This result was likely due to the hindering effect
of tartronic acid on glutamine oxidation (see below).
When neoplastic cells are cultured in the presence of glu-
cose, they derive their energy from aerobic glycolysis and
from the oxidation of glutamine, which, after conversion
first into glutamate and then into a-ketoglutarate, is me-
tabolized via the Krebs cycle [17]. To verify whether
oxamic and tartronic acids impair cell growth only by
inhibiting aerobic glycolysis or also by interfering with
the Krebs cycle, we studied their effect on the growth of

Inhibitors of LDH Hinder HCC Growth

the HCC cells cultured in the absence of glucose and in
the presence of galactose (see Materials and Methods).
Under these conditions, the cell lines practically did not
display aerobic glycolysis [15-17, 21] and, for survival and
growth, relied almost completely on glutamine oxidation
[17]. Figure 2c shows that oxamic acid tested at the con-
centrations used in the present experiments impaired the
growth of cells cultured on galactose only by 0-16%
(HepG2 cells) and by 5-24% (PLC/PRE/5 cells), indicat-
ing that this compound interferes with the metabolic
pathway of the Krebs cycle only to a small extent, and that
the inhibition of cell replication measured when the cells
were cultured on glucose in the presence of oxamic acid
(fig. 2a) could for the most part be attributed to the im-
pairment of aerobic glycolysis. Tartronic acid hindered
the growth of HepG2 and PLC/PREF/5 cells by 4-49% and
10-77%, respectively, indicating that in these cells, this
compound also interfered with glutamine oxidation
(fig. 2d).

Expression of PUMA

PUMA is a protein of the BH3-only family with a
molecular mass of about 20 kDa, normally expressed at
very low levels, but rapidly induced in response toa wide
range of harmful stimuli [19]. It transduces apoptosis
signals to the mitochondria, but under ATP-depleted
conditions, it primarily causes necrosis [22]. PUMA can
therefore be considered a general sensor of cell death

Pharmacology 317519 3

42



Scientific production

100 4
¥
= 754
£ ok
=
g
= ¥
=]
= 50
= o
= o
g 254 *
ok
¥
0 T T T T
0 0 40 60 80
a Oxamic acid (mmol/}
100
= 751
£
c
.g
E
= 50 4
=
:
5 25+ )
i T
0 E’ T T T
0 0 40 60 80
¢ Oxamic acid (mmaol/l)

100

¥
¥
*¥
F 75 e
5 ¥
g
E 50+
Z F
E
=] —
G5 X i
at-
0 T T T T
0 bi] 40 60 a0
b Tartronic acid (mmol/T)
100
Wk
7 75 A
c [T
£
. A
£ 50+ E _____ n
E A ETTT
3 R
G 25 4 o i
o
0 T T T T
0 0 40 60 80
d Tartrenic acid (mmol/T)

Fig. 2. a, b Effect of oxamic (a) and tartronic acid (b) on the growth of HepG2 (m) and PLC/PRE/5 (O0) cells.

¢, d Effect of oxamic (c) and tartronic acid
in the absence of glucose. Each concentrat

(d) on the growth of HepG2 (m) and PLC/PRE/5 (O} cells cultured
ion of the compound was tested in triplicate. Data are mean values.
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[19]. The Western blot analysis reported in figure 3
shows that treatment with oxamic acid increased PUMA
expression in both HepG2 and PLC/PRE/5 cells. As
shown in figure 3c, d, the intensity of the PUMA fluo-
rescent signal, normalized on that of B-actin (loading
control), Is 2.2 (HepG2) and 3.6 (PLC/PRE/5) times
higher in treated cells than in control cultures. This re-
sult indicates that the reduced cell growth observed in
cultures treated with oxamic acid (fig. 2a) derives, at
least in part, from the killing of cells. A similar experi-
ment was not performed with tartronic acid since we
found that this compound is a nonspecific inhibitor of
aerobic glycolysis (see above).

Pharmacology 317519

Discussion

The principal result of the present experiments was
the finding that oxamic acid, an inhibitor of LDH, hin-
dered the replication of HCC cells by selectively blocking
aerobic glycolysis. The increased expression of PUMA In-
dicated that the block of aerobic glycolysis resulted in the
death of the cells. In contrast, tartronic acid was shown
also to interfere with glutamine oxidation. This interfer-
ence might be due to the inhibition of mitochondrial ma-
lic dehydrogenase [23]. The present data are in agreement
with those of Papaconstantinou and Colowick [20], who
studied the effect of oxamic acid on HeLa cell replication,
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and fitin with the finding that mammary tumor cell lines
in which LDH activity was reduced by means of short
hairpin RNA showed a retarded rate of cell proliferation
[24]. Oxamic and tartronic acids are competitive inhibi-
tors of LDH and hinder aerobic glycolysis in vitro at high
concentrations that can hardly be reached in vivo [20].
However, the present results suggest that research using
drug design technologies to find a strong and selective
LDH inhibitor hindering aerobic glycolysis also in vivo
can be aworthwhile attempt to improve the systemic che-
motherapy of HCC. Different from the inhibitors of gly-
colytic enzymes other than LDH, the inhibitors of this
enzyme should impair HCC growth without interfering
with the oxidation of glucose to CO; in normal cells.

Inhibitors of LDH Hinder HCC Growth

Moreover, by decreasing the ATP levels selectively in the
neoplastic cells, they could also increase the chemothera-
peutic index of associated anticancer agents, for instance
by hindering the mechanisms of cell repair which require
an energy supply [25], or by impeding the activity of the
ATP-dependent efflux pumps, a major cause of the ac-
quired multidrug resistance [26].
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Protein kinase inhibitors are a relatively new class of promising anticancer drugs, most of which exert
their action by binding to the ATP site on the targeted kinases. We hypothesized that a decrease in ATP
levels in neoplastic cells could reduce the competition for the same enzymatic site, thus increasing the
efficacy of kinase inhibitors, Using oxamic acid, an inhibitor of lactic dehydrogenase (LDH) which hinders
aerobic glycolysis, we decreased ATP levels in PLC/PRF{S cells (a line from a hepatocellular carcinoma).

K.’.:Q;ﬁmhrsis ‘We found that in these cells oxamic acid potentiated the antiproliferative activity of sorafenib, imatinib
Yingse wfhihituu and sunitinib, three ki nase inh!hitqrs. When aerobic glycolysis was shut ldnwnl:qu culturing the cellsin tlhc
Hepatocellular carcinoma absence of glucose, oxamic acid did not reduce the ATP levels, suggesting that in normal tissues, which
Lactic debydrogenase do not rely on aerobic glycolysis for their ATP synthesis, the block of LDH should not impair cellular

metabolism.

In conclusion, the inhibition of LOH could enhance anticancer activity of sorafenib, imatinib and suni-
tinib without increasing their side effects on normal cells, which in conditions of normal functional
activity and sufficient oxyzen supply do not need the activity of this enzyme,

© 2010 Elsevier Ltd. All rights reserved,

1. Introduction

In recent years a growing number of studies were addressed
at interfering with the metabolic pathways which generate energy
in neoplastic cells [for a review, see 1], It has long been known
that, to meet their energy demand, cancer cells largely rely on
aerobic glycolysis |2]. This process can be hindered by blocking
lactic dehydrogenase (LDH), which causes a failing in the regen-
eration of NAD, reduced during the conversion of glyceraldehyde
3-phosphate to 1,3-diphosphoglycerate, and necessary to maintain
the glycolytic flow, Apart from other glycolytic enzymes, LDH is
probably unessential for normal tissues in conditions of normal
functional activity and sufficient oxygen supply. The inhibition of
LDH could therefore result ina selective depletion of ATP in tumour
cells [3.4]. In previous experiments, oxamic acid, a competitive
inhibitor of LDH [5], was shown to hinder the growth of Hela |6],
HepG2 and PLOPRFS cells | 7] cultured in vitro, Moreover, by caus-
ing a selective decrease of ATP levels in neoplastic cells, oxamic
acid could also improve the chemotherapeutic index of associated
anticancer drugs. An emerging class of antineoplastic agents are
multi-targeted kinase inhibitors, These are relatively recent devel-
oped compounds whose use will likely increase in the next future

+ Comesponding author. Tel: +38 0512094721 faxc +38 0512094746,
E-muail address: giuseppina distefano@unibo.it (C. Di Stefana).

1043-6618/§ - see front matter © 2010 Elsevier Lid. A1l rights reserved.
doi- 01016/}, phrs2010.12.005

because of broad-spectrum antitumor activity, ease of administra-
tion and good tolerability, Most of them are small molecules which
bind to the ATPsite on the protein kinases target of their activity |8].
We considered the possibility that a decrease in ATP levels in neo-
plastic cells could reduce the competition for the same enzymatic
site, thus increasing the efficacy of the kinase inhibitors. Toexplore
this possibility, in PLOPRES cells we studied the effect of three
commonly used kinase inhibitors (sorafenib, sunitinib and ima-
tinib) given alone or in combination with oxamic acid, PLC/PRF/5
cells are derived from a human hepatocellular carcinoma (HCC) [9)
and were considered an appropriate model to perform this study
since this tumour is often refractory to chemotherapeutic inter-
ventions and even the benefit observed with the introduction of
kinaseinhibitors (sorafenib) was modest, so that the search for new
and more effective therapeutic alternatives for treating HCC is still
ongoing.

2. Materials and methods
21, Compounds

Sodium oxamate was purchased from Sigma; it was dissolved
in DMEM without sodium pyruvate.

Sorafenib p-toluenesulfonate, sunitinib malate and imatinib
methanesulfonate were purchased from LC Laboratories (USA). For
the experiments, sorafenib and sunitinib were dissolved in 100%
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DMS0 (Sigma) and diluted with DMEM to the desired concentra-
tions. For all the tested doses of the drug final DM50 concentration
waskept to0.05%, which was also added to the cultures of untreated
cells {controls). Imatinib was dissolved in PBS and diluted to the
desired concentrations with DMEM.

22 Cell cultures

PLC/PRF/5 cells were cultured in DMEM with 25mM glucose,
supplemented with 10% foetal bovine serum, non-essential amino
acids, 1001U'ml penicillin, 100 mg/ml streptomycin, 2mM glu-
tamine and devoid of sodium pyruvate. All products were obtained
from Bio-Wyttacker, Cells were incubated in a humidified atmo-
sphere of 5% (04, 95% airat 37-C

2.3 Inhibition of LDH by oxamic actd

(Oxamic acid is a known inhibitor of LDH, which compete with
pyruvate for its binding site on the enzyme molecule. As a first
step, we evaluated the inhibition constant (Ki) of oxamic acid for
the enzyme from PLC/PRE]S cells, Cells from two semi-confluent
75cm? flasks were harvested, pelleted and suspended in Ivol, of
PES. The cell suspension was then lysed by sonication and cen-
trifuged (1600 < g 30min at 4°C) to discard the cellular debris,
The supernatant was used to measure LDH activity, as follows: it
was diluted 1;1000 in 100 mM phosphate buffer pH 7.5 containing
00,12 mM NADH and pyruvate, The enzymatic activity was measured
by recording for 5 min the decrease in absorbance at L4 g, Pro-
duced by NADH oxidation in the presence of scalar concentrations
of pyruvate (0.1-1mM), The effect of oxamic acid was evaluated in
a competitive assay by adding 0-0.5 mM compound to the reaction
mix in the presence of the scalar concentrations of pyruvate, The
Ki was calculated using the software GraphPad Prism 5. A similar
assay was also performed on purified bovine LDH (type M) obtained
from Sigma.

24, Inhibition of lactate production by oxamic acld

To verify whether LDH blocking by oxamic acid can hinder aer-
obic glycalysis, we measured the amounts of lactate formed in the
presence af the inhibitor, 5« 10° cells in 2ml of culture medium
were seeded in each well of a G-well Nunclon plate and let toadhere
overnight, The medium was then replaced with 1ml of Krebs-
bicarbonate buffer containing 25mM glucose (with or without
scalar concentrations of oxamic acid), pre-warmed at 37+=C Each
dose of oxamic acid was tested in triplicate. Lactate was measured
in 3 untreated wells at the start of experiment (baseline value) and
3hafter incubation at 37 °C. In each well, we simultaneously mea-
sured released in medium and intracellular lactate; at the end of
incubation 100wl of 100% trichloroacetic acid (TCA) solution was
added; the cell lysate was collected and the well was washed with
1ml 10% TCA. After centrifugation, lactate in the supernatant was
measured according to the method of Barker and Summerson [10],
The amount of metabolite formed during the 3 h incubation with
or without oxamic acid was calculated by subtracting the baseline
value, The experiment was repeated twice,

2.5, Meagsure of ATP levels

ATP levels were measured using the CellTiter-Glo Luminescent
Cell Viahility Assay from Promega. For this experiment, 2 » 104 cells
in 200l of culture medium were seeded into each well of a 06-
multiwell plate and allowed to adhere overnight. Oxamic acid was
added and ATP levels were measured after 3, 6 and 24 h incuba-
tion at 37 °C. Each dose of compound was tested in triplicate. After
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incubation, the plate was allowed to equilibrate at room temper-
ature for 30min and the CellTiter-Glo reactive was directly added
to each well, as indicated by the manufacturer, The plate was kept
on a shaker for 10min to induce cell lysis and its luminescence
was measured using a Fluoroskan Ascent FL reader (Labsystems). A
second set of experiments was performed after seeding the cells
in glucose-free medium, to divert their metabolism from aero-
bic glycolysis [11-13]. In these experiments DMEM was prepared
by substituting 25mM glucose with 10mM galactose and was
supplemented with dialyzed foetal bovine serum. In these condi-
tions cells derive their ATP from the TCA cycle using glutamine
as the main substrate. In fact galactose does not enter the gly-
colytic pathway, but is needed as a source of precursors for DNA
synthesis.

26, Cell viability assay

Cell growth was evaluated using the neutral red assay, which
gives a measure of the numbers of viable cells that actively endo-
cytose this compound [14]. In the present experiments this assay
was preferred to that based on the reduction of MTT, since this last
reagent is also reduced by cytosolic MADH [15], whose pool can be
modified by LDH inhibitors,

Cells {10°pwell) were seeded in 24-multiwell plates, allowed
to adhere overnight and treated with the multi-kinase inhibitors
(sorafenib, imatinib, sunitinib) at 37 =C for 24h, in the presence or
absence of oxamic acid. Each dose of compound was tested in qua-
druplicate and each experiment was replicated three times, After
the treatments, cells were incubated 3 h at 37=C with the neutral
red dye dissolved in DMEM at the final concentration of 30 png/ml.
After this time, the medium was removed and the cells were solu-
bilised with 1ml of 1% acetic acid in 50% ethanol. The solution from
each well (200 1) was then transferred to a 96-multiwell plate
and its absorbance at 454y was measured using a microplate reader
(Multiskan Ascent FL, Labsystems).

2.7. Morphologic abservation of reated cells

Cellswere grown on coverslips to 7 0-80% confluence, They were
treated for 6h at 37°C with 16 uM sorafenib and 80 mM oxamic
acid given alone or in combination, After treatment, they were
fixed with 2% paraformaldehyde in PBS for 5 min at 4°C, washed
twice in PBS and in distilled water and incubated with Giemsa solu-
tion (Sigma) for 3min at room temperature, Coverslips were then
washed thoroughly in distilled water, dehydrated with alcohol,
xylene-cleared and mounted with Canada balsam.

28, Incorporation of [ CJthymiding

PLC/PRE/S cells were seeded in 24-multiwell plates (2« 10¢
cells/well) and let to adhere overnight, Oxamic acid (B0mM),
sorafenib (16 M) and their combination were added together
with 1Ci ["4Cjthymidine (Perkin Elmer), For each compound,
six wells were prepared; moreover, an additional six wells were
treated only with [MC]thymidine, to serve a5 control, Plates
were incubated at 37°C in a humidified atmosphere and after
1h and 6h the acid-inscluble radioactivity incorporated by the
cells was counted, For each time interval, three wells per treat-
ment were used, Briefly, cells from each well were lysed with
200l 0.5N NaOH; lysates were recovered with 500l Hz0 and
macromolecules were denatured with TCA (final concentration of
TCA=-10%), The acid precipitate was washed with 2 = 5ml 5% TCA
over a glass microfiber filter. The radioactivity of the acid insolu-
ble material adsorbed onto the filters was then measured using a
[-counter.
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29 Immunoblot analysts of ERK 1/2 phosphorylation

Cultures of PLGPRE(S (1.5 « 10° cells, seeded in 25 cm? flasks)
were exposed to B0mM oxamic acid, 16 M sorafenib or their
combination. After 1h incubation at 37=C the treated cells and
cells from a control culture were Iysed in 150 ] M-PER buffer
(Pierce) containing protease inhibitors (Roche) and a phosphatase
inhibitor cocktail (Pierce), The cell homogenates were left 30 min
on ice and then centrifuged 15 min at 10,000 « g 20 g proteins of
the supernatants (measured according to Lowry) was loaded into
8% polyacrylamide gel for electrophoresis, The separated proteins
were blotted on a low fluorescent PVDF membrane { GE Lifescience)
using a standard apparatus for wet transfer with an electrical field
of 300mA for 2h The blotted membrane was blocked with 5%
BSA in TBS-Tween and probed with a rabbit anti-ERK 1/2 antibody
(Cell Signaling Technology) or with a rabbit anti-phosphoERK 1/2
monaclonal antibody (Thr202/Tyr204, Cell Signaling Technology).
Binding was revealed by a Cy5-labelled secondary antibody (GE
Lifescience), All incubation steps were performed according to the
manufacturer's instructions. Fluorescence of the blots was assayed
with the Pharos FX scanner (BioRad) at a resolution of 100 wm,
using the Quantity One software {BioRad).

210, Statistical analysts

Statistical significance of the results was calculated using the
softwares GraphPad InStat version 3.10 and GraphPad Prism ver-
sion 5, ANOVA followed by Bonferroni's post test was used when
the software indicated a Gaussian distribution of the experimental
data. Otherwise, analysis was performed using Kruskal-Wallis and
Dunn's tests.

3. Results
3.1, Inhibition of LDH and aerobic glycolysis

Inhibition by oxamic acid of LDH from PLC/PRF/5 cells measured
incell free extracts is reported in Fig, 1, The Ki value with respect to
pyruvate was 81.4 LM, similar to that determined using crystalline
LDH from bovine muscles (99 uM),

Fig 2 shows the reduction of lactate production measured in
PLC/PRF/5 cells after 3h incubation in the presence of oxamic acid;
these dataindicate that LDH inhibition by oxamic acid caninterrupt
aerobic glycolysis. Fig, 2 shows that the effective concentrations of
inhibitor were about 1000 times higher than those active on LDH
from cell free extracts, This discrepancy might be mainly due to
a poor capacity of oxamic acid to cross the cell membrane, con-
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Fig. 1. Effect of oxamic acid {03A) on PLC/PRESS cells LOH. The erzymatic assay was
performed as described in Section 2 The Ki (measured using the GraphFad Prism 5
saftware) was #1.4 uM.
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Fig. 2. Production of lactic acid by FLOPRF/S cells after 3h incubation in the pres-
ence of scalar concentration of oxamic acid. Each entry is the mean value + SE
of results from twa experiments, performed as described in Section 20, ) A
statistically significant reduction compared to controls with p<0.05 and p<0.01.

respectively.

sidering that its pKa is as low as 2.1 [16] and polar and anionic
molecules, cannot easily penetrate the cell membrane unless they
use 3 membrang transporter.

3.2 Effect of oxamic acid en ATP levels

In PLC/PRE/S cells exposed for 3-24h to oxamic acid at the
concentrations which inhibited aerobic glycolysis (40-80mM), the
levels of ATP were reduced by 25-50% (Fig. 3A and B), The results
obtained by culturing the cells in the presence (Fig. 3A) or in
the absence (Fig, 3B) of glutamine were practically superimpos-
able, demonstrating that, when maintained in conventional DMEM
medium, PLC/PRF/5 cells mainly derive their ATP from glucose
metabolism, When the aerobic glycolysis was abolished by cultur-
ing the cells in the absence of glucose [11-13], oxamic acid did not
decrease the levels of ATP (Fig. 3C), indicating that in glycolysing
cells the reduced ATP concentrations were only caused by the inhi-
bition of aerabic glycolysis,

3.3, Effect of kinase inhtbitors and of thelr combinatton with
oxamic actd on PLGPRE'S cells viability

Fig, 4 shows the effect of sorafenib, sunitinib and imatinib on
PLC/PRES cells viability, as measured by the neutral red assay after
24 h-exposure to the compounds, To test their effect when given
in combination with oxamic acid, for each drug we chose doses
causing a statistically significant inhibition on PLC/PRF(5 cell pro-
liferation, not higher than 30%, in order to facilitate the evidence
of a possible potentiating effect in the combination with oxamic
acid, In Fig. 4 the chosen doses have been highlighted by a shaded
area. When given in combination with the kinase inhibitors, oxamic
acid was used at the concentrations of 60 and 80 mM, since these
doses were found to almost completely inhibit aerobic glycolysis
(Fig. 2) and to produce a 24 h-sustained 50% reduction in cellu-
lar ATP (Fig. 3A and B), Given to PLC/PRF(S cells for 24h, these
doses of oxamic acid produced only a small and not statistically
significant effect on cell proliferation (see below). Fig. 5 shows the
effect on cell growth of sorafenib (8 and 16 uM), sunitinib (8 M)
and imatinib {32 wM), given to PLC/PRES cells in combination with
60 and 80 mM oxamic acid, as evaluated by the neutral red assay.
The graphs also report the effects of oxamic acid and of the kinase
inhibitors given alone, which were measured in the same experi-
ment together with the drug combination. In the different tests, the
growth inhibitory effect caused by oxamic acid ranged from 9% to
20% and resulted not statistically significant. Given alone, the three
kinase inhibitors confirmed the effect already measured in the
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Significant reduction compared to controls with p<0.001.

growth inhibition curve reported in Fig. 4, When these compounds
were given in combination with oxamic acid, an enhancement of
their anti-proliferative activity was observed, that, for the 80 mM
dose, always resulted statistically significant when compared to
the effect of the kinase inhibitor given alone. [n the case of 16LM
sorafenib, the combination with 80 mM oxamic acid had a so heavy
effect to bring about the almast complete inhibition of cell growth
(»07%) over the 24h,

34, Effects caused by sorafentb and by its combination with
oxamic actd on the morphology of PLO'PRESS cells

Morphological examination of treated cells confirmed the
patentiating effect exerted by the drugs combination, It was per-
formed only on cells treated with sorafenib since, compared to
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Fig.4. Effect of kinase inhibitors on PLC/PRESS cells growth, measred by the neutral
red assay after 24h incubation with the compaounds. The shaded area indicates the
selected doses for studying the effect of cxamic acid combination. Asterisks indicate
a statistically significant difference with p<0.05 (") or p<0.01 (™ L

the other kinase inhibitors, the gain of efficacy observed with the
oxamic acid combination of this compound was the most remark-
able (see Fig. 5). PLC/PRF/S cells were fixed and stained after a
Gh-exposure to sorafenib, oxamic acid or their combination, Fig, GB
shows that the only effect caused by oxamic acid was a moder-
ate vacuolization of cytoplasm. The morphology of nuclei of the
cells treated with this compound appeared to be similar to that of
control cells (Fig. 6A). On the contrary, after sorafenib treatment
(Fig. 6C) most cell nuclei appeared reduced in size, with a more
intensely stained chromatin or even picnotic. The combination of
the two compounds (Fig. 60)) definitively worsened the changes
produced by sorafenib; almost all cells exhibited shrunken nucleiin
which nucleoli were no longer detectable and severely vacuolated
cytoplasms, Many picnotic cells were visible.

35, [MC]thymiding tncorporation by cells treated with sorafentb
given alone or in combination with oxamic acld

For the same reason stated above (Section 3.4), this experi-
ment was performed only in PLC/PRFS cells treated with sorafenib,
After 1 hincubation with [ “*C]thymidine in the presence of 16 LM
sorafenib, 80mM oxamic acid, their combination or saline, not
statistically significant differences were observed in radicactiv-
ity incorporation among the PLC/PRF(S cultures, as evaluated by
ANDVA (data not shown). The treatment was then continued for
an additional 5h in order to measure the increase in radicactiv-
ity incorporation in the treated cultures, which is an indicator of
active DNA synthesis. Results are reported in Fig. 7. ANDVA test
showed that, compared to control cultures treated with saline, only
cells treated with the combination oxamic acid/sorafenib displayed
a statistically significant delay of DNA synthesis at this time, The
result of this experiment together with the morphologic obser-
vation of cells, which was performed only after a 6h treatment,
suggested a very rapid onset for the anti-proliferative action caused
by the combination of sorafenib with oxamic acid.
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Fig. 5. Effect of the oxamic acid (0XA) combination with the kinase inhibitors on PLC/PRF'S growth, measured by the neural red assay after 24h incubation with the
compounds. Asterisks indicate a statistically significant difference with p< 0.05 (*), p<0.01 (**) or p< 0.001 (***). NS, not significant.

3.6. Immunoblot analysts of ERK 1/2 phosphorylatton in cells
treated with sorafentb given alone or in combination with oxamic
acld

The immunoblot experiment was performed only in PLC/PRF/5
cells treated with sorafenib,

.

One of the primary targets of sorafenib is the RAF kinase, the first
signaling element ofthe MAPK pathway, which has an essential role
in HCC cell proliferation, The blocking of RAF causes a downstream
reduction of MEK and ERK phosphorylation, ultimately resulting
in the inhibition of cell proliferation, Fig. 8 shows that, in agree-
ment with published data [17], 1 h treatment with 16 M sorafenib

Fig. 6. Morphology of PLC/PRF/5 cells exposed for 6 h to oxamic acid (8), sorafenib (C) or their combination (D). A control culture, treated with saline, is shown in {A).
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combination. Data were analyzed by ANDVA followed by the Bonferroni post test.
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reduced the phosphorylation of ERK1/2, The bar graph reporting
the ratios between the fluorescence signals of phosphoERK and ERK
indicates that B0 mM oxamicacidgiven for 1 h toPLC/PRF/5 cells did
not affect ERK phosphorylation, which on the contrary was heav-
ily reduced in cultures treated with the 16 LM sorafenib/80 mM
axamic acid combination, where the low molecular weight band
of phosphoERK was not detected. The further reduction of phos-
phoERK observed in these cells, compared to those treated with
sorafenib alone, is a confirmation of the enhancing effect caused by
oxamic acid on the signaling inhibition produced by sorafenib.

4. Discussian

The present experiments showed that oxamic acid decreased
the ATP levels in glycolysing PLC/PRF/5 cells and potentiated the
anti-proliferative activity of kinase inhibitors on these cells, Our
results are in agreement with those of Zhou et al, [18], who found
that the inhibition of LDH by oxamic acid significantly increased
the sensitivity to taxol of mammary cancer cells resistant to this
drug, In performing our study we deliberately chose conditions (a2
24honly exposure to drugs) in which oxamic acid produced a not
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significant effect on cell growth; as a consequence, the observation
that the effect of its combination with the kinase inhibitor was sig-
nificantly higher than that of the inhibitor given alone suggests that
the combination of the two molecules could result not only in an
additive, but also in a synergistic effect [19]. This seems reasonable
mainly for the combination sorafenibexamic acid, for which we
observed a striking increase of the anti-proliferative effect com-
pared to sorafenib given alone, with a rapid impairment in DNA
synthesis, asindicated by the reduced rate of ['*CJthymidine incor-
poration (Fig, 7).

According to the rationale which suggested these experiments,
the enhanced anti-proliferative effect of oxamic acid combination
with kinase inhibitors can at least in part be due to the reduced
number of ATP molecules competing with the drugs for the bind-
ing to the common enzymatic site, This is also supported by the
stronger signaling inhibition produced by sorafenib when given
in combination with oxamic acid (Fig. 8). When aerobic glycolysis
was shut down by culturing PLC/PRF/5 cells on galactose [11-13],
oxamic acid did not cause a depletion of ATP, indicating that this
compound does not interfere with the oxidative phosphorylation,
still operative in this culture condition, As a consequence, in gly-
colysing cells the reduced ATP concentrations caused by oxamic
acid can only be ascribed to the inhibition of aerobic glycolysis. This
suggests that in normal cells, which do not produce ATP through
aerobic glycolysis, the inhibition of LI should not exacerbate the
adverse reactions of antineoplastic drugs, Suppart to the possibility
that the LDH activity is not necessary to normal cells in conditions of
normal functional activity and sufficient oxygzen supply also comes
from the finding that humans with a hereditary deficiency of LDH
isoforms do not show any symptoms under normal circumstances
[20,21),

Oxamic acid is a non-toxic substance in laboratory animals up
to 3g/kg [G]. On the other hand, it inhibits the aerobic glycoly-
sis in cells cultured in vitro only at high concentrations which
are not expected to be reached in vivo, However, changes of the
molecule can be studied wsing oxamic acid as a lead compound
to synthesize a selective and more powerful inhibitor of LDH. It
should display a lower Ki than that of oxamic acid and/or a higher
capacity to cross the cell membrane (see Section 3.1), A similar
attempt was performed to improve the chemotherapy of malaria
|22 23]: several derivatives of the oxamic acid molecule were syn-
thesized and tested on LDH of Plasmodium falciparum, a parasite
which relies on aerobic glycolysis for its energetic needs. Encourag-
ing results are also those of experiments addressed to the inhibition
of the isoform Il of a-hydroxyacid dehydrogenase (HADH 1) of
Trypanosoma cruzi, which shows a substrate specificity similar
to that of LDH-C4 of spermatozoa. Simple derivatives of oxamic
acid such as N-isopropyl and N-propyl oxamate were found more
active in inhibiting HADH 11 in vitro than the parent compound
[24,25) and their ethyl-ester pro-drugs orally administered to Try-
panosoma cruzi infected mice at a dose of 10mg/kg/day for G0
days completely eliminated amastigote nests in the muscles and
myocardium, demaonstrating their efficacy in vive |26]. Maoreaver,
by applying the virtual screening procedure [27] to the crystal
structure of human LDH, also molecules chemically unrelated to
oxamic acid but able to inhibit LDH can be searched.

5. Conclusions

The results of our experiments encourage the search for a LDH
inhibitor more powerful than oxamic acid and also active in vivo,
Its combination with kinase inhibitors could enhance the anti-
proliferative efficacy of these drugs in the treatment of responsive
tumours without exacerbating their effects on normal cells, whose
ATP levels should not be affected by the block of the enzyme,
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Recent data demonstrated that sorafenib impaired the oeddative phosphorylation of a rat myegenic cell line
and suggested that this biochemical lesion cancontribute to the cardiac tosdcity caused by the drug. With the
experiments reported here, we verified whether sorafenib inhibits oxddative phosphorylation ako in cells
from human hepatocellular carcinomas (HOCs), which are treated with this drug By wsing the HCC cell
lines PLCPRES and SNU-449 we studied the effects of the drug on ATP cellular levels, oxyzen consumption
and azmobic glycolysis, a metabolic pathway generally used by neoplastic cells to meet their enerzy demand.
The effect of sorafenibion ATP cellular levels was also studied in cells grown ina ghicose-free medium, which
only derive their energy from oxidative phosphoryation. We found that at clinically relevant concentrations
sorafenib hindered oxidative phosphoryation, whereas at the same time stimulated aerobic ghycolysis in
ghicose-grown cells, thus attenuating the cellular ATP depletion. These results suppaort the impairment of
oxidative phosphorylation a5 a mechanism contributing to the antineoplastic activity of srafenib in the

treatment of HOCx

© 2011 Ekevier BV. All rights reserved.

1. Introduction

Sorafenib ts & multi-kinase inhibitor approved for the treatment of
non-resectable hepatocellulr cardnomas (HCG) (Lovet et al, 2008).
115 dinical success has been attributed (o the ability of nhibiting the target
kinases (Liu et al, 2006). However, in experiments aimed at ducdating
the mechanisin(s) undering the cardiae side dfeds of sorafenil, Wil
el al. (2008) observed that the drug, at dinically relevant concentrations,
inhibited the axidative phosphorylation (OXPHOS) of 2 myoblast cell line
(H9:2) and direaly impaired the fundtions of rat heart isobted mitochon-
dria. In the present experiments, we studied whether this mechanism of
cell damage can also (ke part in the anti-probiferative effed of sorafenib
on HOC cells. To address this issue, we used PLC/PRFSS and SNU-449 cell
cultures (two lines derved Fom human HOCs [Alexander et al, 1976;
Park et al,, 1995)}, which, for some expedments, were adapted o grow
in ghcose-deprived medium, PLOPRE'S and SNU-449 cells, similar to
the majority of neoplstic cells, largely rely on aerobic glywlysis for
ther ATP genertion (Pelicano et 4, 2006 When maintained in
glucose-deprived medium, these cells can obtain ATP solely through
OXPHOS, using glutamine as the main substrate for the TCA cycke
(Marroquin et al, 2007; Reitzer et al, 1979; Rossignol et al, 2004).
We exposed cell cultures (o sorafinib added at the concentrations rised
in plasma of patients treated with the drug (4-16 u) (Strumberg et al,
2005, 2007) and studied its dfects on OXPHOS and aerobic ghycolysts. It

* (orredponding suthor at: Depantment of Experimental Pathalogy, Univer sty of Bo-
logna, via San Gizomo, 14-40126 Bologna, laly. Tel: + 39 (512084721; fax: +39
5120947 46.
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0014-29995 - 3¢ front matter © 2011 Bsevier BY. All rights reserved.
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was observed that treatment with sorafenib caused an early redudion
ol ATP callular levels and that this redudtion was more iiarked in aullures
which only rely on OXPHOS for their energetic needs. Evidence was
obtaned that the decrease in ATP levels in glycolysing cells, although
moderate, can contribute o the antiproliferative effed of sorfenib.

2. Materials and methods
2.1, Materials

Sorafenib (p-toluensulfonate salt) was obtained from LC Labs
[USA). The stock solutions used for the experiments were prepared
in DMS0 and were added to the cell cultures at the indicated concen-
Lrations (see below), king care that the final DMSO content of cell
cultures never exceeded 0.05% volfvol In all experiments, DMSO
was also added to control cultures, treated with saline, All other che-
micals were from Sigma-Aldrich

Cell culture media and supplements were obtzined from Bio-
Wytlacker, Plastics for cell cultures were from Fakon The GellTiter-
Glo luminescent cell viability reagent was purchased from Promega.
The phosphorescent oxygen-sersitive probe (MitoXpress probe)
was from Luxcel Biosciences,

22 Cell cultures

PLC/PRF/5 and SNU-449 are cell lines derved from human HOCs with
HBV etiology, taken from patients prior o cytotoxic therapy (Alexander
el al, 1976, Park et al, 1995). They were cultured in DMEM with
25mM glucose, supplemented with 10% fetal bovine serum, non-
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essential aminoacids, 100 1Ufml penidllin, 100 mg/ml streptomycin,
2 mM glutamine, Cells wergincubated in a humidified atmos phere of
5% (04, 95% air at 37 °C.

A sub-culture of the two cell lines was maintained in ghcose-free
medium containing 10 mM galadose (needad as a source of precursors
for DNA synthesis (Marroquin et al, 2007 Reitzer et al, 197%; Rossignol
el al, 2004)) and supplemented with 10% dialyzed fetal bovine
serum, non-gssential aminoacids, 100 1U/ml penicillin, 100 mg/ml
streptomycin, 6mM glutamine, Adaptation of cell metabolism o
these conditions required a minimum of 4 weeks culture.

23 Assay of ATP levels

ATP levels were measured using the CellTiter-Glo Luminescent Cell
Viahlity Assay. For these experiments, 2 x 10 cells in 200 l of culture
medium were seeded into each well of 2 96-multiwdl opague body
plate and allowed o adhere overnight. Sorafenib (4-16pM) was
added and ATP levels were measured after 3 and 6h incubation at
37°C Each dose of dug was tested in quadruplicate. After incubation,
the plate was allowed to equilibrate at room temperature for 30 min
and the CellTiter-Glo reactive was directly added to each well, as indi-
cated by the manufacturer, The plate was kept on a shaker for 10 min
toinduce cell lysis and luminescence was measured by using a Fluoros-
kan Ascent H. reader (Labsystems). This experiment was performed
both on glycolyticaly poised and on galactose grown cellsThe effect
of oxamic 2ad (an nhibitor of ladate dehydmgenase (Movoa et al,
1959)) (40-80 mM) was also tested using this assay,

2.4 Measure of laciate [evels

To study the effect of the drug on aerobic glycolysis, we measured the
amount of ladic add produced by PLCPRES and SNU-449 cells after 1
and 3 hincubation in the presence of 4-16uM sorafenib, 5 10° ellsin
2 ml of culture medium were seeded in each well of 2 6-well Nundon
plate and let to adhere overnight The medium was then replaced with
1 ml of Krebs-bicarbonate buffer containing 25 mM glucose and scalar
concentrations of sorafenih, pre-wamed at 37 °C Each dose of the
diig was tested in triplicate, Lactate (ntfacellular + rebeased in medi-
um ) was measured acconding to the method of Barker and Summerson
(1941}, following the procedure descrbed by Fume et al. (20101,

2.5, Céll respiration assay

PLC/PRE/S and SNU-449 cells were plated at 5 10° cellsiwell in 96
multi-wel dear bottom, black body plates and allowed to adbere over-
night. After the addition of the MitoXpress phosphorescent oxygen-
sensitive probe [ 10 pmoles/wel ), plates were placed in a Victor™ fluo-
rescence meader (Perkin Elmer) at 30 °Cand were monitored for about
20 min to reach temperature and gas equilibrium and to obtain hasal
signals, Then, sorafenib (4 and 8 uM) was quickly added, wells were
sealed with mineral ail and monitoring of the signal was resumed for
the next 60 min, During this interval theincrease of Muorescence signal,
which indicates oxygen consumption, was measured every 60 s with
340/642 nm exdlation/emission filters, a delay dme of 30 psec and a
measurement window of 100usec. All procedures of the experiment
were performed at 30 *Cwith prewamed solutions. Each dose of sor-
afenib was tested in quadruplicate. Evaluation of cell respiration was
performed by applying the linear regression analysis Lo the time profiles
of fluorescence signals oblained from each well, m order o determine
the slopes of each profile.

2 Evaluation of cell growth
Cell growth was evaluated using the neutral red assay, which gives

a measure of the number of viable cells that actively endocytose this
compound (Folakis and Timbrell, 2006).

PLC/PRE/S and SNU-449 cells (310 wel) were seeded in 24-
multiwell plates, allowed to adhere ovemight and treated with scalar
concentrations of sorafenib or axamate in order o caloulate the [Cs of
the two drugs. Each dose was tested in triplicate. Treated cultures
were incubated at 37 °C for 24 h ( reatment with sorafenib) or 72 h
(treatment with oxamate). AL the end of incubation periods, untreated
cultures (controls) and drug-treated cells were mantained for an addi-
tional 3 h at 37°C with the neutral red dye dissolved in DMEM at the
final concentration of 30 pg/ml. After this tme, the medium was -
moved and the cells were solubiised with 1ml of 1% acetic add in
50% ethanol, The solution from e ach well (200ul) was then transferred
1o 296-multiwell plate and its absorbance 2l ks Was iessured using a
fiicroplate reader | Muiltiskan Ascent FL Labsysterns).

Experiments were also performed o compare the effed caused
on cell growth by 8 uM sorafenib and 40 mM oxamate (PLCPRE/S
cells) and BuM sorafenib and 80 mM axamate [SNU-449 eells),
which produced a similar ATP depletion in the @Il cultures [see
below). The results were evaluated after 24, 48 and 72 h exposure
fmes,

27, Statistical analysis

All experimental data were statistically evaluated by ANOVA fol
lowed by the Dunnet post test using the GraphPad softwares Prism
Sand InStat 3.

3, Results
1. Bffect of sorafenib on OXPHOS

Toevaluate the effed of sorafenib on OXPHOS we measured ATP
cellular levels of PLO/PRE/S and SNU-449 cultures maintained both
inconventional and in glucose-deprived medium, containing galac-
tose (see Materials and Methods). ATP was measured after 3 and
G hexposure. AL these times the number of viable cells is not yet af-
fected by the drug. Fig. 1 shows that when cell cultures were reated
with axamic acid, ATP levels were reduced in glycolysing cells only.
Oxainic acid is an nhibitor of lactate dehydrogenase (Novoa et al,
1959), which selectively blocks aerobic glycolysis (Flume et al,
2010; Papacostantinou and Colowick, 1961). This observation con-
firmed that in cells grown n galactose this metabolic pathway was
not operative and that these cells had to resort only o OXPHOS to
obtain ATP. Fig. T (upper graphs ) shows that sorafenib had a marked
effect on ATP levels of these cultures, causing an almost complete
deprivation of energy supply at the dose of 16 uM, which is very
dose o the drug ICs (Fig. 2). In glycolysing cells (Fig. 1, bottom
graphs), the dfed of sorafenl was milder and the ATP content
appeared tobe decreased by only 12-32% Unpredictably, ingly colysing
cells sorafenib caused a decrease of ATP level which was significantly
higher at the dose of & uM than at 16 pM. This contradictory resull can
be explined by the higher implementation effed exerted by the
16 uM dose of sorafenib on aerobic glycolyss (see below).

In a further experiment the effect of imatinib and sunitinib (two
other multi-kinase inhibitors (Sebolt-Leopold and English, 2006})
was also studied. These drugs, tested on cell cultures at ten-fold
higher concentrations than those raised in patients (Will et al,
2008), did not cause any decrease in ATP levels both in glycolysing
and in galactose-maintained PLC/PRES cells (data not shown ).

32, ffect of sorafenib on aerobic glycolysis

In PLC/PRE/S and SNU-449 cells sorafenib stimulated aerobic gly-
lysis, asindicated by the higher amount of ldtic aad formed in the
presence of the drug (Fig. 3). The enhanee ment of aerobic glycolysis
accounts for the small depletion of ATP produced by 16 uM sorafenib
in culures maintained in standard medium containing glucose,
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compared to that caused in cells grown on galactose. As a further
confirmation, when glycolysing cells were exposed o 16 uM sorafe-
nib in association with 80 mM oxamic add (which blocks aerobic
glycolysis), their ATP content dropped to very low levels (<10% of
control cells after 2 6 h incubation) (Fig. 1, bottom graphs ).

33, Effect of sorafenid on cell respiration

To further confirm that sorafenib impairs mitochondrial functions
also i cells grown in standard mediim containing glicose, we studied
the effect of the drug on the respition of these cells, which maintain
thetr physiological status, Respiration was evaluated by mesuring cell
axygen consumption for a period of 60 min after the addition of the
drug. Fig. 4 shows that even at the lower concentration (4 pM ), sorafe-
nib significantly decreased oxygen consumption in both cell lines. A
more marked effect was observed in PLOPRES cells, in which the
8 uM concentration of the drug completdy abolished respiration In
SNU-449 cls the effects caused by the two tested concentrations
were superimposable. This finding definitively demonstrates that sora-
fenib can markedly hinder the mitochondrial function also in glycolys-
ing HCC cells.

34. Bfect of ATP reduction on cel viability

Fg. 5 shows the effects of axamic add and sorafenis on the viability
of cells cultured in ghicose medium and exposed for three days (o con-
centrations of drugs (40 mM oxamic acid and 8 uM sorafenib in
PLC/PRESS cells; 80 mM oxamic acid and 8 uM sorafenib in SNU-449
calls) caising 2 similar depletion of ATP (about 30%) (Fig. 1, bottom
graphs ). Oxamic add which inhibits ladate dehydrogenase, causes
call death by only reducing ATP edlular levels (Goldberg et al, 1965;
Papacostantinou and Colowick, 1961 ). It caused a decrease in the num-
b of viable cells which, although lower than that produced by sorafe-
nib, was statistically sig nificant. This suggests that a depletion of ATP o
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anextentsimilar to that produced by 8 uM sorafenibin glycolysing cdls
can contribute to the antiproliferative effect of the drug on these cells.

4. Discussion

Livet al. (2006} found that in PLCPRFSS cells sorafenib at dinically
relevant concentrations inhibited RAFMEK/ERK signaling pathway,
thus impairing cell viability. In the experiments reported here, by
using the same cell line and similar drug concentrations we showed
that sorafenib also markedly impaired the OXPHOS, The same effect
was also observed in SNU-449 cdls, anather cell line derived from a
human HCC, Because of the link between the two energetic pathways
[Krebs, 1972), the depletion of mitochondrial AT in glycolysing cdls
caused an increase of glycolysis so that the ATP content in these cdls
was only 12-32% lower than that of control cells. This decrease, al-
though moderate, is statistically significant and can impair cell growth,
a5 supported by the finding thatin both cell lines 2 dose of oxamic acid
which reduces ATP levels tothe same extent s sorafenib after 2 3 days
exposure significanty reduced the number of viable cells by about 305
(Fig. 4). An inhibitory efed on cdl growth caused by a moderate de-
crease of ATP levels (-30%) was ako reported by Lieberthal et al.
(1998}, who reduced cellular ATP by using 2-deaxyelucose and ob-
semved a 20-30% inhibition of the replication of cultured mowse proxi-
mial tubular cells. Moreover, in the case of sorafendb, which blocks the
targetkinases by binding o their ATP sites (Sebolt-Leopold and English,
2006), the depletion of ATP could ako enhance the anti-kinase activity
of the drug by reducing the compelition for the common enzymatic
site. Therefore, the present results point out that the loss of ATP caused
by the diuig interference with OXPHOS probably contributes Lo the ai-
ticancer activity of sorafenib on human HCC cdls, Contrary to sorafeni,
imatinib and sunitinib did not impair the OXPHOS of PLOPRESS cells.

Before the introduction of sorafenib, systemic chemotherapy of HCs
was practically unused This drug, however, produced only maodest re-
sults on patient survival (Llovet et al, 2008) and, consequently, the
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search of new therapeutic strategies to fight this wmer form is sall in
progress, The observation of an increased ratio between glycolytic and
OXPHOS-derived ATP in HOC cdls treated with this drug suggests that
a possible way to enhance the thempeutic power of sorafenib could be
its combiration with glycolytic mhibilors, such as oxamate, which
blocks lactate dehydiopenase. As shown by our results, the association
of sorafenibjoxamate caused the almaost complete ATP depletion in
treated cells Unfortunatdy, oxamate has the drawback of a scarce
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supported by the finding that the drug damages mitochondria isolated
from non-neoplastic tissues (Will et al, 2008). Nomal cells have an
OXPHOS capadty much higher than that of human HCC cells, whose
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mitochondrial content i very low (Cuezva et al, 2002 ). Therefore, in
contrast to HCC cells, normal cells have an energetic reserve in the mito-
chondrial compartment to which they can resort when the physiological
work increases and the consequent reduction of ATP/ADP ratio stimu-
lates the OXPHOS (Krebs, 1972). It can be speculated that even when
sorafenib impairs OXPHOS in nomal cells, it does not decrease the
amount of ATP synthestzed by mitochondria in basal conditions, but
only reduces their energetic reserve with a consequently decreased ca-
padty of coping with a higher energy demand.
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Maurizio Recanatini®

One of the most prominent alterations in cancer cells is their
strict dependence on the glycolytic pathway for ATP genera-
tion. This observation led to the evaluation of glycolysis inhi-
bitors as potential anticancer agents, The inhibition of lactate
dehydrogenase (LDH) is a promising way to inhibit tumor cell
glucose metabolism without affecting the energetic balance of
normal tissues. However, the success of this approach depends
chiefly on the availability of inhibitors that display good selec-
tivity. We identified a compound (galloflavin, CAS 568-80-9)
which, in contrast to other inhibitors of human LDH, hinders
both the A and B isoforms of the enzyme. To determine the
mechanism of action, we collected LDH-A and -B inhibition
data in competition reactions with pyruvate or NADH and eval-

Introduction

Although highly heterogeneous in their genetic features,
nearly all tumor cells, regardless of their tissue origin, display a
common metabolic phenotype characterized by elevated glu-
cose uptake with lactic acid production in the presence of
oxygen (aerobic glycolysis)" This observation, which originally
dates back to Warburg,” suggests that a rational approach to
cancer management can be found in therapies that specifically
target this metabolic profile. Lactic acid dehydrogenase (LDH,
EC1.1.1.27) is involved in the final step of aerobic glycolysis,
which converts pyruvate into lactate. Inhibition of LDH as an
approach to anti-neoplastic chemotherapy was proposed sev-
eral years ago™ and has been recently re-evaluated® follow-
ing two observations: a) neoplastic cells with decreased LDH
levels induced by shANA™ or by sIRNA™ show decreased tu-
morigenicity; b) humans with a hereditary deficiency of the A"
or B"™ LDH isoform are free of symptoms, except for muscle
rigidity and myoglobinuria, which can appear in individuals
with LDH-A™ deficiency after strenuous exercise.

LDH is a very well-characterized enzyme. The mammalian
enzyme is a tetrameric complex composed of two different
subunit types: LDH-A (or LDH-M, muscle) and LDH-B (or LDH-
H, heart). The combination of these two isoforms can give rise
to homotetrameric structures (LDH-A or M4 and LDH-B or H4),
of to heterogeneous enzyme complexes (LDH-AB3, LDH-A2B2,
LDH-A3B).™ In humans, an additional isoform has been de-
scribed, producing the complex LDH-X (C4) which is expressed
only in testis/ All LDH isoenzymes share a very similar struc-
ture but differ in their tissue distribution, kinetic and requlatory
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uated the results using software for enzyme kinetics analysis.
We found that galloflavin inhibits both human LDH isoforms
by preferentially binding the free enzyme, without competing
with the substrate or cofactor. The calculated K, values for pyr-
uvate were 546 pum (LDH-A) and 15.06 pm (LDH-B). In cultured
tumor cells, galloflavin blocked aerobic glycolysis at micromo-
lar concentrations, did not interfere with cell respiration, and
induced cell death by triggering apoptosis. To our knowledge,
the inhibition of LDH is, to date, the only biochemical effect
described for galloflavin. Because galloflavin is not commercial-
ly available, we also describe herein a procedure for its synthe-
sis and report its first full chemical characterization.

properties"? The A subunit is prevalent in skeletal muscles,
liver, and neoplastic tissues; the B subunit is expressed more in
the heart, kidney, spleen, and brain

Until recently, the only well-characterized and specific inhibi-
tor of LDH was oxamic acid, a small molecule that inhibits
both the A and B isoforms of LDH by competing with pyruvic
acid, the enzyme's natural substrate"™ Although it displays
good selectivity for LDH™™ and weak toxicity in healthy ani-
mals,"* oxamic acid has the drawback of poor cellular penetra-
tion; as a consequence, it was found to inhibit aerobic glycoly-
sis and the proliferation of tumor cells cultured in vitro only at
high concentrations™'™ which cannot be expected to be
reached in vivo.

Over the past years, LDH inhibitor research was aimed at the
discovery of improved antimalarial therapy, as LDH activity is
also essential to the metabolism of Plasmodium falcipa-
rum! ™ These studies led to the identification of 3-dihydroxy-
6-methyl-7-(phenylmethyl4-propylnaphthalene-1-carboxylic
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acid (FX-11), which also strongly inhibits the A isoform of mam-
malian LDH by competing with NADH, the cofactor of the
enzyme ™ FX-11 was also found to be active in experimental

COOH ql
OH ]
R \
| COOH
CH R = h.l
OH

FX-11 NHla-¢

a: R'=H, R?=CgH;, R3=H
b Ri=H, Ri=H, R*=CHy
& R'=CF;, R%=H, R3=CgHy

animals, in which it hindered the growth of tumor xenografts¥
However, the possibility that off-target effects of this inhibitor
also contributed to its biclogical action cannot be ruled out.
More recently, some N-hydroxyindole-based compounds
(NHIa-c) were also found to inhibit the LDH-A isoform.*!

Herein we describe the identification of a novel LDH inhi-
bitor, galloflavin (1; Scheme 1 and Table 2 below), which was
selected by virtual screening (VS) of a molecular dataset and
carefully biologically characterized. Because galloflavin (1) is
not available from commercial sources, we also set up a proce-
dure for its synthesis ™" and report herein its full chemical
characterization for the first time.

HO. HO
OH 2, ;

HOY HO
OH o
2 1

Scheme 1. Synthesis of galloflavin (1) from gallic acid (2). Reagents and con-
ditions: a) KOH (S m), H;0/EtOH (1:1), air, RT, 12 h.

Virtual screening

To identify novel LDH inhibitors, a structure-based VS protocol
was developed. The RCSB Protein Data Bank (PDB/™ was
searched, and 75 LDH crystal structures were found. Among
them, we chose the 2.3 A crystal structure of human muscle
form (LDH-A, PDB ID: 1110°"), which was the only A isoform
LDH structure available at the time. The NCI Diversity Set (1880
compounds when it was downloaded) was explored as a first
step toward a more comprehensive investigation of the chemi-
cal space. The GOLD software package, implementing a genet-
ic algorithm, was used for the V5 procedure.

Chemistry

Galloflavin (1) was obtained by oxidation of a basic solution of
gallic acid (27 in air (Scheme 1). Following the previously re-
ported procedure™ we sought to identify reproducible condi-
tions for the synthesis suitable to provide adequate quantities
of substance for full chemical characterization and biclogical
studies.
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Biology

Our V5 search for the identification of LDH inhibitors was ini-
tially focused on the structure of the LDH-A, as this isoform is
up-regulated in the majority of human cancer cells™ Twenty
compounds selected from the VS procedure were preliminarily
probed against purified human LDH-A and -B, in the presence
of non-limiting concentrations of both substrate (pyruvate)
and cofactor (NADH). Five compounds were found to be active
at the micromolar level, and, by using the PLC/PRF/S human
cell line, were additionally characterized for their activity on
some cellular metabolic processes (lactate production, respira-
tion, ATP synthesis). The PLC/PRF/S cell line is derived from an
undifferentiated hepatocellular carcinoma;™ it was chosen for
studying the effects of LDH inhibitors both because of its
human origin, and because this tumor form usually displays a
highly glycolytic phenotype due to a marked decrease in cellu-
lar mitochondria content.™ Taken together, the results of the
early evaluations focused our interest on galloflavin, which was
further studied to investigate the inhibition pattem on human
LDH-A and -B. We also verified that the inhibition of aerobic
glycolysis effected by galloflavin in PLC/PRF/S cells triggered
cell death via apoptosis.

Results and Discussion

After ranking all molecules of the NCI Diversity Set for their af-
finity to LDH-A, we selected 20 (Supporting Information,
table A) from the top 10% of compounds on the bases of care-
ful inspection of the putative binding mode as well as availa-
bility. In particular, in the absence of objective criteria for pri-
oritizing the top-scoring compounds (see Experimental Sec-
tion), we checked for several properties: reasonable inhibitor
binding mode, realistic binding conformation, and synthetic
accessibility of the molecular skeleton. Samples of the selected
compounds were obtained from the NCl and were tested on
purified human LDH-A and -B, as described in the Experimental
Section. Only five of them (Table1) were found to cause
enzyme inhibition at the micromolar level. A PubChem search
(http://pubchem.ncbinimnihgov) of the structures of these
five compounds allowed retrieval of their common denomina-
tion and published bicassay data. The compounds are: gallo-
flavin  (NC5107022), lomofungin  (NC5156939), redoxal
(NC573735), vanillil (NC516722), and nortangeretin (NC576988).
According to the information in the PubChem database, nei-
ther LDH inhibitory activity nor other effects on glycolytic en-
zymes have been reported yet for these compounds. For each
molecule, we obtained a concentration—response plot for LDH
inhibition, in which experimental data were fitted by using the
second-order polynomial regression in order to calculate the
minimum dose required for complete inhibition of enzyme
activity (ICyq; Table 1). Although less commonly used than ICy,
this parameter was chosen with the aim of identifying a fully
active inhibitor dose for testing on cells cultured in vitro for
preliminary evaluation of their biological activity.

The IC,,, values calculated for LDH-A were tested with PLC/
PRF/5 cultures to evaluate their effect on lactate production,

ChemMedChem 2012, 7, 311-317
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Table 1. Summary of the biological effects of test compounds found to inhibit purified LDH.
Compd 1€ ] Inhibition™ [3]
hLDH-&  hLDH-B Lactate Production  ATP Levek  Cell Growth Respiration

Galloflavin
{NCS107022) am 200 44040 342452 61.8+50 089467
Lomofungin 202 182 245499 282406 =9 =95
(NC5156939) ’ ) ) ’ ’
Nanillil
iNCS16722) 205 178 200452 253102 00+144 ND

" ; | Narangeretin 70 212 5331086 17.3+01 7951255 683170
[NCS76988) ' T T

HO

OH O
o 0

mé Ngugt iLOH o

INCS73735) 177 158 7464200 163+00 =95 =95
[0}
OH ]
Ha Oxamic acid™ 690 175 670+29 87+24 M5105 57M+25
0
[a] The IC, 4 value represents the minimal concentration required to effect complete LDH inhibition. [b] Inhibitory effects were determined in PLOPRF/S
cells using a compound concentration equal to the LDH-A IC,y, value. [¢] Inhibition data given for oxamic acid are the effects observed at 4x10° pw.

cell respiration, ATP levels, and cell proliferation; the results ob-
tained are listed in Table 1. For comparison, the ICyy value of
oxamic acid—the only well-characterized selective LDH inhibi-
tor* ¥ —is also included, having been evaluated in the same
way as for the newly identified inhibitors. As apparent in
Table 1, oxamic acid elicits biological effects on cells at concen-
trations as high as ~4x10° pm (no effects at IC,,,), because it
has limited cell penetration. Galloflavin appears to have a
good capacity of cell penetration, as it shows a marked effect
on lactate production in cultured PLC/PRF/S cells at the same
concentration that it blocks purified LDH-A (201 pm). Good
correspondence was observed between the decreased lactate
levels and the decrease in cellular ATP, as observed in PLC/PRF/
5 cells after the selective block of aerobic glycolysis caused by
treatment with oxamic acid. Moreover, galloflavin inhibited cell
growth and did not affect oxygen consumption (Table 1).

Among the other compounds, vanilll was not deemed
worthy of further study, as it caused only a small decrease in
lactate levels and did not affect cellular ATP and PLC/PRF/3
growth. The respiration assay was not performed with this
compound, because we observed interference of vanilll with
the signal of the oxygen-sensitive probe.
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The remaining three compounds (redoxal, lomofungin, and
nortangeretin), added to the assay cell cultures at their respec-
tive LDH IC,q, values, hindered oxygen consumption, denoting
lack a of specificity toward this enzyme. No bicassay data for
nortangeretin are available in the PubChem database. In con-
trast, lomofungin and redoxal are previously studied com-
pounds for which other biological effects have been described.
Lemofungin is an antibiotic that inhibits nucleic acid synthesis
in yeast;* redoxal is known to induce pyrimidine depletion™'
by inhibiting dihydroorotate dehydrogenase™®

From our biclegical evaluations, galloflavin proved to be the
only potentially useful LDH inhibitor. Therefore, a more
detailed characterization of its biclogical properties was per-
formed. Figure 1 shows the galloflavin docking pose with
human LDH-A, obtained by the VS procedure. As detailed in
Figure 2, this molecule apparently binds mainly to the enzyme
by hydrogen bonds. In particular, the carbonyl oxygen atoms
of galloflavin act as hydrogen bond acceptors with Thr247 and
GIn99, and the compound's hydroxy groups establish hydro-
gen bond interactions with Asn137 and Ala95. Finally, the 9-
hydroxy group could make contact with either Ala97 or
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Figure 1. Calculated binding pose of galloflavin with human muscle LDH-A
(PDB 10: 1110} as the outcome of the VS protocol Catalytically relevant

His 192 and Arg 105 residues, as well as Arg 168 (numbering from the human
muscle enzyme) are shown as sticks, with the main chain of the protein dis-
played in ribben form; some residues have been omitted for clarity.

Figure 2. Putative binding mode of galloflavin at the human LDH-A binding
site (displayed in dbbon form). Atoms likely invelved in hydrogen bonds are
linked by dashed lines, and selected relevant residues are depicted as sticks;
some residues have been omitted for clarity.

Asn112 and with the backbone nitrogen atom of Asn137 as
well.

Galloflavin was also docked into the human LDH-B isoform,
and a pose quite similar to that observed with human LDH-A
was found (figure 1, Supporting Information). This was not un-
expected, considering the high sequence similarity (-75%) of
the binding site domains.

As an initial step in the biological characterization of galle-
flavin, we tried to better define the pattem of enzyme inhibi-
tion by using purified human LDH-A and LDH-B. For this, we
performed enzymatic assays in the presence of scalar concen-
trations of the substrate (pyruvate) or cofactor (NADH). For
comparison and to verify the accuracy of our evaluation, a sim-
ilar test was also performed with oxamic acid, which, as stated
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above, is a competitor of pyruvate’” in the LDH reaction. LDH
inhibition data obtained with galloflavin and oxamic acid were
evaluated by GraphPad Prism 5.0, using the software’s built-in
enzyme kinetics analyses. Briefly, several datasets of LDH activi-
ty were collected in the presence of various inhibitor concen-
trations, starting at zero. These datasets were plotted as sub-
strate concentration versus enzyme activity, fitted by second-
order polynomial regression, and analyzed by applying the
mixed-model inhibition fit. This procedure was preferred over
analysis by Lineweaver-Burk plots, as it avoids the approxima-
tion errors linked to the transformation of experimental
data”™” The mixed-model fit is defined by Equations (1-3),
which include competitive, uncompetitive, and noncompetitive
inhibition terms: V., is the maximum enzyme velocity without
inhibitor, K, is the Michaelis-Menten constant, K, is the inhibi-
tion constant, « determines the mechanism of action, X is the
substrate concentration, Y is the enzyme activity, and | is the
inhibitor concentration.

Y = Vo [T+ (0 K] (1)
K =Ky (1 1/K) 11 +1 /(- K))] 2)
Y ="YX (K +X) (3)

This calculation model includes the parameter a, which can
be indicative of the mechanism of inhibition. The « value is an
index of the degree to which the binding of inhibitor changes
the affinity of the enzyme for substrate. An « value equal to
one indicates that the inhibitor has equal affinity for both the
free enzyme and the enzyme-substrate complex. If @ > 1, the
inhibitor preferentially binds to the free enzyme, and if a<1,
the inhibitor binds with greater affinity to the enzyme-sub-
strate complex. A very large « value denotes that inhibitor
binding prevents binding of the substrate, and is indicative of
competitive inhibition."™ Results are reported in Table 2.

According to the global fitting of data, galloflavin seems to
preferably bind the free enzyme, without being competitive
with either pyruvate or NADH, as indicated by the obtained «
values. The discovery of galloflavin's inhibitory action against
both human LDH isoforms (see also Table 1) suggests broader
and more interesting properties than those of FX-11 and the
N-hydroxyindole-based inhibitors, which were found to act
specifically on LDH-A™" In fact, data were recently reported
that indicate a pivotal role for LDH-B in tumorigenesis mediat-
ed by hyperactive mTOR (mammalian target of rapamycin) sig-
naling.*

To further characterize the biological effects of galloflavin,
PLC/PRF/5 cells were treated with various doses of this com-
pound. As shown in Figure 33, cell respiration was largely un-
affected by galloflavin at all concentrations, suggesting a lack
of toxicity toward mitochondrial functions. For the other stud-
ied parameters, the effects caused by galloflavin were found to
be concentration dependent, without evidence of a threshold
dose. The inhibition of lactate production (Figure 3 b), which is
indicative of impairment of aerobic glycolysis, and the de-
crease in ATP synthesis (Figure 3¢) can explain the decreased
cell viability (Figure 3d).*" By applying the second-order poly-
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Table 2. LDH inhibition data obtained with galloflavin in com petition ex-
periments with pyruvate and NADH.

hLOH-A hLDH-B

Pyruvate NADH Pyruvate NADH
Galloflavin
K sl 546 56.0 151 232
a 994 059 336 444
P 0989 0983 0963 0961
Oxamic acid”
K, [l 614 - 5.76 -
aft 244x10" - 266x10° -
[ 0.987 - 0978 -

[a] The a value is indicative of the mechanism of inhibition; see text for a
detailed explanation. [b] Geodness of fit. [¢] For companson, the inhibito
ry data obtained using oxamic acid, a LDH inhibitor that competes with
pyruvate, is ake shown.

nomial regression to the data in Figure 3, we calculated that
the concentration of galloflavin causing a 50% decrease in lac-
tate production is 140 pm. This dose fits well with the concen-
tration required to decrease cell viability by 50% (184 pm),
suggesting that in PLC/PRF/S cells exposed to galloflavin, the
decrease in viability could be ascribed mainly to inhibition of
aerobic glycolysis caused by the compound. Figure 3¢ also
shows that 140-184 pm galloflavin can be expected to reduce
ATP levels by only 25-30%. This result can be easily explained
by considering that even in cells where glycolysis is active,
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Figure 3. Synopsis of the biologial characterization of galloflavin in PLLY
PRF/S cultures: a) cell respiration, b) inhibition of lactate synthesis, ¢ de
crease in ATP levels, and d) reduction of cell viability. For all experdments
[performed as described in the Expedmental Section), galloflavin was dis
solved in DMSO, Cultures exposed to galloflavin contained 0.6 % DMSO, and
the sarme DMSO amount was also added to control cells; we verified that
06% DMSO has no effect on PLC/PRF/S cultures. The results were evaluated
by ANOVA followed by Dunnet’s post-test, using GraphPad Prism 5 software.
Asterisks indicate statistically significant difference from controls: *p < 005,
p001.
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mitechondrial function is not completely abolished and that
mitochondrial respiration is more productive in ATP synthesis
than glycolysis. This limited effect on ATP levels appeared to
have a positive consequence, as by studying the cell death
mechanism triggered by galloflavin (Figure 4) we observed the
induction of apoptosis, with no evidence of necrosis. Cell
death by necrosis is the inevitable consequence of deep ATP
depletion; this sets off a damaging inflammatory reaction,
often linked to increased risks of tumor progression.
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Figure 4. Study of the cell death mechanism induced by galloflavin in PLCY
PRF/S cells after 24 h exposure: viability ((]), apoptosis (M), and necrosis
(). The results show apoptosis as the only cell death pathway that oecurs
as a result of treatment A similar experdment, repeated after 48 h exposure,
produced superimposable results (data not shown).

To our knowledge, the inhibition of LDH isoenzymes is at
present the only biochemical effect described for galloflavin.
Preliminary toxicity data for this molecule are available from
the NCI (http://dtp.ncinih.gov/), and remarkably they suggest
good tolerability: in mice the maximum tested dose
(400 mgkg ™" injected ip) did not produce lethal effects. In
conclusion, galloflavin might be a promising lead candidate in
the field of tumor metabolism inhibitors, and warrants a more
exhaustive evaluation as a potential anticancer agent.

Experimental Section

Structure-based VS protocol on human LDH-A

The crystal structure of human muscle lactate dehydrogenase
M chain complexed with oxamic acid and NADH (PDB ID: 1110)*)
was downloaded from the PDB (http://www.rcshorg). Among the
different polypeptide chains present in the .pdb file, the A chain
was taken as the starting structure for performing the VS on the
basis of the overall resolution and the Bfactor. Water molecules,
oxamic acid, NADH, and acetate ion were removed, and hydrogen
atoms were added by using the BIOPOLYMERS module of Sybyl 7.3
(Tripos Inc., St. Louis, MO, USA). The protonation states of ionizable
groups were set up, and the tautomeric forms of histidine were
protonated according to their putative hydrogen bond patterns in
the crystal structure. The VS of the NCI Diversity Setll (hitpy/
dtpcancergovibranches/dsch/div2_explanationhtml)  was  per-
formed by using GOLD v.4.0.1 docking software (CCDC, Cam-
bridge, UK). The 3D models of ligands were downloaded from the
ZINC database (http://zincdocking.org) and the active site was de-
fined as a sphere of 15 A radius centered at atom 1056 to comprise
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the cavity formerly occupied by oxamic acid and NADH. The genet-
ic search algorithm was set up at an accuracy of 100%, with
default settings; in particular, the population size was 100, the se-
lection pressure was 1.1, the number of operations was 107, the
number of islands was 5, the niche size was 2, migrate was 10,
mutate was 95, and crossover was 95. The GoldScore scoring func-
tion was used, and 100 runs were performed for each molecule of
the subset. The top 10% of virtual hits were selected for visual in-
spection, which is a recommended step in VS protocols, although
it is time consuming, and lacking in objectivity*" In fact, criteria
such as a good predicted binding affinity (calculated by a combi-
nation of hydrogen bonding, van der Waals interactions, hydropho-
bic contacts) or the evaluation of key interactions characteristic of
each biological system are difficult to implement into a computer
algorithm. Finally, 20 compounds were selected for biological eval-
uation, and among them, galloflavin (1) showed the best profile.

Chemistry

General: Reagents, starting materials, and solvents were purchased
from commercial suppliers (Aldrich). Reaction progress was moni-
tored by TLC on pre-coated silica gel plates (Kieselgel 60F .,
Merck) and visualized by UV light (1=254 nm). 'H and “C NMR
spectra were recorded on Varian Gemini instruments operating at
400 and 100 MHz, respectively, with DMSO as solvent. Chemical
shifts () are reported relative to (CH,),Si as internal standard. FTIR
spectra were collected on a Nicolet Avatar 320 ESP instrument;
Vo 15 expressed in cm . MS data were recorded on a VG 7070E
spectrometer or on a Waters ZQ 4000 apparatus operating in elec-
trospray (ES) mode. The purity of galloflavin was determined to be
>0995% by HPLC [Varian 5000 apparatus equipped with a diode
array Hewlett-Packard 104 AA detection system set at 2=220 nm,
UV range: 210-450 nm; column: C,, Phenomenex 5pm (150 %
4.6 mm).

Synthesis of galloflavin (1): Gallic acd 2 (1.00 g, 5.87 mmaol) was
dissolved in H,O/EtOH 1:1 (8.00 mL) in a large beaker. KOH (5.00m,
470 mlL, 23.5 mmol) was added dropwise, and the reaction mixture
was stirred vigorously in air at room temperature for 12 h. The pre-
cipitated green potassium salt was filtered and re-dissolved in H,0
(5.00 mL) at 50°C, then acidified to pH 4 with 200n HCL The pre-
cipitated galloflavin was filtered, washed with Et;0 and CH,Cl,, and
evaporated to dryness invacuo to give a green solid (165 mg,
109%); "H NMR (400 MHz, [D,JDMSO): 6 =6.92 (s, TH), 7.19 ppm (s,
TH); ™C NMR (100 MHz, [D,JDMSO) 4=1074, 1107, 111.2, 111.8,
1328,133.9, 141.0, 141.1, 141.8, 1472, 157 5, 159.4 ppm; IR (Nujel):
v=3352, 1682, 1613, 1584, 1462, 1413, 1376, 1345, 1299, 176,
1091 cm ' UVVis (CHLCN/H.PO, aqueous solution 8.67 mm, 15:85
VIV): Ao =224, 258, 378 nm; M5 (ES): m/z 279 [M+H]®, 301 [M+
Nal®, 317 [M+K] *; HPLC t,= 6.1 min (= 99.5%),

Biological evaluation

Assay on purified human LDH: As a first step, the 20 compounds
identified in the VS were tested for their ability to inhibit the puri-
fied human LDH isoforms. Human LDH-A (from human liver) and
LDH-B (from human heart) were obtained from Lee Biosolutions
(5t. Louis, MO, USA). Stock solutions (500 mm) of the compounds
were prepared in DMS0. They were added in scalar amounts (0-
500 pm final concentrations) to a reaction mix containing 100 mm
phosphate buffer (pH 7.5), LDH (0.015UmL "), 1 mm pyruvate, and
150 pw NADH. For all the determinations (including those without
compounds), final DMSO concentration was always kept at 0.6%.
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The enzymatic activity was measured by monitoring NADH oxida-
tion for a period of 3 min. Because the majority of compounds
were found to interfere with the UV reading of NADH oxidation,
we adopted the procedure of Moran and Schnellmann,* by which
LDH activity is measured by recording the decrease in NADH fluo-
rescence. At the wavelengths used for NADH determinations (Z,.=
340 nm, o= 460 nm) the tested compounds showed no appreda-
ble fluorescence. The assay was performed in 96-well white-body
plates using a Fluoroskan Ascent FL reader (Labsystems). The mini-
mal concentration of compounds leading to 100% inhibition of
LDH activity (ICip) was calculated from the second-order poly-
nomial regression of the experimental data, using GraphPad
Prism 5 software. Following the results of the biological evaluation
performed on the selected LDH inhibitors (see below), a more
detailed study using purified LDH was repeated on galloflavin to
ascertain its mechanism of inhibition. Galloflavin (0-500 pm) was
probed in the presence of scalar concentrations of pyruvate (0-
2mm) or NADH (20-150 pm). In the first case, NADH in the reac-
tion mix was maintained at 150 pw; in the second case pyruvate
was kept at 2mm. The two sets of experimental data were ana-
lyzed by applying the mixed-model fit, using GraphPad Prism 5
software,

Inhibition of lactic acid production: This test was performed on five
NCI compounds, selected on the basis of their LDH inhibitory activ-
ity, using PLO/PRF/S cells cultured invitro. Cell culture conditions
were as described."™ Cells (5x10%) were seeded in each well of a
six-well Nunclon plate and let to adhere overnight. The I,y dose
of inhibitors {tested in triplicate) were then added to the cultures.
Lactate was measured in three untreated wells at the start of ex-
periment (baseline value) and 3 h after incubation at 37°C. In each
well, lactate levelk—both free in the medium and intracellular—
were simultaneously measured: at the end of incubation 100% tri-
chloroacetic acid (TCA, 100 pl) was added; the cell lysate was col-
lected, and the well was washed with 1 mL 10% TCA. After centri-
fugation (4°C, 5 min, 2500g), lactate in the supernatant was mea-
sured according to the method of Barker and Summerson.* The
ameunt of metabolite formed during the 3 h incubation with or
without inhibitor was calculated by subtracting the baseline value.

Effects on cellular respiration: This assay was performed with a
phosphorescent oxygen-sensitive probe (MitoXpress) from Luxcel
Biosciences. PLL/PRF/S cells were plated at 5x10° cells per well in
96-well clear-bottom black-body plates and allowed to adhere
overnight. After the addition of the MitoXpress phosphorescent
oxygen-sensitive probe (10 pmolwell "), plates were placed in a
Victor fluorescence reader (PerkinElmer) at 30°C and were moni-
tored for ~20 min to reach temperature and gas equilibrium and
to obtain basal signals. The inhibitor to be tested was quickly
added, wells were sealed with mineral oil, and monitoring of the
signal was resumed for the next 60 min. During this interval, the
increase in fluorescence signal, which indicates oxygen consump-
tion, was measured every 60 s with 340/642 nm excitation/emis-
sion filters, a delay time of 30 ps, and a measurement window of
100 ps. All dispensing steps of the experiment were performed at
30°C with pre-warmed solutions. In this experiment the same com-
pound doses used in the lactate inhibition assay were studied;
they were tested in quadruplicate. Evaluation of cell respiration
was performed by applying linear regression analysis to the time
profiles of fluorescence signals obtained from each well, in order
to determine the slope of each profile; GraphPad Prism 5 software
was used.

Inhibition of ATP synthesis: ATP levels were measured using the
CellTiter-Glo Luminescent Cell Viability Assay from Promega. For
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this experiment, 2x10° PLC/PRF/S cells in 200 pl culture medium
were seeded into each well of a 9&-well white-body plate and al-
lowed to adhere overnight. Inhibitors (same doses of previous
tests) were added, and ATP levels were measured after 3 h incuba-
tion at 37°C. Each dose of compound was tested in triplicate. After
incubation, the plate was allowed to equilibrate at room tempera-
ture for 30 min, and the Cellliter-Glo reagent was directly added to
each well, as per the manufacturer's instructions. The plate was
kept on a shaker for 10 min to induce cell lysis, and luminescence
was measured with a Fluoroskan Ascent FL reader (Labsystems).

Effects on cell proliferation: The effects caused by the LDH inhibi-
tors on cell proliferation were studied by using PLL/PRF/S cells and
evaluated with the neutral red assay* Cells (1.6x10° per well)
were seeded in 24awell plates, allowed to adhere ovemight, and
treated for 72 h at 37°C with the I, dose of LDH inhibitors. Each
compound was tested in triplicate. After the treatments, cells were
incubated for 3h at 37°C with the neutral red dye dissolved in
DMEM at the final concentration of 30 pgmL . After this time, the
medium was removed, and the cells were solubilzed with 1 mL
1% acetic add in 50% EtOH. The solution from each well (200 pl)
was then transferred to a 96-well plate and its absorbance at 4=
540 nm was measured using a microplate reader (Multiskan Ascent
FL, Labsystems).

Mechanism of cell death: The cell death mechanism caused by gal-
loflavin was determined by using the ApoTox-Glo™ Triplex Assay
(Promega), which measures viability, cytotoxicity, and caspase-3/7
activation in the same sample. The test was performed on PLC/
PRF/S cells seeded in 96-well white-body plates (2x10° cells per
well) after 24 h exposure to various galloflavin concentrations, fol-
lowing the instructions of the manufacturer,
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Gallaflavin {GF). a recently identified lactate delydrogenase inhdbitor, hinders the proliferation of cancer
ek by Wocking glymlysis and ATP production. The aim of the present experiments was to study the
effect af this compound an breast cancer cell lines reproducing different pathalogical subtypes of this
tumar: MCF-7 (the well &ferentiated form), MDA-MB-231 {the aggressve triple negative tumar) and
MCF-Tam{a sub-line of MCF-7 with acquired tamaxifen nesistance].

W olserved marked differences in the ener getic metabalism of these @l lines. Gompared to MCF-7

s i . aells, bath MD#-MB-231 and MCF-Tam cells & xhibited higher LOH levels and ghioese uptake and showed

A & Towver capacity of axygen consumption. In spite of these &ferences, CF exerted similar growth inhibitory

m”m effects This result was l:lqﬂ.l.'i:l'l.ﬂd Iy the fnding of 2 mnsl.itll..imh' activated stress regpanse in mﬁ.- MB-

Lrtir deydrogemse 211 and M{F-Tam cell, which reproduce the poor prognosis tumor forms. A% a further proal, different
signaling pathways were found to be invalved in the antiproliferative sction of GF. In MCE-7 cells we
ahserved a down regulation of the ERa-mediated signaling nesded for cell survival On the contrary, in
MCF-Tam and MDA-MB-231 cells growth inhibition appeared to be contributed by an oxidative stres
andition. The prevalent mechanism of cell death was md to be apoptes induction.

Because of the dinical relevance of breast cancer forms having the triple negative andfor chemaonesis-
tant phenaty pe, our results shawing comparable effeds of GF even ona ggressively growing cells encour-
age Turther studies to verify the potential of this @mpound in improving the chemotherapy of breast
GnCer.

& 2012 Bsevier BV, Al rights reserved.
1. Introduct lon While the mechanisms underying the matabolic remodeling of

The recent yars have witnesed a rediscovered interest in the
hicenergetic properties of cancer cells, now regarded a5 novel
molecular targets to develop therapeutic strategies (Felicano
et al., 2008). Unlike normalcells, cancer calls obtain a high percent-
age of their ATP through the degradation of glicose to lactate,
which can occur even in condition of sufficient oxygen supply
{CGarber, 2008). This metabolic fature i hasically the consequence
of a repogramming of the cell energtic machinery caused by
alrered oncogenss and oncosuppressors (Levine and Puzio-Kuter,
2010], but could ako be promoted by the hypoxic microenvimn-
ment often found in solid tumor lesions, which prevents the pro-
ceeding of oxidative phosphorylation ( Gatenby and Gillies, 2004).

* Cormesponding authar. Tel - =39 0513084721; Gu: <9 051084746
Esmall address: guseppina disehnodhunibo it (G DI Sedno)
! These ausors comiributed e aily to this work
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cancer cells remain elusive, increasing evidences suggest that the
in hibitbn of glycolysis could be arational approach to cancer man-
apement (Pelicanoetal, 2006) Among the key enzymes of the ghy-
colytic process, lactate dehydmgenase (LDH) i emerging as the
mast interesting target for the development of inhibitars (Granchi
et al, 2010). LDH catalyses the conversion of pyrvuate to lactate,
utilizing MADH as a co-factor, This is the last stap of glycolysis
and & not active in normal celk, in conditions of nomal functional
activity and sufficient oxygen supply. The active LDH enzyme is a
tatramercomposed of rwo types of aubunits (A and B, with differ-
ent kinetic and regulatory properties. The combination of these
two isoforms can give nse to both homotetramenc structures
and hetemgenecus enzyme complexes (Everse and Kaplan,
1473) The A subunit predominates in liver and skeletal muscle
and was found to be up-regulated in various cancer cells (Granchi
et al, 2010, a5 a result of hypoxdc microenvironment and gene
mutation (Pelicano ef al, 2006; levine and Puzio-Kuter, 2010;
Gatenby and Gillies, 2004). In these cells increased LDH-A activity
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accelerates ATP production by regenerating oxidized NAD for gly-
colysis continuation. LDH B subunit is inhibited by high pyruvate
concentrations and predominates in heart (Everse and Kaplan,
1973). LDH-B was recently found to be involved in mTOR-medi-
ated tumorigenesis (Zha et al, 2011) and was also found to be
up-regulated in stromal cells of human breast cancer samples with
unfavorable prognosis (Bonuccelli et al,, 2010). This last observa-
tion suggested that LDH-B could also have a role in supporting
the growth of epithelial neoplastic cells by supplying them with
energetic metabolites in a paracrine fashion. Inhibition of LDH as
an approach to antineoplastic chemotherapy was proposed several
years ago (Fiume, 1960; Papacostantinou and Colowick, 1961a)
and has been recently re-evaluated following two observations:
(a) neoplastic cells with a reduction of LDH levels induced by
shRNA or by siRNA showed a decreased tumorigenicity (Fantin
et al, 2006; Le et al, 2010); (b) humans with a hereditary defi-
ciency of the A or B isoform of LDH did not display any symptom
(Hidaka et al, 1999; Joukyuu et al., 1989; Kanno et al, 1988,
Kitamura et al,, 1971; Miwa et al, 1971; Okumura et al, 1999;
Wakabayashi et al,, 1996) except for muscle rigidity and myoglobi-
nuria, complained after strenuous exercise by individuals with
LDH-A deficiency (Miwa et al., 1971).

We recently identified a molecule (galloflavin, GF) which inhib-
its both the Aand B isoforms of LDH (Manerba et al., 2012). GF was
selected by using a structure-based virtual screening procedure,
applied to the compounds in the Open Chemical Collection of the
NCI. This moleculeis a gallic acid derivative for which no other bio-
chemical effect has been described in literature to date. In our first
study we found that GF inhibited lactate production and ATP syn-
thesis of human hepatocellular carcinoma cells cultured in vitro
without affecting their capacity of oxygen consumption. Moreover,
at doses hindering the cell metabolism, GF induced cell death in
the form of apoptosis (Manerba et al.,, 2012).

The aim of the present paper was to investigate the effects of GF
on cells from tumors of different pathological subtypes, suggestive
of a different metabolic state of the transformed cells. As a model
for our study we chose human breast cancer, a neoplasm which
is known to exhibit remarkable heterogeneity in phenotype, usu-
ally classified by reporting the expression profile of ER, PR and
HER-2. The MCF-7 cell line was used as a model of the well differ-
entiated human breast cancer (ER and PR positive) and the MDA-
MB-231 as representative of the more aggressive triple-negative
form of the tumor. The experiments were also performed on a
sub-line of MCF-7, in which ER function has been lost. This line
(MCF-Tam) was obtained by maintaining the parental cells in the
presence of clinically relevant levels of 4-hydroxy-tamaxifen
(107" M) (Farabegoli et al., 2007) and shows an activated EGFR sig-
naling pathway (Farabegoli et al., 2010).

2. Materials and methods
2.1. Cell cultures

MCF-7 and MDA-MB-231 cell lines were obtained from ATCC.
They were maintained in DMEM, supplemented with 10% FBS,
100U/ml penicillin/streptomycin, 2mM glutamine and 1 mM
sodium pyruvate. The sub-line MCF-Tam was selected by main-
taining the parental line for 1 year in the presence of 1077 M 4-hy-
droxy-tamoxifen (Farabegoli et al., 2007). It was grown in a-MEM
without phenol red, supplemented with 10% charcoal-stripped FBS,
100 U/ml penicillin/streptomycin, 2 mM glutamine, 1 mM sodium
pyruvate and 107" M 4-hydroxy-tamoxifen. All media and
supplements were from Bio-Whyttaker. During the course of
experiments, cells were routinely screened for Mycoplasma
contamination and found to be free. In all experiments, GF was

70

F. Farabegoli et al / European Journal of Pharmaceutical Sdences 47 (2012) 7229-738

added to the culture media in the presence of 0.6% DMSO. The
same amount of DMS0 was always added to the control, untreated
cultures. In some experiments, cultures of normal human lympho-
cytes and of lymphoblasts were also used. Normal lymphocytes
were purified from peripheral blood following the procedure de-
scribed by Hornung et al. (2002). Lymphoblasts (clone GM130C)
were from the Coriell Cell Repositories (USA); they are normal,
non-transformed lymphocytes induced to proliferate by EBV infec-
tion. Both lymphocytes and lymphoblasts were maintained in
RPMI medium, supplemented as described above.

2.2, Compounds and reagents

Galloflavin (GF) was synthesized according to the procedure de-
scribed by Manerba et al. (2012). Briefly, 1g gallic acid was dis-
solved in 8ml water/ethanol (1:1). 47 ml of 5M potassium
hydroxide was added drop wise and the reaction mixture was vig-
orously stirred in air at room temperature for 12h. The precipi-
tated green potassium salt was filtered and re-dissolved in 5 ml
water at 50°C, then acidified o pH 4 with 2 N HCl. The precipitated
GF was filtered, washed with diethyl ether and dichloromethane
and evaporated to dryness in vacuo. The final product was chemi-
cally characterized as described by Manerba et al. (2012).

All other compounds and all reagents used for the experiments
were from Sigma-Aldrich.

2.3, LDH activity and composition

Cells from semi-confluent 25 cm? flasks were harvested, pel-
leted and suspended in 3 vol. of PBS. The cell suspension was then
lysed by sonication and centrifuged (1600g, 30 min at4 °C) o dis-
card the cell debris. Protein content of the supernatant was mea-
sured according to the method of Bradford. This cell extract was
used to measure LDH activity, as follows. An amount of 50-
100 pl was diluted in 3 ml 100 mM phosphate buffer pH 7.5 con-
taining 0.12 mM NADH and 2 mM pyruvate. The enzymatic activity
was measured by recording for 5 min the decrease in absorbance
produced by NADH oxidation at 434 nm. The global LDH activity
was expressed as mUjmg of cell proteins or as mUJ10° cells.

To determine the LDH isoform composition of the cellular ex-
tracts from the three cell lines we utilized the coenzyme analogue
ratio method, originally set up by Goldman et al. (1964), which is
based on the comparisen of the enzyme activity obtained with a
reaction mixture containing reduced nicotinamide hypoxanthine
dinucleotide (NHXDH) and low pyruvate concentration to that
measured in the presence of NADH and high pyruvate
concentration.

Two reaction mixtures were prepared: the first containing
0.22 mM NHXDH and 0.33 mM pyruvate and the second contain-
ing 0.13mM NADH and 10 mM pyruvate, both in a final volume
of 3 ml of 100 mM phosphate buffer (pH 7.5). The reactions were
started by adding the cellular extract to each mixture and the opti-
cal density change at 44 nm between 30 and 1205 was deter-
mined. The detailed procedure for calculating the relative
amounts of A and B isoforms was described by Goldman et al.
(1964).

2.4, Assay of cell respiration

This assay was performed by using a phosphorescent oxygen-
sensitive probe (MitoXpress probe) from Luxcel Biosciences. Cells
from each line (5 x 10%well, in phenol red free medium) were
seeded in four wells of a 96-multiwell clear bottom, black body
plate and allowed to adhere overnight. After the addition of the
MitoXpress phosphorescent oxygen-sensitive probe (10 pmoles/
well), plate was placed in a Victor™ fluorescence reader (Perkin
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Elmer) at 30 °C and was monitored for about 20 min to reach tem-
perature and gas equilibrium and to obtain basal signals. The wells
were then sealed with mineral oil and monitoring of the signal was
resumed for the next 60 min. During this interval, the increase of
fluorescence signal, which indicates oxygen consumption, was
measured every 60 s with 340/642 nm excitation/emission filters,
a delay time of 30 pus and a measurement window of 100 ps. All
dispensing steps of the experiment were performed at 30 °C with
pre-warmed solutions. For each cell line, evaluation of respiration
was performed by applying the linear regression analysis to the
time profiles of fluorescence signals obtained from the four wells,
in order to determine the slope of the profile. The Prism 5 Graph-
Pad software was used. The steepest slope, indicative of the highest
oxygen consumption, was obtained from MCF-7 cells and was arbi-
trarily set as 100.

2.5. 2-Deoxy-| “'C]glucose uptake assay

Cells (5 » 10°/well) were seeded in six-well plates and allowed
to adhere overnight. The next day, cells were washed thrice with
Krebs Ringer buffer pH 7, 4 and incubated for 15 min at 37 °C in
1 ml Krebs Ringer buffer containing 0.5 uCi 2-deoxy-p-[1-"Cglu-
cose (55.5mCi/mmol) (Moravek, USA). Cells were then washed
twice with ice-cold Krebs Ringer buffer and lysed with 500 pul
NaOH 0.5% for 1 min to generate extract samples for liquid scintil-
lation counting, The remaining lysate was assayed for protein con-
centration using the Bradford reagent. 2-Deoxy-n-[1-"*CJglucose
uptake rates were calculated as nmol{min per milligram protein.

26. Effects of GF on lactate production

Cells (5 x 10%) in 1 ml of culture medium were seeded in each
well of a 6-well Nunclon plate and let to adhere overnight. Scalar
amounts of GF (0-250 uM, tested in duplicate) were then added
to the cultures. Lactate was measured in 3 untreated wells at the
start of experiment (baseline value) and 3h after incubation at
37°C In each well, we simultaneously measured released in med-
ium and intracellular lactate: at the end of incubation 100 pl of
100% trichloroacetic acid (TCA) solution was added; the cell lysate
was collected and the well was washed with 1 ml 10% TCA. After
centrifugation, lactate in the supernatant was measured according
to the method of Barker and Summerson (1941). The amount of
metabolite formed during the 3 h incubation with or without the
inhibitor was calculated by subtracting the baseline value. By using
the same procedure, in some experiments lactate levels were also
measured in GM130C lymhoblasts.

2.7. Effect of GF on ATP cellular levels

ATP levels were measured using the CellTiter-Glo Luminescent
Cell Viability Assay from Promega. For this experiment, 2 x 10" -
cells in 200 pl of culture medium were seeded into each well of a
96-multiwell white body plate and allowed to adhere overnight.
GF (0-250 pM, tested in duplicate) was added and ATP levels were
measured after 3 h incubation at 37 °C. After incubation, the plate
was allowed to equilibrate at room temperature for 30 min and the
CellTiter-Glo reactive was directly added to each well. The plate
was kept on a shaker for 10 min to induce cell lysis and its lumi-
nescence was measured by using a Fluoroskan Ascent FL reader
(Labsystems). By using the same procedure, in some experiments
ATP levels were also measured in GM130C lymhoblasts.

2.8. Effect of GF on cell growth

The effects caused by GF on the growth of breast cancer cells
were evaluated with the neutral red assay (NR). This dye is actively
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endocytosed by living cells, allowing a precise estimate of their
number. Before each experiment, a plot reporting the NR absor-
bance values obtained from scalar amounts of cells was obtained
from each cell line. These data were fitted by using the linear
regression analysis with the GraphPad Prism 5 software; the
resulting mathematical equation was used to calculate the number
of cells at the beginning and at the end of experiments. Cells
(1.0 % 10" /well) were seeded in 96-multiwell plates, allowed to ad-
here overnight and treated for 24 and 48 h at 37°C with scalar
doses of GF (0-250 uM, tested in duplicate). After incubation, cells
were maintained 3 h at 37 °C with the NR dye dissolved in medium
at the final concentration of 30 pug/ml. Medium was then removed
and the cells were solubilized with 200 pl of 1% acetic acid in 50%
ethanol. Absorbance of the solutions was measured at 254 using a
microplate reader (Multiskan Ascent FL, Labsystems). The cell
growth during the period of treatment (with or without GF) was
calculated by subtracting the cell number at the start of experi-
ment from that found after the 24 or 48 h incubation. For compar-
ison, this experiment was also performed on normal human
lymphocytes and on GM130C lymphoblasts, which were cultured
(1% 10° cells/ml) in 24 well plates and exposed to GF (0-
250 uM) for 24 h, After incubation, cells were counted under a light
microscope and their viability was determined by Trypan blue
exclusion. The effect caused by GF on lymphoblasts was evaluated
by measuring the inhibition of cell growth; the effect on lympho-
cytes (which do not divide) was evaluated according to the follow-
ing equation:

100 - [(final cell number

— initial cell number)/initial cell number| »x 100

2.9, Characterization of cell death

Information on the mechanism of cell death caused by GF was
obtained by using the ApoTox-Glo™ Triplex Assay (Promega),
which measures viability, cytotoxicity and caspase 3/7 activation
in the same sample. The test was performed on cells seeded in
96-well white body plates (2 x 10 cells/well) after a 6 h exposure
to different GF concentrations, following the instructions of the
manufacturer.

2.10. Reactive oxygen species visualization and quantification

This assay was performed by using 2',7'-dichlorofluorescin diac-
etate (DCF-DA). When applied to intact cells, DCF-DA crosses cell
membranes and is hydrolyzed enzymatically by intracellular ester-
ases to non-fluorescent DCF. In the presence of reactive oxygen
species (ROS), DCF is oxidized to highly fluorescent dichlorofluo-
rescein (DCF). Cells were grown on cover slips (2 x 10%well) in
24 well plates and they were treated for 4 h with 125 uM GF. After
washingwith PBS, the cells were incubated at room temperature in
the dark for 20 min with 10 pM DCF-DA dissolved in PES. After
incubation, the cells were rinsed three times with PBS and
mounted with a solution of Hoechst (10 pg/ml) and DABCO. The
samples were observed at a Nikon epifluorescence microscope
equipped with filters for Hoechst and ATC. Cells showing a bright
and intense fluorescence were counted as positive, whereas cells
having no or low fluorescence were counted as negative. At least
three fields for sample were analyzed and 100-200 cells for sample
were counted. To obtain a quantitative index of ROS generation, we
adopted the method described by Wang and Joseph (1999), with
modifications. Briefly, cells (6 » 10°|well) were grown in six well
plates and treated for 4 h with 125 uM GF. After further 1 h incu-
bation with 100 uM DCF-DA, they were washed with PBS and lysed
with 250 pl of 1% Triton dissolved in water. Lysates were placed in
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296 well microplate and their fluorescence (Ao, 483; fem 530) was
measured by using the Fluoroskan Ascent FL reader (Labsystems)
in kinetic mode for 30 min at 37 °C. The increase in fluorescence
was calculated by the following formula: [(Ftsy — Fro)[Fta], where
Ftyy is the fluorescence measured at 30 min and Ft, is the fluores-
cence at time 0. Experiment was performed in triplicate.

2.11. ER and EGFR expression

ER% and EGFR expression was evaluated by measuring mRNA
levels after a 24 h exposure to scalar doses of GF. RNA was ex-
tracted by guanidinium-phenol-isoamylic alcohol method accord-
ing to Chomezynski and Sacchi (1987), with modifications. RT-PCR
reaction was performed using the cMaster RT plus PCR system kit
according to the instruction of the supplier (Eppendorf, Hamburg,
Germany ).

The following primers were used: ERa, F: 5'-CCG-CTCATGATCA
AACGCTCTAAG-3' R 5'-GCCCTCTACACATTTTCCCTGGTT-3, which
originate a 375bp DNA fragment; EGFR F: 5'-CTCACGCAGTTGGG-
CACTTT-3, R: 5-TCATGGGCAGCTCCTTCAGT-3 (301); p-actin F:
5-GGCATCGTGATGCACTCCG-3, R ¥-GCTGGAAGGTGGACAGCGA-
3 (613). Annealing temperature was 58 “C. f-actin primers were
used mgether with ERx (MCF-7 cells) or EGFR primers (MDA-
MEB-231 and MCF-7 Tam) into the same tube,

2.12. Western blots

Cell cultures (1.5 = 10° cells, seeded in 25 cm? flasks) were ex-
posed to 125 uM GF for 16 h. After incubation they were lysed in
150 pl M-PER buffer ( Pierce) containing protease inhibitors(Roche)
and a phosphatase inhibitor cocktail (Pierce). The cell homogenates
were left 30min on ice and then cenmrifuged 15 min at 10000g.
20-40 pg proteins of the supernatants (measured according to
Bradford) was loaded into 12% polyacrylamide gel for electrophore-
sis. The separated proteins were blotted on a low fluorescent PVDF
membrane (GE Lifescience) using a standard apparatus for wet
transfer with an electrical field of 300 mA for 2 h. The blotted mem-
brane was blocked with 5% BSA in TBS-Tween and probed with the
primary antibody. In thedifferent experiments, the used antibodies
were: rabbit anti-ERK 1/2 and rabbit monoclonal anti-ERK 1/2-
(phosphoThr202/Tyr204) (Cell Signaling Technology), rabbit
anti-p38, anti-p38-{phospho Tyr182/Thr180), ant-JNK, anti-JNK-
(phospho Thr183/Tyr185) anti-PUMA and anti-Bax (Abcam), rabbit
anti-actin (Sigma-Aldrich). Binding was revealed by a Cy5-labelled
secondary antibody (GE Lifescience). All incubation steps were per-
formed according to the manufacturer's instructions. Fluorescence
of the blots was assayed with the Pharos FX scanner (BioRad) at a
resolution of 100 pm, using the Quantity One software (BioRad).

3. Results
3.1. Characterization of cell metabolism and metabolic effects of GF

The metabolic characteristics of the three cell lines was esti-
mated by quantifying their glucose uptake, lactate production
and relative oxygen consumption. Glucose uptake was evaluated
by exposing the cells to 2-deoxy-|"*C|glucose. Inside the cells this
analogue enters the glycolytic pathway but, after phosphorylation
by hexokinase, it cannot be further processed (Nelson et al., 1996).
For this reason, it can be usefully employed to track glucose uptake
by cells. Moreover, by performing LDH enzymatic assays on cell ex-
tracts in the presence of NADH or NHXDH as cofactors, we quanti-
fied LDH activity and typified the enzyme isoform composition of
the three lines. The results of these determinations are reported
in Table 1.
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They showed marked differences in the metabolic profile of the
studied cells, suggesting MCF-Tam and MDA-MB-231 as the most
glycolysis-dependent lines. These cells exhibited highly increased
LDH activity and 2-deoxy-[C]glucose uptake, which inversely
correlated with their capacity of oxygen consumption. Their lactate
production appeared, however, only modestly changed (+18-30%)
when compared to that of MCF-7 cells. This result can be explained
at least in part by considering that in both MCF-Tam and MDA-MB-
231 about 50% of LDH activity is due to the B isoform, which is less
efficient in lactate production in the presence of high substrate
concentrations (Everse and Kaplan, 1973).

The effects of GF on cell metabolism were evaluated by expos-
ing the three cell lines to the compound for 3 h, followed by the
determination of lactate and ATP cellular levels. For comparison,
a similar experiment was also performed with oxamic acid
(OXA). OXA, a pyruvate analogue, is to date the only well charac-
terized and specific inhibitor of LDH (Papacostantinou and Colo-
wick, 1961a; Novoa et al,, 1959); it inhibits both the A and B
isoforms of the enzyme by competing with its substrate (Manerba
etal, 2012)

The obtained results are shown in Fig. 1. GF appeared to reduce
both lactate and ATP production in all the three cell lines; these ef-
fects resulted to be dose-dependent, with no evidence of a thresh-
old dose. The inhibition data obtained with GF were analyzed using
the second order polynomial regression, in order to calculate the
ICss (doses causing 50% inhibition). In the case of MDA-MB-231
and MCF-Tam the calculated 1Cs, for lactate production was in
good agreement with that evaluated for ATP synthesis (244 pM
vs 230 uM for MDA-MB-231; 130 pM vs 160 uM for MCF-Tam),
suggesting again that these cell lines are highly reliant on glycoly-
sis for ATP generation. On the contrary, in MCF-7 cells the ICs; for
ATP synthesis (340 uM) was about 3-fold higher than that calcu-
lated for lactate production (104 pM), an indication that in these
cells oxidative phosphorylation remains operative and can be a
source of ATP supply.

The highest tested dose of OXA (80 mM) (Fig. 1, panel B) never
caused inhibitions higher than 50%. The limited solubility of this
compound in cell culture medium did not allow to study the effects
of doses >80 mM.

3.2, Effects of GF on cell growth

Fig. 2 shows the effects of GF on the growth of breast cancer
cells. GF non only inhibited cell growth, but in treated cultures at
the highest dose (250 pM) also caused a reduction in cell number,
which at the end of treatment appeared to be lower than that
seeded at the beginning of experiment. This observation suggests
that GF could have not only anti-proliferative effects, but also the
capacity of inducing cell death. As a confirm, evidences of cell
death were also observed when the cultures were exposed to the
GF dose causing 50% inhibition of cell growth (ICsy), which after
16h incubation produced increased expression of proteins in-
volved in apoptosis signals (see below and Fig. 5 and 6).

The data reported in Fig. 2 also show that, in spite of the differ-
ences in the metabolic profile observed in the three lines (Table 1),
the effect caused by GF on cell growth was quite similar. The ICs
doses reported in the bar graph (Fig. 2B) were calculated by
applying the second order polynomial regression to the data of
the growth inhibition plots. The statistical analysis, performed by
two-way ANOVA, did not show statistical significant differences
among the three cell lines. This result conflicts with the much
higher glycolysis dependence shown by MDA-MB-231 and
MCF-Tam cells (Table 1 and Fig. 1A) and can be justified by other
characteristics of these cells (see below and Fig. 5). As shown in
Fig. 2B, the calculated ICs, for the breast cancer cell lines was
90-150 uM GF.
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Table 1
Overview of the metabolic characteristics of the studied cell lines.
MCE-7 MCF-Tam MDA-MB-231
Global LDH activity mU[ 108 cells 185415 320427 357+22
mU/mg cell proteins 358429 864273 990 + 61
LDH composition % LDH-A 715455 51.5:7.0 475461
% LDH-B 285455 485470 525461
2-deoxy] “CGluc. uptake pmolesmin/me cell proteins 698411 225417 189420
Lactic acid produced in 3 h pmoles/ 109 cells 378 2005 4944 0.06 447401
Cell respiration Relative Oz consumption (%) 100422 3841148 309103
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seeded at the beginning of experiments. Data were fitted using the second order polynomial regression in order to calculate the 1Cs, doses with the GraphPad Prism 5
software, Results (reported in panel B as mean values £ SEM) were then analyzed by using the two-way ANOVA, No statistical significant difference was found (p > 005, n=3-
5) among the three breast cancer cell lines.

As a first attempt to explore the possible mechanisms invaolved
in the cell death caused by GF, we evaluated: (a) whether, by caus-
ing ATP depletion, this compound could induce the down-regula-
tion of the signaling pathways needed for cell survival; (b) the
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presence of an oxidative stress condition in the treated cultures.
In previous studies LDH inhibition was in fact found to induce reac-
tive oxygen species (ROS) generation, as a consequence of a com-
pensatory increase in cell respiration set out by cells attempting
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to restore their ATP supply (Le et al,, 2010). These effects were
studied by incubating breast cancer cell cultures to the mean ICy,
dose of GF (125 pM).

We found that in MCF-7 cells GF caused a statistically signifi-
cant reduction of ERy mRNA expression (Fig. 3), thus leaving these
cells deprived of their most important survival signal (Levenson
and Jordan, 1997). On the contrary, in MDA-MB-231 and MCF-
Tam cultures the EGFR-mediated signaling needed for inducing cell
growth (Farabegoli et al,, 2007; Yamasaki et al., 2007) did not seem
significantly affected by GF, as shown by the level of EGFR mRNA
measured in the cells treated with the compound (Fig. 3). Con-
versely, in both these cell lines, we observed that a 4 h exposure

to GF was responsible of an evident generation of reactive oxygen
species, which did not appear significantly increased during GF
treatment of MCF-7 cells. These results are reported inFig. 4, which
shows the microscopic view of the breast cancer cells treated with
GF and exposed to DCF-DA (panel A), together with a quantitative
assessment of the number of DCF-labeled cells counted at the
microscopic examination (panel B). The same figure also shows
an evaluation of the intensity of the fluorescence signal generated
by DCF in treated cells (panel C). The results reported in Fig. 4 sug-
gest that, contrary to MCF-7 cells, which according to our data dis-
play a good capacity of oxygen utilization (Table 1), the highly
glycolysing MDA-MB-231 and MCF-Tam cells are not able to cope
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Fig. 5. Expression of sample proteins involved in cell replication, stress response or death, evaluated by western blotin breast cancer cells exposed 1o 125 pM GF, Experiment
was performed as described in Section 2. To obtain a semi-quantitative evaluation of the change in protein level after GF treatment, band intensities were measured by
reading the fluorescence of the Cy5-labelled secondary antibody, using the Pharos FX scanner (BioRad)

with the ATP depletion caused by LDH inhibition by simply
increasing the mitochondrial function. They also indicate oxidative
stress as a possible cause contributing to the growth inhibition
caused by GF in MDA-MB-231 and MCF-Tam cells.

As a second step, we studied the expression of sample proteins
involved in cell replication, stress response and death in breast
cancer cells treated with 125 uM GF (Fig. 5) and tried to ascertain
the prevalent death mechanism triggered by the compound in
these cells (Fig. 6).

As shown in Fig. 5, in MCF-7 cells GF caused a statistically sig-
nificant reduction of ERK phosphorylation, together with an in-
creased expression of PUMA (P-53 Upregulated Modulator of
Apoptosis) and Bax. These data, together with the already observed
reduction of ERe mRNA confirmed that in these cells GF caused the
shutdown of the survival (and]or growth) signals and the induction
of apoptosis. This modality of cell death was also confirmed by the
results reported in Fig. 6. In MCF-Tam and MDA-MB-231 cells, ERK
phosphorylation was found to remain unchanged. In spite of the
modest increase observed in Bax and PUMA expression, which
can be justified by the lack in these cells of a functionally active
p53 protein (Antony et al., 2012), apoptosis appeared to contribute
to the cell death (Fig. 6). Fig. 5 also shows that in MCF-Tam and

MDA-MB-231 cells (but not in MCF-7) GF induced the activation
of the stress-response pathway, as witmessed by the statistically
significant increase of JNK and p38 phosphorylation. Together with
the sustained ERK phosphorylation, which was already observed in
ROS exposed cells (Yu and Kim, 2001; Akool et al,, 2012) and was
found to mediate death events (Cagnol and Chambard, 2010), the
increased JNK and p38 phosphorylation confirmed the oxidative
stress induced by GF as the main cause of cell death in MCF-Tam
and MDA-MB-231 cells and justified the appearance of necrosis,
clearly detected in both these cells (Fig. 6).

The study of phospho-JNK and phospho-p38 expression also al-
lowed to explain why, in spite of their much higher glycolysis
dependence, MDA-MB-231 and MCF-Tam did not exhibit higher
sensitivity to the antiproliferative effects of GF (Fig. 2). As shown
in Fig. 5, in these cells, which are representative of aggressive
forms of breast cancer, the stress response pathway is constitu-
tively activated, since both [NK and p38 appeared phosphorylated
also in the untreated cultures. This constitutive activation can ren-
der the cells less susceptible to harmful stimuli (Davidson et al,
2006). Constitutive activation of p38 was already observed both
in tumor samples from patients with recurrent breast cancer and
in drug resistant breast cancer cell lines (Gutierrez et al., 2005;
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Fig. 6. Antiproliferative mechanisms triggered after a 6 h exposure to galloflavin
Experiments were performed by using the ApoTox-Glo™ Triplex Assay (Promega)
as described in Section 2. This test is based on a fluorogenic peptide not able to cross
the cell membrane, giving a fluorescent signal when degraded by proteases released
by necrotic cells and by a luminogenic substrate degraded by caspases 3 and 7.

Davidson et al., 2006). This feature has been proposed as an adap-
tive mechanism to bypass the cytotoxic effects of chemoterapeu-
tics and as a marker of tumor progression (Davidson et al., 2006).
The observation that these signals are not activated in the parental
MCF-7 cells even after GF treatment can be a further, final confirm
that the growth inhibition effects caused by the compound on the
studied breast cancer cell lines occurs through the activation of dif-
ferent pathways.

3.3. Effects of GF on normal lymphocytes and lymphoblasts

Compared to commonly used chemotherapeutics, GF inhibits
the growth of breast cancer cells at higher dose (125 puM) (see
above and Fig. 2). For this reason, we tried to acquire some indica-
tions about the effect of this compound on non neoplastic cells. As
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Fig. 7. Experiments performed on normal lymphocytes and lymphoblasts, Panel A:
decrease of ATP and lactate production inGM130C lymphoblasts after 6 h exposure
to GF. Panel B: effect of GF on lymphocytes survival and lymphoblasts growth,
evaluated as described in Section 2. Panel C: immunoblot evaluation of replication
and death signals in GM130C lymphaoblasts exposed to 125 pM GE.

a model, we used normal human lymphocytes purified from
peripheral blood and GM130C human lymphoblasts (see Section 2).
They were preferred to the commonly used MCF-10 breast cells
since, although not tumerigenic in mice, the MCF-10 cultures exhi-
bit several signs of a proceeding neoplastic transformation, such as
lack of senescence and growth in semisolid medium (Marella et al,,
2009; see also the cell line data on www.atccorg). A further moti-
vation for this choice is that proliferating lymphocytes are one of
the cell populations more susceptible to the toxic effects of con-
ventional chemotherapeutics, which commonly cause serious bone
marrow toxicity. The performed experiments are reported in Fig. 7.
Because of the low yield in purified cells from blood samples and of
their reduced lifespan, normal lymphocytes were only used to test
the effect of GF on cell survival (panel B). Fig. 7A shows that, com-
pared to the effect caused on breast cancer cells (Fig. 1A), GF af-
fected lactate and ATP production of lymphoblasts to a lower
extent, causing a <30% reduction at the highest tested dose. A sim-
ilarly milder effect was observed onlymphocytes survival and lym-
phoblasts growth (Fig. 7B), with a low evidence of a dose/response
result. Finally, Fig. 7C shows that 125 uM GF (the dose causing 50%
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growth inhibition and induction of death in breast cancer cells)
(see Figs. 2B and 5) did not increase the expression of PUMA, sug-
gesting that at this dose the growth inhibition caused by the com-
pound on lymphoblasts (panel B) could be due t a cytostatic effect
and not to cell death These results suggest a better tolerability of
GF for normal lymphocytes/lymphoblasts when compared to
breast cancer cells.

4. Conclusions

Taken together, our experimental data show that the inhibition
of LDH caused by GF can exert comparable growth inhibitory ef-
fects on breast cancer cells, even when these cells are characterized
by different metabolic states. Different mechanisms can contribute
to the antiproliferative effect, as the down-regulation of survival
signaling pathways (ERx reduction in MCF-7), or the induction of
an oxidative stress condition (MCF-Tam and MDA-MB-231).

The inhibition of bioenergetic metabolism of cancer cells ob-
tained by LDH blockade is a promising therapeutic strategy and
is actually a field of active investigation (Pelicano et al, 2006). Sev-
eral previously published data (Nagai et al., 1988; Zaho et al,, 2009)
indicated that LDH also plays a critical role on growth properties
and tumor maintenance of breast cancer cells. Importantly, inhibi-
tion of LDH-A was found to be a way to overcome the acquired
resistance of breast cancer cells to taxol (Zhou et al, 2010) and
trastuzumab (Zhao et al, 2011), two chemotherapeutics widely
used in the treatment of this tumor form. However, the success
of a therapeutic approach based on LDH inhibition chiefly depends
on the availability of inhibitors with good target specificity. In pre-
vious studies LDH inhibition was obtained by using oxamic acid, an
analogue of pyruvic acid, the enzyme substrate. Although display-
ing a good selectivity for LDH (Papacostantinou and Colowick,
1961a) and a weak toxicity in healthy animals (Papacostantinou
and Colowick, 1961b), oxamic acid has the drawback of a poor cel-
lular penetration; as a consequence, it was found to inhibit the pro-
liferation of tumor cells cultured in vitro only at millimolar
concentrations, which cannot be expected to be reached in vivo.
Unfortunately, in spite of extensive research, LDH proved to be a
very difficult target for the development of new inhibitors, since
all high throughput screening experiments have been usually char-
acterized by a very low success rate (Ward et al., 2012). GF, a com-
pound recently identified by our research group (Manerba et al.,
2012) in the Open Chemical repository of NCI, was found to be ac-
tive in vitro at micromolar concentrations. As shown by our results
(Fig. 2) the mean ICs; of GF for all the breast cancer cell lines ap-
peared to be around 125 uM, which is undoubtedly higher than
the active dose of commonly used chemotherapeutics. However,
the actual absence of other compounds active on both the enzyme
subunits offers a good motivation to further studies aimed at better
defining the therapeutic potential of GF. Some data on GF toxicity
are available from NCI web site (http://dtp.ncinih.gov/) and sug-
gest a good tolerability: in mice the maximum tested dose
(400 mg/kg) injected i.p. did not produce lethal effects. In this con-
text, quite promising results are also those described in Fig. 7,
showing reduced toxicity of GF on normal human lymphocytes
and lymphoblasts.

The breast cancer cell lines selected for this study are represen-
tative of different pathological subtypes of the tumor. In spite of
the unquestionable progresses achieved in breast cancer therapy,
the reatment of some forms of this tumor, such as the triple neg-
ative or the drug resistant lesions, still poses a challenge to the
clinical oncologists. In this context, our observation of GF activity
even on the breast cancer cells which mimic these tumor forms
with unfavorable prognosis, for its clinical relevance adds further
interest in the properties of this compound.
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Galloflavin suppresses lactate dehydrogenase activity
and causes MYC downregulation in Burkitt lymphoma cells
through NAD/NADH-dependent inhibition of sirtuin-1

Marina Vettraino, Marcella Manerba, Marzia Govoni and Giuseppina Di Stefano

Activation of the myc oncogene in cancer cells upregulates
lactate dehydrogenase A (LDH-A) expression, leading to
a sustained glycolytic flux that is needed to produce ATP
under hypoxic conditions. We studied the effects of
galloflavin (GF), a recently identified LDH inhibitor, on myc
overexpressing Burkitt lymphoma (BL) cells. Epstein-Barr
virus-infected lymphoblasts were used as a non-neoplastic
control. Qur results showed that myc overactivation
induced a two- to seven-fold increase in LDH-A expression
in BL cells compared with non-neoplastic lymphoblasts;
this result is consistent with previously reported data.
Moreover, GF treatment suppressed LDH activity and
inhibited BL cell replication but did not affect lymphoblast
viability. Surprisingly, we found that increased levels of the
MYC and LDH-A proteins did not lead to a metabolic shiftin
BL cells toward glycolytic ATP generation. BL cells were
treated with GF at doses that achieved 50% inhibition of
cell growth and lactate production, and ATP levels were
scarcely affected after GF treatment. The same results
were also obtained by suppressing LDH activity with
oxamate, an LDH specific inhibitor. Our data suggest

Introduction

The metabolic properties of cancer cells can be exploited
for the development of therapeutic strategies [1]. Unlike
normal cells, cancer cells can generate ATP through the
degradation of glucose to lactate even under adequate
oxygen conditions. This metabolic feature, which has
been termed aerobic glycolysis, is the consequence of
oncogenes and oncosuppressors reprogramming the cel-
lular energetc machinery [2]. In addition, aerobic
glycolysis is promoted by the hypoxie microenvironment
found in solid tumor lesions, and this environment
prevents oxidative phosphorvlation [3]. Activation of
the myc oncogene 1s a common DNA alteration that
induces the glycolytic phenotype of cancer cells [4], and
this alteration s frequently observed in human tumors.
MYC 15 a helix-loop-helix leucine zipper transcniption
factor that dimenzes with 1ts partner protein MAX. The
dimer then binds to specific DNA sequences and
transactivates genes involved in cell proliferation, differ-
entiation, and apoptosis. Further, MYC plays an important
role in the regulation of glucose metabolism [5]. Tt
directly transactivates the A subunit of lactate dehydro-
genase (LDH-A), which is directly involved in mye-
mediated cell mansformation [4,6]. LDH catalvzes the
conversion of pyruvate to lactate, using NADH as

0958-4973 © 2013 Wolters Kluwer Health | Lippincott Willams & Wilkins

that LDH activity is important for maintaining a correct
NAD/NADH balance in BL cells. LDH inhibition led to
decreased NAD cellular levels, which resulted in sirtuin-1
inhibition. Confirming previous studies, sirtuin-1 inhibition
caused a reduction in MYC protein levels, depriving BL cells
of their most important survival signal. This study further
describes the biological functions of the LDH enzyme

and suggests that LDH inhibition could be useful for the
treatment of cancer. Anti-Cancer Drugs 24:862-870 ©
2013 Wolters Kluwer Health | Lippincott Williams & Wilkins.
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a cofactor. This conversion is the last step in glycolysis,
and this process is not active in normal cells under
physiological conditions. The LDH enzyme is a tetramer
composed of two tvpes of subunits (A and B); the
subunits have different kinetic and regulatory proper-
ties [7]. The A subunits are predominatelv found in liver
and skeletal muscles and are upregulated in various
cancer cells [1-3,8]. In these cells, increased LDH-A
activity not onlv accelerates ATP production but also
regenerates oxidized NAD for glyeolysis. B subunits of
LDH are inhibited by high pyruvate concentrations and
are found at high levels in aerobic tissues, such as the
heart. LDH-B 15 involved in mTOR-mediated tumori-
genesis [9], and its increased expression in squamous
carcinoma significantly affects the survival rate among
patients [10].

Several published studies [11-14] suggest that LDH is
an interesting target for the development of antineoplas-
tic agents. We recently identified a molecule [galloflavin
(GF)] that inhibits both the A and B isoforms of this
enzyme [15]. GF was selected through a structure-based
virtual sereening procedure applied to the compounds in
the Open Chemical Collection of the National Cancer
Institute. To our knowledge, no other biochemical effects
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of GF have been described in the literature. Preliminary
data on the andneoplastic effects of GF have been
reported previously [15,16].

The myc-dependent linkage between altered cellular
metabolism and tumorigenesis [4,3] prompred us to
investigate the effects of GF-mediated LDH inhibition in
mye hyperexpressing cancer cells. This study allowed us to
verify whether this alteration could predict a berter
response to LDH inhibicors. Thus, we studied the eftects
of GF on Burkitt lymphoma (BL) cells. Deregulated mye
expression is considered as the molecular hallmark of BL
and is observed in greater than 90% of BL cases [17].
BL cells are charactenzed by mye overexpression, in addi-
tion to 4 chromosomal translocation. The most common
translocation is t(8:14), which places the oncogene under
the control of the immunoglobulin heavy chain promoter.
For companson, the effects of GF were also tested in non-
neoplastic lvmphoblastoid cells, which were immortalized
by Epstein-Barr virus (EBV) infecton. The two cell lines
are based on the same cellular tvpe (B lvmphocyte) and
were modified by infection with the same virus.
Essenually, these cells differ onlv in their level of mye
expression; the t(8:14) translocation causes elevared
MYC levels and leads to neoplastic transformation.

Materials and methods

Cell lines and culture conditions

The Raji and Daudi cell lines are derived from BLs and
are positive for EBV [18]; the Louckes cell line 1s derived
from a sporadic and EBV-negative BL [19]. GM00130C
and AG3138A are B lvmphocyte cell lines immortalized
by EBV infection; thev were obtained from Conell Cell
Repositories (Coriell Instiure for Medical Research,
Camden, New Jersey, USA). The cells were grown as
suspension cultures in RPMI 1640 containing 10% (Raji,
Daudi, and Louckes) or 20% (GM00130C and AG3138A)
feral bovine serum, 100 Ufml penicillin/streptomyein, and
4mmol/l glutamine. Cells were maintained at a concen-
tration of 1-2 % 10° viable cells/ml. All media and supple-
ments were purchased from Bio-Whittaker (Verviers,
Belgium). GF was added to the culwre media in the
presence of 0.6% dimethvl sulfoxide for all expenments.
Equivalent amounts of dimethyl sulfoxide were added to
the control (untreated) culwures.

Compounds

GF can be obrained from the National Cancer Institure.
A simple synthesis method for this compound was also
developed and has been described previously [15]. Some
of the experiments described below were also performed
with oxamare (OXA), a known inhibitor of LDH [12,20].
OXA and all of the other compounds and reagents used
were purchased from Sigma-Aldrich (St Louis, Missour,
USA).
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LDH activity and composition

Cells (3-8 % 10%) were harvested, pelleted, and sus-
pended in 1ml of PBS. The suspension was Ivsed by
sonication and centrifuged (1600g for 30min at 4°C) to
remove cell debris. The protein content of the super-
natant was measured using the Bradford method. This
cell excract (30180l amounts) was used to measure
L.DH activity and the isoform composition (% of A and B
isoforms) using a method previously described by
Goldman ef al. [21]. This method is based on comparing
the enzvmatic activity measured in (1) a reaction mixture
containing 220 umol/l  reduced nicotinamide  hypo-
xanthine dinucleotide (an NADH analog) and limited
pyruvate (330 umol/l) with that in (i1) 2 reaction mixture
containing 130 umol/l NADH and excess pyruvate
(10 mmol/l). The detailed procedure has been reported
previously [16,21]. LDH activity was expressed as mU/
mg of protein or as mU/10° cells.

Cell respiration assay

This assay was performed using a phosphorescent oxygen-
sensitive probe (MitoXpress probe; Luxcel Biosciences,
Cork, Ireland). Raji, Daudi, and Louckes cells (3 x 10°
cells/well, in phenol-red-free medium) were seeded in a
96-well clear bottom and black body plate. Four wells
were used for each cell line. After the addition of
the MitoXpress phosphorescent oxygen-sensitive probe
(10 pmolesfwell), the plate was placed in a Vietor
fluorescence reader (Perkin Elmer, Waltham, Massachusetts,
USA) ar 30°C and monitored for ~ 20 min, which allowed
the plate to reach temperature and gas equilibrium and
allowed a basal signal to be obtained. The fluorescence
signal was measured every 60s with 340/642nm excita-
tion/emission filters, a delay time of 30 ps, and a window
of 100ps. The wells were then sealed wich mineral
oil, and signal monitoring was resumed for the next
50 min. The increase in the fluorescence signal during
this interval indicates oxygen consumption by the
cells.

Effects of GF on lactate and ATP production

Both lactate and ATP production were measured after 6 h
of incubation in the presence of varying amounts of GF
(0-200umol/l, tested in duplicate). Lactate measure-
ments were performed on samples of 5x10° cells
according  the method described by Barker and
Summerson [22]. ATP levels were measured using the
CellTieer-Glo Luminescent Cell Viability Assay (Prome-
ga, Madison, Wisconsin, USA); 1 % 10* cells were used for
these assavs. The detailed methods have been reported
previously [15,16]. A second-order polynomial regression
was applied to experimental data to calculate the dose of
GF causing a 50% reduction in ATP or lactate levels
(ICsp). Prism 5 GraphPad software (GraphPad, La Jolla,
California, USA) was used for staistical analvses.
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Effects of GF on cell growth

To study the effect of GF on cell proliferation, 1 x 10°
cells were seeded in 24-well plates and treated with
varying doses of GF (0-200 umol/l, tested in duplicate) or
OXA (0-60 mmol/l, tested in duplicate) for 24h ac 37°C.
After incubation, cells were counted under a light
microscope using a Neubauer chamber, and cell viability
was determined by Trypan blue exclusion. The difference
between the number of viable cells at 24h and at the
beginning of the experiment (cell growth) was reported
graphically, The dara were analyzed using Prism 5
GraphPad software to determine the slope of the growth
inhibition curve. The GF dose causing a 50% inhibition of
cell growth (Glso) was calculated only when a statistically
significant growth inhibition was observed (when the
curve slope was significantly different from 0). A second-
order polynomial regression was applied to the experi-
mental data to caleulate the Glsg value, GF doses causi ng
a reduction in cell number to values lower than 1 x 10
cells'well (the number of cells initially seeded in the
plate) were excluded from this calculation.

Quantification of NAD and NADH levels

Cellular levels of NAD and NADH were assessed using
the protocol described by Umemura and Kumar [23],
with some modificatons. This method uses a mild
alkaline buffer, which extracts both NAD and NADH;
the two dinucleotide forms can subsequently be distan-
guished by their respective heat swbilities. A detailed
explanation of the method has been reported pre-
viously [23]. The assav was performed on samples of
6 10° cells. After 16h of incubation with the tested
compound (GF or OXA), cells were counted, pelleted ar
4°C, and lysed wich ice-cold extraction buffer (1 ml/
6% 10° cells; 20 mmol/l sodium bicarbonate, 100 mmol/l
sodium carbonate, 10mmol/l nicotinamide, and 0.1%
Triton-X100). Cell lysates were centrifuged at 16000z
for Smin at 4°C to remove insoluble material. A 50l
aliguot of the sample was incubated at 60°C for 30 min to
selectively denature NAD. A separate 50l aliquot was
mixed with 840 pl of a buffer containing 100 mmol/1 Tris-
HCI (pH 8), 5 mmol/l EDTA, 0.5 mmoll MTT; and veast
aleohol dehydrogenase (0.2 mg/ml). After addition of
200 mmol/l phenazine ethosulfate (10ul), the solution

was incubated for Smin at 25°C. Thereafter, 100ul of
fimol/| ethanol was added; the mixture was centrifuged at
16000g for 30s at 25°C. The absorbance of the super-
natant was measured at 570 nm for 1205 ar 10-s intervals
using a UV/visible spectrophotomerter set to the ‘kinerics’
mode. This sample was used to measure the toral
combined NAD and NADH content. The same reaction
was then repeated on the sample incubated at 60°C, and
this sample was used to measure the NADH content.
The measured absorbance change per second is propor-
tional to the amount of the dinucleotide present in the
sample. The NAD and NADH concentrations in the
experimental samples were calculated using a calibration
curve previously generated using known amounts of
NAD(H) standards. Differences in NAD and NADH
levels after GF treatment were stanstically evaluated by
analysis of variance and using the Bonferroni post-hoc
test. All of the analyses were carnied out using Prism 5
GraphPad software.

Western blots

Cell cultures (3 % 10° cells, seeded in 25 em’ flasks) were
incubated for 16h in the presence of GF or OXA. After
incubaton, cells were Ivsed in M-PER buffer (80 pl,
Perce, Rockford, Illinois, USA) containing protease
inhibitors (Roche, Indianapolis, Indiana, USA). The cell
homogenates were incubated on ice for 30 min and then
centrifuged at 10 000g for 15 min. Supernatants (20 pg of
total protein measured using the Bradford assay) were
loaded onto a 10% polyacrylamide gel for electrophoresis.
The separated proteins were transferred onto a low
fluorescence pohlwvinvlidene difluoride membrane (GE
Life Sciences, Pitesburgh, Pennsylvania, USA) for Zh at
300 mA using standard wet transfer methods. The blorted
membrane was blocked with 3% BSA and 3% casein in tris
buffered saline-Tween and probed with the primary
antibody. The following antibodies were used: rabbit anti-
c-mve [Y69] monoclonal antbody (Abcam), rabbit anti-
p33 (aceryl K382) [EPR338(2)] monoclonal antibody
(Abcam, Cambridge, UK), and rabbit anti-actin (Sigma-
Aldrich). A Cv5-labeled secondary antibody (GE Life
Sciences) was used to detect the presence of bound
primary antibodies. All of the incubation steps were
conducted according to the manufacturers” instructions.

Table 1 LDH activity and composition measured in BL and lymphoblastoid cells

Burkitt lymphoma cells Lympheblasteid cells
Raj Daudi Louckes GM130C AG3 3BA

Global LOH activity

Cells {mlir10%) 169 173 956 113 158

Cell proteins (mUimg) 2430 1780 3308 318 458
LDH composition (%)

LOH-A 3 33 27 15 45

LOHB 67 67 7 B5 955
Lactic acid produced in 6h (umol/t o

Cells 5.7910.14 460£0.10 3271006 1.26£0.06 2482011

BL, Burkitt lymphoma; LDH-A, lactate dehydrogenase A subunit; LDH-B, lactate dehydrogenase B subunit
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A Pharos FX scanner (BioRad, Hercules, California, USA)
was used to detect fluorescence at a resolution of 100 pm,
and the Quantity One software (BioRad) was used to
analyze images. This experiment was repeated twice.
MYC and acetvl-p53 band intensities of the different
samples were normalized using actin expression as a
reference. Differences in MYC and acewvl-p33 levels
caused by GF treatment were statistically evaluated on
normalized band intensities by analysis of vanance
followed by the Bonferroni post-hoc test. Prism 5
GraphPad software was used for all statistical analvses.

LDH inhibition in Burkitt lymphoma cells Vettraino efal. 865

Results

Characterization of LDH activity and effects of GF on
lactate and ATP production

Table 1 indicates that myc hyperexpression in BL cells
enhances the activity of the LDH-A subunit, which is in
accordance with previously reported data [4,6]. However,
LDH-A acovity did not exceed one-third of the totl
enzymatic activity in any of the tested cell lines. In
addition to enhanced LDH-A activity, a comresponding
incresse in lactate production was observed i these
cells. Table 1 also shows that the LDH activity (measured

Fig. 1
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Lactate and ATP levels measured in (a) BL and (b) lymphoblastoid cells treated with varying doses of GF for 6h. The GF concentrations causing
a 508 reduction in metabalite levels (ICs;) were calculated by applying the second-order polynomial regression to the experimantal data using
the Prism5 GraphPad software. (c) Respiration assay performed in BL cells. The slope of the curves (calculated from the linear regression

of experimental data) is proportional to cellular oxygen consumption. Slope differences were statistically evaluated by ANOVA followed by

the Borferroni post-hoc test. ANOVA, analysis of variance; BL, Burkitt lymphoma; GF, galloflavin; IC, inhibitory concentration.
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as mU/mg of cell protein) was three- to 10-fold higher in
BL cells than in lymphoblastoid cell lines, indicating that
neoplastic changes also increased the activity of the
LDH-B subunit. The results shown in Fig 1b demon-
strate that GF did not greatly affect either lactate
production or ATP synthesis in lymphoblastoid cells,
suggesting that LDH activity is not essential for the
metabolism of these cells. Fig. 1a shows that increased
expression of LDH-A does not drive cell metabolism
towards glycolytic ATP generation, which is an unex-
pected result and is discordant with previously published
data. Despite notable effects on lactate production, GF
only modestly hindered ATP svnthesis in two of the three
tested BL cell lines (Raji and Daudi). These results can
be explained by assuming that some BL cell lines
maintain adequate mitochondrial function even in the
presence of overexpressed myr, and the mitochondna can
support these cells by providing ATP. Oxygen consump-
fon was measured i the three BL cell lines, and data
from this experiment (Fig. 1c) support the hypothesis
that these cells have functional mitochondria. Raji and
Daudi cells display a significantly higher capacity for
mitochondnal respiration compared with Louckes cells.
This result justifies the effects of GF on Louckes cell
ATP levels.

LDH inhibition by GF affects the growth of myc

overexpressing cells independent of their ATP reserve
Figure 2 illustrates the effect of GF on the growth
of lymphoblastoid (Kg. 2b) and BL cells (Kg 2a).

Compared with previoustv studied human cancer cell
lines [15,16], GF showed greater inhibition of BL cell
growth, and calculated Gls, doses ranged from 27 to
88 umol/l. The effect of GF on lvmphoblastoid cells was
not stadstically significant; this observation, together
with the results reported in Fig. 1, suggests that LDH
activity 1s dispensable in lymphoblastoid cells and that
normal dssues should tolerate GF treatment.

As shown in Figs la and 2a, GF doses causing a 50%
reduction in BL cell lactate production correlate with
doses causing a 50% inhibition in cell growth. The GF
dosage correlation suggests that the GF-mediated reduc-
tion in cell viability is related w its inhibition of LDH
activity. These results also indicate that inhibiton of cell
gowth by LDH cannot be fully attributed to ATP
depletion because GF Glsy doses reduced ATP levels by
only 7.8, 13.6, and 20% in Louckes, Raji, and Daudi cells,
respectively. To identify a potential mechanism for the
induction of cell death, we focused our subsequent
studies on Raji cell cultures, as these cells are sensitive to
GE but their ATP levels are essentially unaffected by GF
rreatment. The same experiments were also conducred
on the GM130C lvmphoblastoid cell line as a control.

Effects of GF on the NAD/NADH balance and myc
downregulation

In aerobic glycolysis, the LDH enzyme functions t re-
generate oxidized NAD, which is necessary for sustained
glucose degradation. Figure 3a shows that 50pumol/l GF

{b) Cell growth of lymphoblastoid lines
150 q
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- 100 4 < AG3138A
= L
o
2 50
x
2
[
s 0 L §_4_ ]
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Is the slope of the growth inhibition curve significantly different from 07

Fig. 2
a) Cell growth of Burkitt lymphoma lines
150
- Raji
. 1004 & Daudi
3. ) - Louckes
B —
o 90 [
=
8
% ’ 5|0 160 : Q:IJO
z
50 Galloflavin (umol/l)
Raji P<0.0001 Glyy =334 pumoll
Daudi  P=0.0169 Gly,= 88.7 umol

Louckes P=0.0044 Glg,=27.2umoll

GM130C P=0.0793 Glg, not calculated
AG3138A P=0.1679 Gly; not calculated

Growth inhibition caused by exposure to GF for 24hin (a) BL and (b} lymphaoblastoid cells. The initial number of seeded cells was subtracted from
the number of cells present after the 24 h ofincubation and this value was plotted. A negative value indicates a final cell number that was lower than
the number of seeded cells at the beginning of the experiment. Growth inhibition was evaluated by determining whether the slope of the growth
inhibition curve was statistically different from 0. The same data (excluding negative values) were used to calculate the GF dose that caused a 50%
reduction in cell growth (Gls). Prism5 GraphPad software was used. BL, Burkitt lymphoma; GF, galloflavin.
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markedly affected the NAD/NADH balance in Raji cells,
causing a four-fold reduction in NAD levels and an
mcrease in NADH levels. These effects were not
observed after GF treatment of GM130C wmphoblastoid
cells (Fg 3b). Further, 100 ymol/l GF had no effect on
NAD concentration, and this dosage caused a shight, but
not statistically significant, increase in NADH levels in
GMI130C cells. In Raji cells, the higher GF dose
(100 umol/l, three times the Gy, value) strongly affected
cell viability, inducing the depletion of both dinucleoride
forms. NAD participates in multiple metabolic reactions
as a cofactor, and it can also mediate biologic processes by
acting as a substrate for a wide range of proteins [24,25].
Among the NAD-consuming enzymes, sirtuins, particu-
larly SIRT, have high K, values for NAD [24]. There-
fore, these enzymes are highly susceptible to changes in
the cellular levels of this dinucleotide. Moreover,
previous studies have demonstrated chat che MYC
protein s a substrate of SIRT1, which deacewvlates
MYC and promotes its transcription factor functions [26].
On the basis of this knowledge, we investigated the
effect of GF on MYC protein levels and SIRTT activity.
In the absence of a commercially available, specific,
acetyl-MYC antibody, SIRTT activity was evaluated by
measuring the acetylation levels of the p33 protein, a
known SIRTY rarget [27]. Figure 4 shows that 50 umol/l
GF led to a notable decrease in MYC protein levels and
an increase in p33 acetvlation, which s indicative of
SIRTY inhibition. Because mye acuvity is related to 1ts
protein level [28], these data suggest that GF can
suppress MYC-driven signals in Raji cells. These signals
are required for cell growth, and these GF-mediated
effects can be regulated by SIRT1 inhibition. Interest-
ingly, MYC protein levels and p53 aceryladon were
unaffected in GM130C cells exposed to 100 umol/l GE

Myc downregulation through SIRT inhibition is a
consequence of LDH inhibition

GF 15 a recently identified molecule with inhibiory
activity against LDH. Presently, the properties of this
molecule have not been fullv characterized and effects
other than LDH inhibition cannot be excluded. To venfy
whether the effects of GF observed in Raji cells are a
result of LDH inhibition, we treated Raji cultures wich
OXA. OXA 15 a known inhibitor specific to LDH that
affects both the A and B subunics [7,20]. The limitation
of OXA is its inefficient cell penetration, which renders
this molecule active only at millimolar concentrations.

Figure 5 shows that treatment with OXA inhibited the
gowth of Raji cells, and the Gls, was caleulated as
525 mmol/l (Fig. 5a). Like GE OXA did not significantly
affect cellular ATP levels (Fig. 5b). However, Raji cells
treated with OXA at its Glsy dose had highly reduced
NAD levels (Fig. 5¢), decreased MYC protein levels, and
suppressed SIRT1 activity (Kg. 5d). Taken wgether,
these observations strongly suggest that the effects of GF

LDH inhibition in Burkitt lymphoma cells Vettraino ef al. 867

Fig. 3
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NAD and NADH levels in (a) Raji and (b) GM130C cells after exposure
to 50 and 100pmoll GF for 16 h. See text for further details.
Differences in NAD and NADH levels were statistically evaluated by
ANOVA and using the Bonferroni post-hoc test *P<0.05 compared
with control cells; **P<0.01 compared with contral cells.

A concentration of 100 pmol/l GF drastically depletes NAD and
NADH levels in Raji cels as it strongly affects cell viabiity (see text
and Fig. 2a). ANOVA, analysis of varance; GF, galloflavin.

observed in Raji cells could be ateributed o LDH
inhibition.

Discussion

Increased LDH-A levels in various cancer cells suggested
that this enzyme is a promising candidate for the
development of inhibitors [1-3,8,11-14]. Conventionally,
the upregulation of LDH-A in cancer cells was thought to
be important for meeting the high energy needs of these
cells and for promoting cell proliferation [6]. LDH-A can
accomplish this task by regenerating NAD, which drives a
continuous glycolyrc flux and promotes ATP production
even when mitochondnal function is suppressed or

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

85



Scientific production

868 Anti-Cancer Drugs 2013, Vol 24 No 8

Fig. 4
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Downregulation of MYC and inhibition of SIRT1 enzymatic activity in Raji cells treated with GF. Inhibition of SIRT1 actvity was measured by
assessing the acetylation level of pB3. These effects were not observed in GM130C cells treated with GF. Protein expression levels were measured
as described in the Materials and Methods section. Differences were statistically evaluated by ANOVA and using the Bonferroni post-hoc test.
*P<0.05 compared with confrol cells; **P<0.01 compared with contml cells. ANOVA, analysis of variance; GF, galloflavin.

oxygen levels are low. However, recent reviews have
compared the metabolic properties of cancer cells and
normal tissues and they have concluded that although
mitochondrial DNA mutations and reduced mitochon-
drial biogenesis can be observed in some cancer cells,
several tumors derive most of their ATP from oxidatve
phosphorylation and not from glucose degradacion [29].
Our dara indicate that mye overexpression in BL cells
increases the expression of the LDH-A subunit, which is
normally expressed at low levels in chis cell type.
However, higher LDH-A levels do not drive cell
metabolism wward glycolytic ATP generation, which
was an unexpected result. GF and OXA treatment, at
doses that cause a 50% reducton in cell growth and
lactate production, did not affect ATP levels in any of the
three BL cell lines. Interestngly, our data suggest that
LDH functions to sustain cellular levels of NAD in
addition to its role in regulatng energy supplies within
the cell.

NAD ™ acts not only as a coenzyme for oxidoreductases
but also as a substrate for several enzymatic reactions, in
which it contributes as an ADP-ribose donator [24,25].
NAD *-cleaving enzymes (sirtuins, poly ADP-ribose
polymerases, and c-ADP synthases) are involved in the
control of energy metabolism, cell survival, and aging

these proteins have also been proposed to function as
sensors that trigger adaptive responses to unbalanced
redox conditions. To accomplish this task, these enzymes
must adjust their activity on the basis of physiological
changes in NAD ™ levels. Among the NAD ™ —consuming
enzymes, SIRT1 is the best characterized, although the
mechanisms involved in its activation have not vet been
clucidated [30]. SIRT! has a relatively high K for
NAD ™ (150-200 umol/1) [24], making it highly respon-
sive to physiological changes in NAD ™ levels. Further,
SIRT1 activation is commonly observed under conditions
of energy stress (Le. fasting or low glucose supply),
leading to increased NAD ™ levels [24,31]. SIRT! is a
histone deacetylase that promotes cell survival under
stressful conditions by deacetylating key cell eyele
molecules and apoptosis regulatory proteins, including
p33 [27,30]. Several reports have revealed thar SIRTT 1s
upregulated in various human wmors [30], including
B-cell lymphoma, for which enhanced expression of this
protein was detected in greater than 70% of patients [32].
In B-cell lymphoma, SIRTT expression was also associated
with decreased patient survival. ‘These data suggested
that SIRT1 may be involved in tumor progression and may
also serve as a prognostic marker and/or a therapeutic
target. Recently, SIRT1 was found to directly affect MYC
function, promoting MYC transcriptional activity and cell
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proliferation [26,33]. Aberrant my expression is frequently
observed in tumors as a consequence of induction by
upstream oncogenic signals or as a result of mutations
within myc itself. For this reason, MYC 15 also considered
to be an atrracrive target for therapeutic purposes [ 34].
Interestingly, experimental data have suggested that
partial or temporary inhibition of my~-mediated signaling
can induce tumor differentiation and regression [35].
Maintenance of the tumor phenotype is dependent on a
precise threshold level of MYC protein expression [28]; in
the absence of MYC expression at or below the threshold,
cells enter a phase of proliferative arrest and apoptosis.
Moreover, several reports have shown thar SIRTT and
MYC inhibition induces different effects in normal and
neoplastic cells. In noncancerous cultures, SIRT1 silen-
cing was tesponsible for arresting growth butr had no
apparent effects on cell viabilicy [36,37]. In mice,
systemic and reversible mye inhibition through transgene
expression [35] was well tolerated in normal tissues. Our
data further support these results. By affecting cellular
levels of NAD ™, LDH inhibition on GF treatment led to
the downregulation of SIRTT activity and MYC expression
and deprived BL cells of their most important survival

signaling. These effects were not observed on LDH
inhibition in nontumor lvmphoblastoid cells.

The results from our study further charactenize the
biological functions of the LDH enzyme and suggest that
L.DH inhibition mav be useful as a trearment for cancer.
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Gallaflavin

sslINA binding proteins
LDH-A hinding to ssINA
LDH-A inhibitars

Lactate dehydmgenase A {LDH-A) binds single siranded DNA {ssDNA) and stimulates cell transeription.
Binding is prevented by NADH, suggesting that the coenzyme site |s imwolved in the interaction LDH-
AjsDNA. We recently identified an inhibitor of LDH-A enzymatic activity (Gallsflavin, GF) which oooe-
pies the NADH site. In the experiments reported here we studied whether GF can also hinder the binding
of LDH-A to ssDNA and imvest igated its effects on RNA synthests in cultured cell. Using a filter binding
assay we observed that 4 pM GF inhibited the binding of human LDH-A to 2 dngle stranded ['H|DNA
sample by SO Afeer only 05-1h, 50-100 M GF inhibited RNA synthests in SWE20 cells malntained
in amedium in which galact e substituted glucose. In these culture conditions, SWe20 cells did not pro-
duce lactic acid and effects caused by the inhibition of the enzymatic activity of LDH-Acould be excluded.

Novel LDH-A Inhibitors which hinder aersbie glycolysis of cancer cells are at present actively searched.
Our results auggest that: (1) inhibitors which bind the NADH ste can exert their ant prol ferative activity
not only by blocking aerable glycolysis but also by causing an inhibition of RNA synthests independent
from the effect on glycolysis; (i) GF can be a useful tool to study the bidogical role of LDH-A binding

o SDNA

& X012 Ekevier Inc. All nights reserved.

1. Inroduction

In DMA replication and transcrption the doublestranded DNA
(dsDWA) has to be opened in order to provide a single-stranded
template (ssDNA). ssDNA binding proteins (ssBF) exert a helix
destahilising activity and their interaction to ssDMA prevents pre-
mature annealing and protects the strand from attack by endonu-
cleases. By the same mechanism, ssBPs play a fundamental role in
DMNA recombination and repair |1}, In eukaryotic cells, including
those from humans, the best studied ssBP is the replication protein
A (RPA] |2]. However, also some glycolytic enzymes were found to
bind ssDNA |3,4] Particularly investigated for this property was
lactate dehydrogenase (LDH) (EC. 1.1.127). The A (M) isoform of
this enzyme hinds ssINA [5-8| and fadlitates the activity of
DNA polymerase x-primase complex in vitro |69). Evidence was
obtained that interaction of IDH-A with ssDNA also oocurs
in vivo: antibodies reacting with LDH-A were concentrated in the
transcriptionally active puffs of polytenic chromosomes of Dro-
sophila salivary gland cells [10,11] and in the chromatin of mam-
malian cells from which they were released after DNAase

* Carrespanding authar. Address: Department of Experimental, Dignostic and
Spedalty Medicne, University of Balogna, Via San Giacama 14, 40126 Balogna,
Italy. Fao: 439 (51 484746

E-miil addree: givsenpinadistebno@unibait (C. Di Stefna).

O006-2913% = o= frant matter @ 2012 Elevier inc. All rights reserved.
hittp: [dxdhoi g 01016/ bbre 201 212013

treatment |12]. Moreover injection of LDH-A in nuclei of Chirono-
mus tentans salivary gland cells by means of 3 micromanipulation
technigue stimulated the transcription of polytenic chromosomes
which on the contrary was inhibited by antibodies binding to
LOH-A | 13]. More recently, LDH-A was found to be a component
of the transcriptional complex involved in 5-phase-dependent his-
tone H2B transcription | 14].

IDH-A binding to ssDNA is prevented in vitro by NADH |5,10],
suggesting that the coenzyme site is involved in the interaction
LOH-AfssDNA. In the present experiments we investigated
whether galloflavin (GF) (Fig. 1), a recently identified small maole-
cule which inhibits the enzymatic activity of LDH-A by occupying
the NADH site |15], also hinders the interaction of the enzyme with
ss[INA Targeting ssBFs to prevent their interaction with ssDMA s a
new strategy for drug development towards better cancer treat-
ment | 16,17]. Small molecules which inhibit ssDNA binding activ-
ity of RPA prevent cell cyde progression, induce cytotoxidty and
increase the efficacy of chemotherapeutic DNA damaging agents
[18].

In the experiments reported here we found that GF inhibited
LOH-AjssDNA interaction and given the data which indicate an
enhancing effect of LDH-A binding to ssDNA on the transcription
in vivo [13], we studied the drug capadty to hinder the synthesis
of RNA, by using a humancolorectal cell ine (SW620) |19] adapted
to replicate in a medium in which galactose substituted glucose,
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Fig. 1. Gallaflvin (GF)

Since lactate is not produced in cells growing in the absence of gh-
cose | 20], the biological effects caused by GF in these cells could
not be ascribed to an interference with the enzymatic activity of
LOH-A

1 Materials and methods
2.1. Reagents

MADH was obtained from Sigma-Aldrich GF was synthesised
and characterised as described by Manerba et al |15]. |*H]-uridine
[20Ci/mmol) and [*H}-thymidine (17 Cijmmal) were purchased
from Perkin Elmer.

2.2, Filter DNA-binding assry

|3H]DNA. (2251 bp) was obtained by PCR amplification of the
731-2981 region of the pBR3ZZ plasmid in the presence of
[8-*H]dATP [21]. Separation of the two strands of [*H|ONA was
achieved by heat denaturation (50ng of [*H]DNA in 10l of
20 mM Tris(HCl, pH 7.5 in eppendorf tubes, 3 min 100 “C and rapid
cooling on ice) and checked on 1% agamse gel on larger DNA
amounts (450 ng). The filtler DNA-binding assay was performed
in 200 pl of buffer A (20 mM Tris(HCI, pH 7.5, 50mM NaCl 1mM
EDTA, 2 mM mercaptoethanal, 5% ghycerol, 005 mg/ml BSA) |6]
ontaining 50ng of heat denaturated [*H|DNA (10° dpm) and
IDH-A (0.25-1 units). After 10 min at 30°C the formation of the
[*H] DMA/LDH-A complex was measured by spotting the reaction
mixtures on nitrocellulose filters (Millipore], pre-soaked (20min)
in buffer A without BSA. After four washes with 5 ml of buffer A
the radicactivity collected on the filters was quantified in a li-
quid-scintillation f-counter. Where indicated, LDH-A {10 units in
1ml buffer A) was dialysed (3 h at 4 °C) against 500 ml buffer A
without BSA before the filter-binding assay in order to remaove
the ammonium sulphate present in the commerdal preparation.
When GF was assayed as inhibitor of the |3H]DNHJ'LDH-!& interac-
tion, the reaction mixtures (induding the contmls) contained 1%
DMS0 reguired for GF solubility. The same amount of DMS0 was
added when the inhibitory effect of NADH was tested.

23 Cell culture

SWE20 cells, derived from a human colorectal cancer |19]), were
cultured in Leibovitz L-15 medium (Sigma-Aldrich), which does
not contain ghicose, The medium was supplemented with 10% dia-
lysed FC5 ( Sigma-Aldrich). In all experiments GF was added to the
culture medium in the presence of 0.6% DMS0. The same amount
of DMS0 was abways added to control, untreated cultures.

24 [DH activity and lactic odd determination
To measure the [DH activity in SWE20 cells, & = 1F cells were

harvested, pelleted and suspended in 1 ml FBS. The suspension was
lysed by sonication and centrifuged to discard the cell debris. Pro-
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tein content of the supernatant was measured according to Brad-
ford. This cell extract {100 pl amount) was used to measure LDH
activity and compasition (% of A and B isoforms), following the pro-
cedure originally set up by Goldman et al [22].

For determination of lactic acid, cells {5 « 10% in 2 ml medium)
were seeded in wells (35 mm diameter) of a Nunclon plate, let to
adhere overnight and then cultured for 24 h. Afterwands, the cells
were counted and lactic add of cells and medium was measured
according to Barker and Summerson [ 23],

25, Effect of GF on cell replication

Cells (2 x 10°/well) were seeded in 96-multiwell plates, let to
adhere overnight and then treated with GF (0100 pM); four wells
were used for each condition. The medium was replaced after 24 h
and cell replication was evaluated after a total 48 h exposure to GF
by using the neutral red assay, which gives a measure of the num-
ber of viable cells |24]. Cell growth was assessed by subtracting the
number of seeded cells from that measured at the end of experi-
ment. The detailed procedure is described in Farabegoli et al. [25].

206, Efects of GF on DNA and RNA synthesis

DNAand RNA synthesis were evaluated by measuring the incor-
poration in the cell acid-insoluble material of |*Hj-thymidine
(17 Ci/mmal) or [*H]-uridine {20 G/ mmal ), respectively. Cells were
seeded in 24-multiwell plates (2 « 10°)wel)) and let to adhere
overnight. They were then treated with GF (0-100 pM) for 0.5 or
1h and labelled with the radioactive nucleosides (2 pCi) in the last
30 min of reatment. When treatment with GF lasted only 0.5h
nucleosides were added at the same time with GF. Incorporation
of |*H}-thymidine was also measured after 4 h of GF treatment.
After the end of treatment cells were lysed with 200 pl 0.5 N NaOH
and the lysates were recovered with 500 pl Hz0. Macromalecules
were thendenaturedin 10% TCA The acid predipitate was collected
over a glass microfiber filter and washed with 5 5 ml of 52 TCA;
the radicactivity adsorbed onto the filters was measured using a
[oounter,

1 Results
3.1, Effect of GF on LDH-A binding to SONA

To measure the extent of binding of LDH-A to ssDNA, we em-
ployed a filter binding assay with heat-denaturated 2251 bp
|3H]DNA (2 % 107 dpm/pg) obtained by PCR amplification of the
731-2981 region of the pBRI22 plasmid in the presence of
[&-*H|dATP |21). LDH-A fmm human liver (150U/mg protein;
1140 Ufml) was obtained from lee Biosolutions (St Louis, MO,
LSA). The enzyme was the A4 isoform, ie. all the four subunits
where encoded by the LDH-A gene. The detailed procedure of the
hinding assay is described in Section 2 Fig. 2A shows the eledro-
phoresis analysis of the nucleic acid before (lane 1) and after heat
denaturation (lane 2, followed by incubation {5-15 min at 30 “C)
under the same ionic conditions of the filter-hinding assay (lanes
3-5). Densitometric anaysis performed on ethidium bromide
stained-gels showed that after heat treatment 105 of [*H|DNA
was double stranded (lane 2) and that, during the 10 min-incuba-
tion time chosen for the filter-binding assay (lane 4), negligible
DMA me-annealing occurred (4%) We can condude that during
the filter hinding assay 86% of [*H]ONA was in single stranded
form. The formation of the |*H|DMA/LDH-A complex is shown in
Fg. 2B. The addition of increasing amounts of LOH-A alowed a
progressive rising in complex formation until a platean was
reached when ~90% of | *H|DNA was captured. It should be noted



Scientific production

468 L Fiume & al / Bochemiral and Biophysiml Aesrarch Commun imtions 430 (2013) 466-469

Kd

i
s

¥

- & 100+
£
ﬁ ?5‘
L]
% 504 O dialysed LDH-A
; & non dialysed LDH-A
3
a
T
=

&

0% 050 075 100 135
LDH-A {units

=

Lg]

[*HIDMA binding activity {¥:)
£ L5

Lo

A NADH
ICs= 22 M
1y = 804 M
r=0950

F

h GF
IG5 = 4 M

1€ = 15 M

¥

4 05 10 1§
log inhibitor [

Fig. 2 Inhibition of the hinding of LOH-A 0 ssDMA caised by GF. (A) Gd
electrophoresis of the 2251 bp DNA employed in the filerbinding assy. Gd
electrophoresis analysis was perfermed on ethidum bromide antaining: 1%
agarase gel. Lane 1, 2251 bp DNA (450 ng) Line 2 heat denaturated 2251 bhp DNA
(450 ng); lane 3, heat denaturated 2251 bp DNA (450 ng) incubated 5 min at 31°C;
lane 4, heat denaturated 2251 bp DNA (450 ng) incubated 10min at 3 °C lane &
heat denaturated 2251 bp DNA (450 ng) incubated 15min at 3070 Lne & heat
denaturated 2251 bp DNA (228 ng); lane 7, size markers (3 phage Hind Il digected)
(W) D= respanse curve of ['H|ONA hinding activity displayel by LDH-A_ The filter
DNA-hinding assay was performed a5 described in Section 2 10HA was sither
dialysed befare the assy (empty circles) ar non dizlysed (filled circle). Values are
mezans £ SEM. Data were fitied using the semnd order palynomia regression with
the CraphPad Prism 5 software (r=0.299) () Bfet of CF and NADH on the
formation of |*H [INALOH-A camplex. |Grp and Kgs wers aboulated by the linsar
regnession hetween the penent activity and the log of inhibior mncentrations. The
regression arameters were analysed by CraphPad Prism § software and the
difference in slape af two lines was statistally significnt (p< 005

=T

0 25

that this value comesponds to the percentage of ssDNA present in
the assay, in keeping with the notion that LDH-A scarcely binds to
dsONA | 5). The dose-response experiments described above were
performed after dialysis of the enzyme, aimed at emoving the
ammaonium sulphate (3.1 M) present in the commercial LDH-A
preparation. To gain information on the effect of GF on the DNA-
binding activity of LDH-A we used a low fixed amount of enzyme
(0,25 units) omitting the dialysis step. Under these conditions,
about 40% of the | *H]DNA was found to bind to LDH-A using either
dialysed (Fig. 2B, empty circle) or non dialysed (Fg. 28, filled dr-
cles) emeyme. GF showed a marked inhibitory effect compared to

the reference inhibitor NADH (Fig. 2C). The ICs, of GF was ~.5-fold
lower with mspect to that obtained with NADH. Moreover, since
the slopes of the two curves were significantly different, the
extrapolated IG;; indicated a ~50-fold difference between the
two inhibitors (Fig. 2C) It is worth noting that in these ecperi-
ments LOH-A was preincubated (10min at 30°C in 190 pl buffer
A) with the inhibitors (GF or MADH) before the addition of
[*HIDNA, in order to facilitate ther docking into the adive site.
Interestingly, the ICs, of GF obtained without (& pM) or with pre-
incubation (4 pM) were quite similar, confirming the considerable
power of GF as inhibitor of LDH-AJssDMA interaction in vitro,

3.2 Effects of GF on SW620 cells

IDH activity in $WG20 cells, measured as described in [22] was
196 mUJ10® cells with 55% and 45% of the total enzymatic activity
due to the A and B isoforms, respectively. These values are similar
to those measured in neoplastic cell lines cultured in the presence
of glucose and displaying aerobic glycolysis |25).

In agreement with previous data obtained on cells growing in a
medium in which galactose substituted glucose [20], lactic add,
measured as described in |23 ], was not detected in SW520 cells,
The limit of sensitivity of the assay was 50 nmoles/10F cells.

Fig. 3A shows that GF inhibited the cell replication; after 48 hof
treatment the ICs; caloulated as described in the legend was
37uM

After only 0.5-1h GF produced significant inhibitions of RNA
synthesis at the concentrations of 50 and 100 pM (Fig. 3B]. The ef-
fect of GF was also tested on DNA synthesis, which was not inhib-
ited even in cells treated for 4h with the drug given at 100 pM
[data not shown).

4. Discussion

The results reported here showed that GF, which occupies the
MADH site of IDH-A, strongly hindered the interaction of the en-
zyme with ssDNA in vitro. After a short time of exposure, GF inhib-
ited RNA synthesis in SWG20 cells cultured in the absence of
glucose, in which effects of GF due to an impaimment of LDH-A
enzymatic activity could be exduded Therefore, the anticancer
activity exerted by GF on normally ghycolysing neoplastic cells
|15,25] was likely caused not only by the block of aerobic glycoly-
sis, but also by an inhibition of RMA synthesis, independent from
the effect on glycolysis. Since LOH-A is bound to chromaosomes
and enhances their transcription in vivo [11,13] the impairment
of ssDNA/IDH-A interaction caused by GF can account for this inhi-
bition of RNA synthesis. The observation that GF inhibited RNA
synthesis in SWE20 cells without affecting the synthesis of DNA
fits with the finding of Patel et al. | 10]. The authors examined Shara
coprophiln salivary gland chromosomes by immunofluorescence
staining procedure in the presence of antbodies binding LOH-A
At certain developmental stages Shara chromaosomes exhibit dis-
tinct DNA-synthesising puffs; these replicative puffs showed little
LOH-A immunofluorescence, while transcriptional puffs in the
same chromosomes exhibited intense staining.

Small molecules interfering with the enzymatic activity of LOH-
A are now searched to selectively block aerobic glycolysis for an
approach to antineoplastic chemotherapy proposed several years
ago |26,27) and at present actively pursued [28,29]. Our data indi-
cate that inhibitors which occupy the NADH site of the enzyme be-
sides blocking aemohbic glycolysis might also prevent LOH-A/ssDNA
interaction and hamper transcription

Finally, the present results suggest that GF by hindering the
binding of LDH-A to ssDNA can be a tool to study the biological role
of this interaction in the cells.
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Impairment of Aerobic Glycolysis by Inhibitors of Lactic
Dehydrogenase Hinders the Growth of Human Hepatocellular

Carcinoma Cell Lines

According to the finding of Warburg (Warburg O, 1930), reevaluated in recent
years (Garber K, 2006) neoplastic cells derive much of their energy for survival
and growth from aerobic glycolysis.

Lactate dehydrogenase (LDH) is the only glycolytic enzyme whose inhibition
should allow a blocking of the aerobic glycolysis of tumor cells without damaging
the normal cells which, in conditions of normal functional activity and sufficient
oxygen supply, do not need this enzyme (Fiume L, 1969; Papacostantinou J and
Colowick SP, 1961a).

In this preliminary work my research team and | demonstrated that oxamic acid
and tartronic acid, two LDH competitive inhibitors, impaired aerobic glycolysis
and replication of HepG2 and PLC/PRF 5 cells, two lines derived from a well
differentiated and a poorly differentiated human hepatocellular carcinoma (HCC),
respectively (Aden DP et al, 1979; Alexander JJ et al, 1976).

We have also shown that oxamic acid impairs cell growth by only inhibiting
aerobic glycolysis, without interfering with Krebs cycle. Cultured cells derive
their energy from glucose metabolism and glutamine oxidation. When cells are
posed in a glucose free medium, they can not glycolyse and almost completely

rely for their survival and growth on glutamine oxidation.
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We found that under these conditions oxamic acid practically do not affect HepG2
and PLC growth, indicating that this compound does not interfere with the Krebs
cycle and that the growth inhibition caused by oxamic acid when cells are
cultured on glucose could be attributed to the impairment of aerobic glycolysis; on
the contrary tartronic acid was shown to interfere with glutamine oxidation and
this interference might be due to the inhibition of mitochondrial malic
dehydrogenase (Harada K et al, 1968).

Moreover the increased expression of the p53-Upregulated Modulator of
Apoptosis (PUMA) indicated that the block of aerobic glycolysis resulted in the
death of the cells.

The present data are in agreement with those of Papaconstantinou and Colowick
(Papaconstantinou J and Colowick SP, 1961b), who studied the effect of oxamic
acid on HeLa cell replication and fit in with the finding that mammary tumor cell
lines in which LDH activity was reduced by means of short hairpin RNA showed
a retarded rate of cell proliferation (Fantin VR et al, 2006).

In conclusion, inhibition of aerobic glycolysis achieved by blocking LDH could
be useful in the treatment of human hepatocellular carcinomas. Without
interfering with glucose metabolism in normal cells, it could hinder cell growth by
itself and could also enhance the chemotherapeutic index of associated anticancer

agents by decreasing the levels of ATP selectively in neoplastic cells.
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Inhibition of lactic dehydrogenase as a way to increase the anti-

proliferative effect of multitargeted kinase inhibitors

Protein kinases play a critical role in the modulation of growth factor signalling.
Activated forms of these enzymes can cause increase of tumor cell proliferation,
induce apoptotic effects and promote angiogenesis and metastasis. Because these
effects are initiated and proceed through by a sequential activation of proteins of
the kinase family, these enzymes are a good target for anticancer treatment (Arora
A et al, 2005). Multi-targeted inhibitors of protein kinases are an emerging class
of antineoplastic agents. They are quite recently developed compounds, whose use
will likely increase in the next future because of broad spectrum antitumor
activity, ease of administration and good tolerability. Most of them are small
molecules which bind to the ATP site on the protein kinases target of their activity
(Sebolt-Leopold JS and English JM, 2006).

We considered the possibility that a decrease of ATP levels in neoplastic cells
could reduce the competition for the same enzymatic site, thus increasing the
efficacy of the kinase inhibitors. To explore this possibility, in this work it was
studied on PLC/PRF/5 cells the effect of three commonly used kinase inhibitors
(sorafenib, sunitinib and imatinib) given alone or in combination with oxamic
acid, an LDH inhibitor. PLC/PRF/5 cells derived from HCC (Alexander JJ et al,
1976) and were an appropriate model to perform this study since this tumor is
often refractory to chemotherapeutic interventions and even the benefit observed

with the introduction of kinase inhibitors (sorafenib) was modest, so that the
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search for new and more effective therapeutic alternatives for treating HCC is still
ongoing.

As a first step to verify our experimental hypothesis, cell viability assays were
performed to evaluate the antiproliferative effect on PLC/PRF/5 cells of the
kinase inhibitors given alone. To test their effect when given in combination with
oxamic acid, for each kinase inhibitor we selected doses causing a statistically
significant inhibition on PLC/PRF/5 cell proliferation, not higher than 30%, in
order to facilitate the evidence of a possible potentiating effect in the association
with oxamic acid. In subsequent experiments the selected doses of kinase
inhibitors (sorafenib 8-16 uM, sunitinib 8 uM; imatinib 32 uM) were combined
with oxamic acid. Oxamic acid was used at concentrations of 60 and 80 mM
which block aerobic glycolysis and reduce cellular ATP levels, but causing
minimal effects on cell growth, not higher than 20% (Fiume L et al, 2010).

When the kinase inhibitors were given in combination with oxamic acid, an
enhancement of their anti-proliferative effect was observed, that, for the 80 mM
dose, always resulted statistically significant when compared to the effect of the
Kinase inhibitor given alone. In the case of 16 uM sorafenib, the combination with
80 mM oxamic acid had a so heavy effect to bring about the almost complete
inhibition of cell growth (> 97%) over the 24h.

Morphological examination of treated cells confirmed the potentiating effect
exerted by the drugs association. It was performed only on cells treated with

sorafenib since, compared to the other kinase inhibitors, the gain of efficacy
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observed with the oxamic acid association of this compound was the most
remarkable.

Moreover to confirm the enhanced effect produced by the oxamic acid / sorafenib,
we also evaluated the phosphorylation level of ERK protein, involved in the
MAPK kinase signalling pathway. One of the primary targets of sorafenib is RAF
kinase, the first signalling element of MAPK pathway, which has an essential role
in HCC cell proliferation (Liu L et al, 2006). Blocking of RAF causes a
downstream reduction of MEK and ERK phosphorylation, ultimately resulting in
the inhibition of cell proliferation.

By immunoblot analysis we observed that 1h treatment with 16 uM sorafenib
reduced the phosphorylation of ERK1/2 and 80 mM oxamic acid given for 1h to
PLC/PRF/5 cells did not affect ERK phosphorylation, which on the contrary was
heavily reduced in cultures treated with the 16 uM sorafenib / 80mM oxamic acid
association, where the low molecular weight band of phosphoERK was not
detected. The further reduction of phosphoERK observed in these cells, compared
to those treated with sorafenib alone, is a confirm of the enhancing effect caused
by oxamic acid on the signalling inhibition produced by sorafenib.

According to the rationale which suggested these experiments, the enhanced
antiproliferative effect of oxamic acid association with kinase inhibitors can at
least in part be due to the reduced number of ATP molecules competing with the
drugs for the binding to the common enzymatic site.

We showed that when aerobic glycolysis was shut down by culturing PLC/PRF/5

cells on galactose (Reitzer LJ et al, 1979; Rossignol R et al, 2004), oxamic acid
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did not cause a depletion of ATP, indicating that this compound does not interfere
with the oxidative phosphorylation, still operative in this culture condition. As a
consequence, in glycolysing cells the reduced ATP concentrations caused by
oxamic acid can only be ascribed to the inhibition of aerobic glycolysis. This
suggests that in normal cells, which do not produce ATP through aerobic
glycolysis, the inhibition of LDH should not exacerbate the adverse reactions of
antineoplastic drugs.

Oxamic acid is a non toxic substance in laboratory animals, up to 3g/kg
(Papaconstantinou J and Colowick SP, 1961b). On the other hand, it inhibits the
aerobic glycolysis of cells cultured in vitro only at high concentrations, which are
about 1000 times higher than those active on LDH from cell free extracts and can
not expected to be reached in vivo.

However, changes of the molecule can be studied using oxamic acid as a lead
compound to synthesize a selective and more powerful inhibitor of LDH. A
similar attempt was performed to improve the chemotherapy of malaria, by testing
several derivatives of the oxamic acid molecule on LDH of Plasmodium
falciparum, a parasite which relies on aerobic glycolysis for its energetic needs
(Choi S et al, 2007; Deck LM et al, 1998). Encouraging results are also those of
experiments addressed to the inhibition of the isoform Il of o-hydroxyacid
dehydrogenase (HADH II) of Trypanosoma cruzi, which shows a substrate
specificity similar to that of LDH-C4 of spermatozoa. Moreover, by applying the
virtual screening procedure (Rester U, 2008) to the crystal structure of human

LDH, also molecules chemically unrelated to oxamic acid but able to inhibit LDH
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can be searched; therefore the results of our experiments encourage the search for
a LDH inhibitor more powerful than oxamic acid and also active in vivo. Its
association with kinase inhibitors could enhance the anti-proliferative efficacy of
these drugs in the treatment of responsive tumours without increasing their side
effects on normal cells, which in conditions of normal functional activity and

sufficient oxygen supply do not need the activity of this enzyme.
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Effect of sorafenib on the energy metabolism of hepatocellular

carcinoma cells

In our previous work (Fiume L et al, 2011) we demonstrated that oxamic acid, an
inhibitor of lactate dehydrogenase, potentiated the activity of multitargeted kinase
inhibitors (sorafenib, sunitinib, imatinib), by depleting ATP thus reducing the
competition for the common enzymatic site; in particular we observed the most
marked effect with the association oxamic acid /sorafenib. The enhancing effect
caused by oxamic acid on the signalling inhibition produced by sorafenib could
represent an interesting result because to date it is the only drug used for
hepatocellular carcinomas (HCCs) chemotherapy, even though it produced only
modest results on patient survival (Llovet JM et al, 2008).

Recent data demonstrated that sorafenib impaired the oxidative phosphorylation
(OXPHOS) of a rat myogenic cell line and suggested that this biochemical lesion
can contribute to the cardiac toxicity caused by the drug (Will Y et al, 2008). In
this paper, we studied whether this mechanism of cell damage can also take part
in the anti-proliferative effect of sorafenib.

We elucidated that sorafenib at the concentrations raised in plasma of patients
treated with the drug (4-8 uM) decreased the oxygen comsuption in PLC/PRF 5
and SNU-449 cell cultures, two lines derived from human HCCs (Alexander JJ et
al, 1976; Park JG et al, 1995).

We also showed that in glycolysing cells the mitochondrial ATP depletion, caused

by sorafenib, stimulated aerobic glycolysis, as indicated by the higher amount of
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lactic acid formed in the presence of the drug. Moreover when the cell coltures
were treated with the association oxamic acid/sorafenib, both the metabolic
pathways were inhibited, and only after 3 hours of exposure, it could be observed
a drastic decrease of ATP levels. Because of the link between the two energetic
pathways (Krebs HA, 1972), as stated above, the depletion of mitochondrial ATP
in glycolysing cells caused an increase of glycolysis so that the ATP content in
these cells was only 12-32% lower than that of control cells. This decrease,
although moderate, is statistically significant and can impair cell growth, as
supported by the finding that in both cell lines a dose of oxamic acid which
reduces ATP levels to the same extent as sorafenib after a 3 days exposure
significantly reduced the number of viable cells by about 30%. Moreover, in the
case of sorafenib, which blocks the target kinases by binding to their ATP sites
(Sebolt-Leopold JS and English JM, 2006), the depletion of ATP could also
enhance the anti-kinase activity of the drug by reducing the competition for the
common enzymatic site. Therefore, the present results point out that the loss of
ATP caused by the drug interference with OXPHQOS probably contributes to the
anticancer activity of sorafenib on human HCC cells.

The observation of an increased ratio between glycolytic and OXPHOS-derived
ATP in HCC cells treated with this drug suggests that a possible way to enhance
the therapeutic power of sorafenib could be its combination with glycolytic
inhibitors, such as oxamic acid, which blocks LDH. Unfortunately, oxamic acid
has the drawback of a scarce cellular penetration and, consequently, it inhibits

aerobic glycolysis at concentrations which cannot be reached in vivo. However,
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our results encourage the search of novel LDH inhibitors more potent and active
in vivo than the oxamic acid and they will probably be available for clinical trials
in the near future. Their administration in combination with sorafenib could be a

worthwhile attempt to enhance the results of HCC chemotherapy.
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Galloflavin (CAS 568-80-9): A Novel Inhibitor of

Lactate Dehydrogenase

The inhibition of lactate dehydrogenase (LDH) is a promising way to inhibit
tumor cell glucose metabolism without affecting the energetic balance of normal
tissues. However, the success of this approach depends chiefly on the availability
of inhibitors that display good selectivity.

The only well-characterized and specific inhibitor of LDH is oxamic acid which
displays a good selectivity for LDH and weak toxicity in healthy animals,
although has the drawback of poor cellular penetration (Papaconstantinou J and
Colowick SP, 1961b) . In our previous works (Fiume L et al 2010; Fiume L et al,
2011), we studied its effect in neoplastic cells and we confirmed its ability in
hindering aerobic glycolysis. Our results suggest that, research using drug design
technologies to find a strong and selective LDH inhibitor hindering aerobic
glycolysis also in vivo, can be a worthwhile attempt to improve the common
antineoplastic chemotherapy.

In this work we described the identification of a novel LDH inhibitor, galloflavin,
a gallic acid derivative, which was selected by virtual screening of a molecular
dataset and carefully biologically characterized. This approach, adopted by our
colleagues of the Department of Pharmaceutical Sciences, was based on the
crystal structure of the A isoform of LDH, obtained from the Protein Data Bank
and it was applied to the molecules of the National Cancer Institute diversity set

and led to the identification of 20 putative inhibitors, which were subsequently
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tested on the purified human enzyme. Only five of them were found to cause
enzyme inhibition at micromolar level. The compounds are: galloflavin
(NCS107022), lomofungin (NCS156939), redoxal (NCS73735), vanillil
(NCS16722), and nortangeretin (NCS76988). According to the information in the
PubChem database, neither LDH inhibitory activity nor other effects on glycolytic
enzymes have been reported yet for these compounds. For each compound we
calculated the minimum dose required for complete inhibition of enzyme activity
(IC100). Although less commonly used than IC50, this parameter was chosen
with the aim of identifying a fully active inhibitor dose for testing on cells
cultured in vitro for preliminary evaluation of their biological activity. The 1C100
values calculated for LDH-A were tested with PLC/ PRF/5 cultures to evaluate
their effect on lactate production, cell respiration, ATP levels, and cell
proliferation; galloflavin was found to reduce the lactate production, proving good
cell permeability. Moreover, it was shown to be not harmful for mitochondrial
respiration, suggesting tolerability for normal cell metabolism.

Among the other compounds, vanillil was not deemed worthy of further study, as
it caused only a small decrease in lactate levels and did not affect cellular ATP
and PLC/PRF/5 growth. The remaining three compounds (redoxal, lomofungin,
and nortangeretin), added to the assay cell cultures at their respective LDH 1C100
values, hindered oxygen consumption, denoting lack a of specificity toward this
enzyme. From our biological evaluations, galloflavin proved to be the only
potentially useful LDH inhibitor. Therefore, a more detailed characterization of its

biological properties was performed.
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The docking made with human LDH-A isoform showed that galloflavin
apparently binds mainly to the enzyme by hydrogen bonds. In particular, the
carbonyl oxygen atoms of galloflavin act as hydrogen bond acceptors with Thr247
and GIn 99, and the compound’s hydroxy groups establish hydrogen bond
interactions with Asn137 and Ala 95. Finally, the 9- hydroxy group could make
contact with either Ala 97 or Asn112 and with the backbone nitrogen atom of Asn
137 as well. Galloflavin was also docked into the human LDH-B isoform, and a
pose quite similar to that observed with human LDH-A was found. This was not
unexpected, considering the high sequence similarity (~75%) (Granchi C et al,
2010) of the binding site domains.

Galloflavin was found to inhibit both the isoform A and B of LDH and to
determine the mechanism of action, we collected LDH-A and -B inhibition data in
competition reactions with the substrate (pyruvate) or the cofactor (NADH) and
evaluated the results using software for enzyme Kinetics analysis. We found that
galloflavin inhibited both human LDH isoforms by preferentially binding the free
enzyme, without competing with the substrate or cofactor. The calculated Ki
values for pyruvate were 5.46 mm (LDH-A) and 15.06 mm (LDH-B).

The discovery of galloflavin’s inhibitory action against both human LDH
isoforms suggests broader and more interesting properties than those of some
inhibitors, which were found to act specifically on LDH-A (Yu Y et al, 2001;
Granchi C et al, 2011). In fact, data were recently reported that indicate a pivotal
role for LDH-B in tumorigenesis mediated by hyperactive mTOR (mammalian

target of rapamycin) signaling (Zha X et al, 2011).
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We calculated that the concentration of galloflavin causing a 50% decrease in
lactate production is 140 uM. This dose fits well with the concentration required
to decrease cell viability by 50% (184 uM), suggesting that in PLC/PRF/5 cells
exposed to galloflavin, the decrease in viability could be ascribed mainly to
inhibition of aerobic glycolysis caused by the compound. However these doses
(140-184 uM) reduced ATP levels by only 25-30%. This result can be easily
explained by considering that even in cells where glycolysis is active,
mitochondrial function is not completely abolished and that mitochondrial
respiration is more productive in ATP synthesis than glycolysis. This limited
effect on ATP levels appeared to have a positive consequence, as by studying the
cell death mechanism triggered by galloflavin, we observed the induction of
apoptosis, with no evidence of necrosis caused by a deep ATP depletion.

To our knowledge, the inhibition of LDH isoenzymes is the only biochemical
effect described for galloflavin. Preliminary toxicity data for this molecule are
available from the NCI (http://dtp.nci.nih.gov/), and remarkably they suggest
good tolerability: in mice the maximum tested dose (400 mgkg-" injected i.p.) did
not produce lethal effects.

In conclusion, galloflavin was found to be a promising lead candidate in the field
of tumor metabolism inhibitors and led us to continue with further studies aimed

at better define its therapeutic potential.
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Galloflavin, a new lactate dehydrogenase inhibitor, induce the
death of human breast cancer cells with different glycolytic

attitude by affecting distinct signalling pathways

After the identification of galloflavin, a new lactate dehydrogenase (LDH)
inhibitor (Manerba M et al, 2012), the aim of our next work was to investigate the
effects of this compound on cells from tumors of different pathological subtypes,
suggestive of a different metabolic state of the transformed cells. As a model for
our study we chose human breast cancer, a neoplasm which is known to exhibit
remarkable heterogeneity in phenotype, usually classified by reporting the
expression profile of ER, PR and HER-2. The MCF-7 cell line was used as a
model of the well differentiated human breast cancer (ER and PR positive) and
the MDAMB-231 as representative of the more aggressive triple-negative form of
the tumor. The experiments were also performed on a sub-line of MCF-7, in
which ER function has been lost. This line (MCF-Tam) was obtained by
maintaining the parental cells in the presence of clinically relevant levels of 4-
hydroxy-tamoxifen (10-" M) (Farabegoli F et al, 2007) and showed an activated
EGFR signalling pathway (Farabegoli F et al, 2010).

As first we characterized these three cell lines by quantifying their LDH
enzymatic activity, glucose uptake, lactate production and relative oxygen
consumption and we observed that they showed marked differences in the

metabolic profile; in particular, MDAMB-231 and MCF-Tam exhibited a
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phenotype more dependent on glycolysis, contrary to MCF-7 in which oxidative
phosphorylation remained still operative.

The data reported in this paper showed that, in spite of the differences in the
metabolic profile observed in the three lines, the effect of galloflavin on the cell
growth was quite similar and this result could be in conflict with the much higher
glycolysis dependence shown by MDA MB-231 and MCF-Tam; only later we
showed that it could be justified by other characteristics of these cells. In this way,
we continued investigating about the different antiproliferative mechanisms which
contribute to cell death in the three cell lines; in particular, we wanted to evaluate
if galloflavin, by depleting ATP levels, could down-regulate the signalling
pathway involved in cell survival, and if this compound could be responsible for
the induction of stress oxidative in the treated cultures.

In previous studies LDH inhibition was in fact found to induce reactive oxygen
species (ROS) generation, as a consequence of a compensatory increase in cell
respiration set out by cells attempting to restore their ATP supply (Le A et al.,
2010). These effects were studied by incubating breast cancer cell cultures to the
mean 1C50 dose of galloflavin (125 pM).

While in MCF-7 galloflavin 125 uM, by depleting ATP levels, caused a down-
regulation of the expression of mRNA of ERa, thus depriving cells of the most
important survival signal (Levenson AS and Jordan VC, 1997), in MDA-MB-231
and MCF-Tam galloflavin was found to activate a stress response as a result of
increased ROS generation. In this case, the highly glycolysing MDA-MB-231 and

MCF-Tam cells were not able to cope with the ATP depletion caused by LDH
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inhibition by simply increasing the mitochondrial function and the induction of
the oxidative stress is a possible cause contributing to the growth inhibition. The
activation of the stress-response pathway in these cells was witnessed by the
statistically significant increase of JNK and p38 phosphorylation. The study of
phospho-JNK and phospho-p38 expression also allowed to explain why, in spite
of their much higher glycolysis dependence, MDA-MB-231 and MCF-Tam did
not exhibit higher sensitivity to the antiproliferative effects of galloflavin. In these
cells, which are representative of aggressive forms of breast cancer, the stress
response pathway is constitutively activated, since both JNK and p38 appeared
phosphorylated also in the untreated cultures. This constitutive activation can
render the cells less susceptible to harmful stimuli (Davidson B et al., 2006).
Finally, these different antiproliferative mechanisms led to the apoptosis induction
in all the three cell lines.

As shown by our results, galloflavin inhibits the growth of breast cancer cells at
higher dose (125 uM) compared to commonly used chemotherapeutics. However
we demonstrated that non neoplastic cells present a better tolerability to
galloflavin as compared with breast cancer cells, by studying its effect on
lymphocytes from peripheral blood and GM130C human lymphoblasts. These
data, together with those ones on galloflavin toxicity available from NCI web site
(http://dtp.nci.nih.gov/), suggesting a good tolerability in mice, offers a good
motivation to test this new inhibitor on other cellular models in order to continue
defining its therapeutic potential. Our results on breast cancer cells confirm that

the inhibition of bioenergetic metabolism obtained by LDH blockage is a
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promising therapeutic strategy. Moreover they agree with other several previously
published data indicating that LDH play a critical role on growth properties and
tumor maintenance of breast cancer cells (Nagai MA et al, 1988; Zaho YH et al,
2009) and with other two works in which inhibition of LDH-A was found to be a
way to overcome the acquired resistance of breast cancer cells to taxol (Zhou M et
al, 2010) and trastuzumab (Zhao X et al, 2011).

In spite of the unguestionable progresses achieved in breast cancer therapy, the
treatment of some forms of this tumor, such as the triple negative or the drug
resistant lesions, still poses a challenge to the clinical oncologists. In this context,
our observation of galloflavin activity even on the breast cancer cells which
mimic these tumor forms with unfavorable prognosis, for its clinical relevance

adds further interest in the properties of this compound.
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Galloflavin suppresses lactate dehydrogenase activity and causes
MY C downregulation in Burkitt lymphoma cells through

NAD/NADH dependent inhibition of sirtuin-1

In this paper we continued investigating about the effects caused by galloflavin
on the observation that aerobic glycolysis, is the consequence of oncogenes and
oncosuppressors reprogramming the cellular energetic machinery (Levine AJ and
Puzio-Kuter AM, 2010). One of the most characterized DNA alteration that
induces glycolytic phenotype in cancer cells is the activation of the myc oncogene
(Dang CV et al, 2009).

MYC is a helix—loop-helix leucine zipper transcription factor that dimerizes with
its partner protein MAX. The dimer then binds to specific DNA sequences and
transactivates genes involved in cell proliferation, differentiation, and apoptosis.
Further, MYC plays an important role in the regulation of glucose metabolism
(Kim JW and Dang CV, 2006). It directly transactivates the A subunit of lactate
dehydrogenase (LDH-A), which is directly involved in myc-mediated cell
transformation (Dang CV et al, 2009; Shim H et al, 1997).

The myc-dependent linkage between altered cellular metabolism and
tumorigenesis (Dang CV et al, 2009; Kim JW and Dang CV, 2006) prompted us
to investigate the effects of galloflavin-mediated LDH inhibition in myc-
hyperexpressing cancer cells. Thus, we studied the effects of galloflavin on
Burkitt’s lymphoma (BL) cells (Raji, Daudi, Loukes), representing a tumor

characterized for the 90% of cases by myc overexpression, in addition to a
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chromosomal translocation (the most common translocation is t(8:14)) (Slack GW
and Gascoyne RD, 2011).

Our data indicated that myc overexpression in BL cells increased the expression of
the LDH-A subunit, which is normally expressed at low levels in this cell type.
Compared to other tumor models, BL cells were found to be very susceptible to
galloflavin effects (IC 50~30 uM), while on two non neoplastic lymphoblastoid
cell lines used as control (GM130C and AG3138A) the effect of galloflavin was
not statistically significant. However, we found that higher LDH-A levels do not
drive cell metabolism toward glycolytic ATP generation, and this observation was
an unexpected result. In fact, galloflavin at doses that cause a 50% reduction in
cell growth and lactate production, did not affect ATP levels in any of the three
BL cell lines, suggesting that in these cells oxidative phosphorylation remains
operative and can be a source of ATP supply.

Since in these cells the growth inhibition is not to be ascribed to the ATP
depletion, we tried to investigate to find another possible antiproliferative
mechanism. For this purpose, we considered only Raji cell cultures, as these cells
were more sensitive to galloflavin, but their ATP levels were essentially
unaffected by galloflavin treatment.

In aerobic glycolysis, the LDH enzyme functions to regenerate oxidized NAD, is
necessary for sustained glucose degradation. NAD participates in multiple
metabolic reactions as a cofactor, and it can also mediate biologic processes by
acting as a substrate for a wide range of proteins (Houtkooper RH et al, 2010; Lin

SJ et al, 2003). Among the NAD-consuming enzymes, sirtuins, particularly,
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SIRT1, have high Km values for NAD (Houtkooper RH et al, 2010). Therefore,
these enzymes are highly susceptible to changes in the cellular levels of this
dinucleotide.

SIRT1 is a histone deacetylase that promotes cell survival under stressful
conditions by deacetylating key cell cycle molecules and apoptosis regulatory
proteins, including p53 (Li K and Luo J, 2011; Milner J, 2009). Several reports
have revealed that SIRT1 is upregulated in various human tumors (Milner J,
2009), including B-cell lymphoma, for which enhanced expression of this protein
was detected in greater than 70% of patients (Jang KY et al, 2008). Moreover,
previous studies have demonstrated that the MYC protein is a substrate of SIRTL,
which deacetylates MYC and promotes its transcription factor functions (Mao B
et al, 2011). On the basis of this knowledge, we investigated the effect of
galloflavin on MYC protein levels and SIRT1 activity. In the absence of a
commercially available, specific, acetyl-MYC antibody, SIRT1 activity was
evaluated by measuring the acetylation levels of the p53 protein, a known SIRT1
target (Li K and Luo J, 2011).

We observed that galloflavin at 50 pM markedly affected the NAD/NADH
balance in Raji cells causing a four-fold reduction in NAD levels and an increase
in NADH levels. Furthermore galloflavin led to a notable decrease of MYC
protein levels and an increase in p53 acetylation, which is indicative of SIRT-1
inhibition. Since myc activity is related to its protein levels (Sachaf GM et al,
2008), these data suggest that galloflavin can suppress MY C-driven signals in

Raji cells.
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The same experiments were also conducted on the GM130C lymphoblastoid cell
line as a control and interestingly, MYC protein levels and p53 acetylation were
unaffected in GM130C cells exposed to 100 uM galloflavin.

Since galloflavin is a recently identified LDH inhibitor, and other effects than
LDH inhibition cannot be excluded, to verify whether its effects observed on Raji
cells were a result of LDH inhibition, we treated Raji cultures with oxamic acid
(OXA), a known specific inhibitor of this enzyme. OXA inhibited the growth of
Raji cells but like galloflavin did not significantly affect cellular ATP levels.
However at its 1C50 dose highly reduced NAD levels, decreased MYC protein
levels, and suppressed SIRT1 activity. Therefore, these observations strongly
suggested that the effects of galloflavin observed in Raji cells could be attributed
to LDH inhibition.

There is a lot of literature suggesting that SIRT1 and MYC could be considered
attractive targets for therapeutic purposes (Milner J, 2009; Jang KY et al, 2008;
Menssen A et al, 2012; Hermeking H, 2003). Therefore the results from our study
not only further characterize the biological functions of the LDH enzyme, but also

suggest that LDH inhibition may be useful as a treatment for cancer.
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Galloflavin prevents the binding of lactate dehydrogenase A to

single stranded DNA and inhibits RNA synthesis in cultured cells

Besides its widely known role in cell energy metabolism, lactate dehydrogenase A
(LDH-A) also displays an additional function in nuclei. Some years ago several
authors observed that the LDH-A binds to single-stranded DNA (sSDNA) (Patel
GL and Thompson PE, 1980; Williams KR et al, 1985; Calissano P et al, 1985;
Grosse F et al, 1986; Sharief FS et al, 1986; Kaiserman HB et al, 1989). In
analogy with what observed for other ssDNA-binding proteins (ssBPs) (Shamoo
Y, 2002) an involvement of the enzyme in DNA transcription and/or replication
was suggested; thus targeting ssBPs to prevent their interaction with ssDNA is a
new strategy for drug development towards better cancer treatment (Zou Y et al,
2006; Anciano Granadillo VJ et al, 2010).

LDH-A binding to ssDNA is prevented in vitro by NADH (Calissano P et al 1985,
Patel GL et al, 1984), suggesting that the coenzyme site is involved in the
interaction LDH-A/ssDNA. In this paper we investigated whether galloflavin, a
recently identified small molecule which inhibits the enzymatic activity of LDH-
A by occupying the NADH site (Manerba M et al, 2012), also hinders the
interaction of the enzyme with ssDNA.

Using a filter binding assay we observed that 4 uM of galloflavin inhibited the
binding of human LDH-A to a single stranded [3H]DNA sample by 50%. After
only 0.5-1 h, 50-100 puM galloflavin inhibited RNA synthesis in SW620

colorectal cancer cells maintained in a medium in which galactose substituted
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glucose. In these culture conditions, SW620 cells did not produce lactic acid and
effects caused by the inhibition of the enzymatic activity of LDH-A could be
excluded. Therefore, the anticancer activity exerted by galloflavin on normally
glycolysing neoplastic cells (Farabegoli F et al, 2012; Manerba M et al, 2012) was
likely caused not only by the block of aerobic glycolysis, but also by an inhibition
of RNA synthesis, independent from the effect on glycolysis.

Small molecules interfering with the enzymatic activity of LDH-A are now
searched to selectively block aerobic glycolysis for an approach to antineoplastic
chemotherapy proposed several years ago (Fiume L, 1960; Papacostantinou J and
Colowick SP, 1961a) and at present actively pursued (Granchi C et al, 2010;
Ward RA et al, 2012). Our data indicate that inhibitors which occupy the NADH
site of the enzyme besides blocking aerobic glycolysis might also prevent LDH-
A/ssDNA interaction and hamper transcription. Finally, the present results suggest
that galloflavin, by hindering the binding of LDH-A to ssDNA, can be a tool to

study the biological role of this interaction into the cells.
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In recent years a growing number of studies were addressed at interfering with the
metabolic pathways which generate energy in neoplastic cells. It has long been
known that, to meet their energy demand, cancer cells largely rely on aerobic
glycolysis (Warburg O, 1930). This process can be hindered by blocking lactate
dehydrogenase (LDH), which causes a failing in the regeneration of NAD,
reduced during the conversion of glyceraldehyde 3-phosphate to 1,3-
diphosphoglycerate, and necessary to maintain the glycolytic flow. As stated
before, at difference from other glycolytic enzymes, LDH is probably unessential
for normal tissues in conditions of normal functional activity and sufficient
oxygen supply. Moreover, support for the possibility that LDH activity is not
necessary for normal cells also comes from the findings that humans with a
hereditary deficiency in the activity of LDH-A (the isoform of the muscle and
liver) do not display any symptoms under normal circumstances (Kanno T et al,
1988), and also that a complete hereditary deficiency in LDH-B (the isoform of
the heart) is usually asymptomatic (Okumura N et al, 1999). Therefore, in the
field of the metabolic inhibitors, LDH is considered one of the most promising
therapeutic targets. An important result obtained from our preliminar experiments
was the finding that oxamic acid, an LDH inhibitor, hindered the replication of
cells from human hepatocellular carcinomas (HCCs) by selectively blocking
aerobic glycolysis, thus without interfering with glucose metabolism in normal
cells which do not rely on aerobic glycolysis. These data led us to suppose that the
selective depletion of ATP levels in neoplastic cells could be a good strategy to

increase the chemotherapeutic index of associated anticancer agents, like the

120



Conclusion

multitargeted kinase inhibitor molecules, which exert their action by binding to
the ATP site on the targeted kinases. An interesting result, in fact, was the striking
increase of the antiproliferative effect of sorafenib, a multitargeted kinase
inhibitor used for the HCCs chemotherapy, in association with a LDH inhibitor
like oxamic acid. Our results showed that the combination of the two drugs caused
a strong depletion of ATP levels in cultured cells, which caused a rapid induction
of cell death. This so marked decrease of ATP levels was also due to the sorafenib
interference with oxidative phosphorylation, which made cells more dependent on
aerobic glycolysis. As just mentioned before, oxamic acid inhibits the aerobic
glycolysis in cells cultured in vitro only at high concentrations which are not
expected to be reached in vivo. Nevertheless our preliminary works encouraged us
to search for LDH inhibitors more powerful than oxamic acid and also active in
vivo; thus we identified a new molecule, galloflavin, able to inhibits both A and B
isoforms of LDH enzyme. We described its effects on PLC/PRF/5 cells from
HCC in which it hindered cellular metabolism by depleting lactic acid and ATP
production, thus leading cells to death. Galloflavin was also tested on breast
cancer cell lines with different metabolic phenotypes, causing in these cells
different antiproliferative mechanisms responsible for apoptosis induction. The
most promising results were obtained in Burkitt’s lymphoma cells characterized
by myc overexpression which in turn up-regulates LDH-A levels: in fact, among
all the studied cellular models, these cells were found to be the most susceptible to
galloflavin effect (IC50 ~ 30 uM). However, an unexpected result was to point

out. In spite of the higher LDH-A levels, these cells did not present a much higher
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glycolysis dependence, indeed they maintained an adequate mitochondrial
function which provided for ATP supply. LDH inhibition in these cells did not
produce a significant decrease of ATP levels, but it caused an alteration in the
balance NAD/NADH leading to the inhibition of Sirt-1 activity, which was found
to down-regulate Myc expression, thus depriving the cells of their most important
survival factor; interestingly, our data suggest that LDH functions to sustain
cellular levels of NAD in addition to its role in regulating energy supplies within
the cell.

Finally, we also showed that galloflavin hindered RNA synthesis by preventing
LDH-A/single stranded DNA (ssDNA) interaction, thus exerting its anticancer
activity not only by the block of aerobic glycolysis, but also by inhibition of RNA
synthesis, independent from the effect on glycolysis. As discussed before, LDH-A
seems to be implicated in the transcription of histone 2B gene (Dai RP et al, 2008)
and its involvement in regulating the transcription of other genes cannot be
excluded; in this way galloflavin could be a useful tool to study the biological role
of LDH-A binding to ssDNA.

At present, the only small molecule inhibitor tested on cultured cancer cells
representative of human tumors with different metabolic states and/or
pathological subtypes is galloflavin (Farabegoli F et al, 2012; Vettraino M et al,
2013). However, this compound is active at quite high doses, when compared to
conventionally used chemotherapeutics; moreover, it shows solubility problems

hindering its administration in vivo.
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To make possible a more exhaustive evaluation of the real therapeutic potential of
LDH inhibition, critical issues are still to be solved. A first crucial point is the
generation of more bioavailable inhibitors. LDH proved to be a very difficult
target for medicinal chemistry researches; the identification of new inhibitors is
made difficult by the characteristics of the enzyme active site, which is poorly
accessible and highly polar. Furthermore, permeability through cell membranes is
frequently hampered by excessive polarity or explicit negative changes present in
the inhibitors, which then compromise their activity in cell-based assays and in
vivo. Moreover, the LDH cofactor is shared by a large number of cellular
enzymes, which are expected to display high structural homology in their NADH
binding site. As a consequence, potential inhibitors hindering NADH binding are
at high risk of reduced specificity.

The availability of molecules showing good inhibitory power on cultured cells
will also allow studies aimed at identifying the molecular alterations predictive of
a good response of neoplastic cells to LDH inhibition. Consistently with the
observation of Myc-induced LDH-A expression, experiments already performed
with galloflavin have shown that neoplastic cells originating as a consequence of
Myc over-activation are highly responsive to LDH inhibition (Vettraino M et al,
2013). This result suggests that these tumor forms could be appropriate clinical
conditions to test the validity of the LDH-targeted therapeutic approach.

However, the metabolic features of cancer cells are under the control of several

oncogenic signals, among which a major role is played by p53, Akt, PI3K and
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Ras. Further study is needed to understand the effects of LDH inhibition on

tumors critically depending for their growth on these specific alterations.
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