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For Mum and Dad, you pair of old gits. 
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ABSTRACT 

Lactate Dehydrogenase-A (LDH-A) is up-regulated in a broad array of cancers and 

is associated with poor prognosis. Involved in the hypoxic response, LDH-A is a 

HIF-1 target and is responsible for the enzymatic reduction of pyruvate to lactate. 

This is important for several reasons, chiefly (1) the regeneration of NAD+ which 

feeds back into earlier glycolytic stages and (2) the depletion of intracellular 

pyruvate concentrations. High intracellular pyruvate is known to inhibit HDACs 

and is associated with increased apoptosis. LDH-A is also known to be controlled 

by oncogenes such as c-Myc suggesting an oncogenic role. Studies have shown that 

the knock-out of LDH-A reduces proliferation and tumourgenicity, and stimulates 

the mitochondria. This thesis therefore had three aims: firstly, to validate LDH-A 

inhibition and elucidate its full nature in terms of the implications for tumour 

survival; secondly, to ascertain the role of LDH-B in order to determine whether 

selectivity towards LDH-A would be a necessary feature of any small molecule; 

lastly, to recapitulate siRNA mediated LDH-A inhibition with small molecule 

inhibitors that had the potential for clinical application. The thesis examined both 

clinical data and a broad panel of cultured cancer cell types in order to select 

appropriate model in which to validate siRNA mediated inhibition of LDH-A and 

LDH-B. After it was demonstrated that LDH-A inhibition reduced the growth of 

cultured cells, a range of techniques were used to quantify this reduced growth in 

terms of cell death and changes in metabolism. Further to this, literature studies 

had proposed a role for LDH-B in maintaining lactate fuelled tumour growth; 

however, this thesis shows that in the cell lines studied, lactate-fuelled tumour 
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growth was an LDH-A dependent phenomenon. Finally, a high throughput assay 

system was designed and validated and a library of small molecules was selected, 

synthesized, and screened in order to identify selective inhibitors of LDH-A.  
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FAS Fatty Acid Synthase 

FCS Foetal Calf serum 

FX11 

 

3-dihydroxy-6-methyl-7-(phenylmethyl)-4-

propylnaphthalene-1-carboxylic acid 

GAPDH Glyceraldehyde 3-Phosphate Dehydrogenase 

GLS Glutaminase 

GLUT Glucose Transporter 

H&E Haematoxylin and Eosin 

HCl Hydrochloric Acid 
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KI67 A protein associated with proliferation 
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ME Malic Enzyme 

MPTP Mitochondrial Permeability Transition Pore 

mTOR Mammalian Target of Rapamycin 

Myc 

 

A proto-oncogenic transcription factor that drives 

proliferation 

NAD+ Nicotinamide Adenine Dinucleotide 

NADH Nicotinamide Adenine Dinucleotide Hydride 

OXPHOS Oxidative Phosphorylation 
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p53 p53, a tumour suppressor protein 

PC Pyruvate Carboxylase 

PDH Pyruvate Dehydrogenase 

PDK Pyruvate Dehydrogenase Kinase 

PEP Phospho Enol Pyruvate 

PFK Phosphofructokinase 

PGI Phospho Glucose Isomerase 

PGK Phosphoglycerate Kinase 

PGM Phosphoglucomutase 

PHD Prolyl Hydroxylase 

PI3K Phosphoinositide 3-Kinase 

PK Pyruvate Kinase 

Ras A GTPase involved in cell signalling 

RB Retino Blastoma protein, a tumour suppressor protein 

Src A proto-oncogenic tyrosine kinase 

TCA Cycle Tri Carboxylic Acid Cycle 

TIGAR A p53 inducible regulator of glycolysis and apoptosis 

TKTL Transketolase 

TPI Triose Phosphate Isomerase 

Tris Tris(hydroxymethyl)aminomethane 

VDAC Voltage Dependent Anion Channel 
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CHAPTER 1: GENERAL INTRODUCTION 

1.1: CANCER AND CHEMOTHERAPY 

Cancer is a disease affecting multiple tissue types which is at heart a pathology of 

hyperproliferation. In 2001, cancer overtook heart disease as the number one 

cause of death in men and women in the United Kingdom1.Globally, cancer 

accounts for more fatalities than HIV/AIDS, tuberculosis and malaria combined 

with predictions of 15 million new cases a year by 20202. 

There are three principal means of treating cancer: surgery, radiotherapy, or 

chemotherapy. Of these, chemotherapy is used in instances where the disease is 

unable to be removed by surgery, as an adjuvant (or neo-adjuvant) to surgery, or 

is otherwise disseminated about the body. 

1.2: FROM CYTOTOXICS TO SELECTIVE INHIBITORS; A BRIEF 

HISTORY OF CANCER CHEMOTHERAPY 

The history of medicine is littered with serendipitous discoveries where sharp-

eyed investigators have sought to explain an unexpected or counterintuitive result. 

The field of cancer chemotherapy is no different, and two examples in particular 

illustrate the broader genesis and evolution of anti-cancer treatments.  

                                                             
1http://info.cancerresearchuk.org/news/pressreleases/2003/may/39431 accessed at 1700, 
15/07/07 
2http://www.admin.ox.ac.uk/po/070508.shtml accessed at 1701, 15/07/07 
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The nitrogen mustards (Figure 1.1), a class of compounds more commonly known 

as mustard gas and developed initially as chemical weapons, were observed to 

suppress haematopoiesis and as a result used to treat a range of haematological 

malignancies (Krumbhaar, E.B., 1919).  

  

Figure 1.1: the simple nitrogen mustard mustine ((bis(2-chloroethyl)methylamine) and its 

derivative cyclophosphamide. 

 

Likewise, the discovery of platins (Figure 1.2) as a class of anti-cancer agents 

happened by chance; researchers noticed that Escherichia coli grown near 

platinum electrodes failed to divide, instead reaching up to three hundred times 

their normal length (Rosenberg, B., et al, 1965). This was revealed to be the result 

of the platinum at the electrode being converted to the compound cis-platin by 

electrolysis.  This use of platins as agents inducing cell-cycle arrest found clinical 

utility fairly quickly, and platins are still used to treat a wide range of 

malignancies, particularly testicular and ovarian tumours. 

    

Figure 1.2: cisplatin, carboplatin and oxaliplatin. 
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Whilst the platins and the nitrogen mustards have been refined and derivatised in 

order to improve their efficacy, their mode of action is remarkably similar in that 

they both induce DNA damage by cross-linking nucleotide bases. This occurs via an 

alkylation reaction (strictly alkylation-like in the case of cisplatin due to the 

absence of an alkyl group) that results in two nucleotide bases being linked 

together.  

Nitrogen mustards target the nucleophilic N-7 of guanine whilst platins crosslink 

purines, again commonly guanine (this time in a 1,2 intrastrand manner), though 

adenine-guanine linkages are also possible. The net effect of this cross-linking is a 

deformation in the structure of DNA that leads to the inhibition of replication and 

the arrest of the cell cycle, causing the cell to undergo programmed cell-death. 

Aside from alkylating agents, naturally occurring antibiotics such as the 

anthracyclines epirubicin and daunorubicin, also act directly on nucleic acids 

(Figure 1.3). The mode of action of these compounds arises from their ability to 

intercalate themselves between strands of DNA, thereby inhibiting replication and 

potentially inducing cell-death (Minotti G., et al, 2004). 

   

Figure 1.3: the anthracylcines daunorubicin and epirubicin. 

 



24 
 

Other strategies pursued by early chemotherapeutics had the same goal of general 

cytotoxicity towards dividing/proliferating cells. In brief these strategies 

encompass anti-metabolites such as 5-fluorouracil (Figure 1.4), a modified 

nucleotide that combines in situ with a cofactor to covalently inactivate 

dihydrofolate reductase (DHFR), an enzyme critical in nucleotide synthesis, 

(thereby directly affecting the ability of cells to maintain a proliferative 

phenotype) (Heidelberger, C., et al, 1957); the vinca alkaloids (Figure 1.5) that 

prevent tubulin polymerisation (Starling, D., 1976) and the taxanes (Figure 1.6) 

that prevent tubulin depolymerisation (Wani, N., et al, 1977), disrupting cell 

division through effects on the cytoskeleton; and hormone-based therapies such as 

tamoxifen (Figure 1.7) that antagonise those receptors responsible for the 

aberrant growth signals responsible for driving many cancers (Terenius, L., 1971). 

 

Figure 1.4: 5-fluorouracil, an antimetabolite that acts through inhibiting DHFR. 

 

 

Figure 1.5: the vinca alkaloid vinblastine prevents microtubule polymerisation. 
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Figure 1.6: the taxane taxol prevents microtubule depolymerisation. 

 

 

Figure 1.7: tamoxifen antagonises the estrogen receptor. 

 

In short, the experience of these early drugs demonstrated that it is possible to 

target the higher rate of proliferation of transformed cells vis-à-vis healthy tissue. 

This approach is not without drawbacks; the direct risk to patients from side-

effects such as nephrotoxicity and immunosuppresion, in addition to indirect 

problems such as reduced patient compliance, combine to maintain a pressure 

upon medicinal chemistry to produce more selective drugs that, as a result of their 

greater selectivity, have fewer side effects. 

 

 



26 
 

1. 3: THE DRUG DISCOVERY PARADIGM 

The shift within medicinal chemistry towards the search for selective compounds 

can been formalized into a flow diagram otherwise known as the drug discovery 

paradigm representing the progress from unvalidated target through to screening 

compounds and finally preclinical trials (Figure 1.8). 

 

 

Figure 1.8: the drug discovery paradigm. 

 

This paradigm of course represents an idealised form of an imperfect, messy, and 

expensive process. The reality is that drug discovery remains more than gently 

sprinkled with findings that owe much to serendipity and luck. This 

notwithstanding, the general point remains; anti-cancer drug discovery today 

focuses on identifying and validating molecular targets before reaching for a 

round-bottom flask and synthetic chemistry journals. 

It is in this context that this thesis set out to find not only a pathway associated 

with cancer and oncogenesis but also a discrete target within it that if inhibited 

with a small molecule would elicit a highly selective cytotoxic effect upon cancer 

cells.  
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1.4: THE HALLMARKS OF CANCER 

The twin problems of side-effects and resistance alone were not sufficient to drive 

a change in strategy in anti-cancer drug discovery. The catalyst for change has 

come from a much greater understanding of the molecular basis of oncogenesis 

and the individual pathways responsible for regulating and controlling cancer. 

The boom in genetic science, particularly since the sequencing of the human 

genome, has opened up whole new fields of research; cancer, as a disease of the 

genome, has particularly benefited from this. 

Whilst the breadth and depth of most cancer research is beyond the scope of this 

thesis, the most pertinent point that will be of benefit to the reader is that it is 

possible to categorise the main phenotypic elements of cancer into ‘hallmarks’ 

(Figure 1.9) (Hanahan, .D, et al, 2000).  

 

Figure 1.9: the six original hallmarks of cancer (Hanahan, .D, et al, 2000). 

http://dx.doi.org/10.1016/S0092-8674(00)81683-9
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Recently, the orginal hallmarks have been added to and now include two 

characteristics that are thought to enable tumour progression and two ‘emergent’ 

hallmarks (Figure 1.10) (Hanahan, D., et al, 2011). 

The first hallmark of cancer is the ability to sustain proliferative signalling:  cancer 

as a pathology of hyper-proliferation requires mutations to genes that will drive 

and sustain this proliferation. There are a variety of strategies that cancers can 

pursue to achieve this deregulation including the cell manufacturing its own 

growth factors, over-expressing extracellular growth receptors, or switching the 

type of receptor expressed. Precedent exists for all of these strategies (Hanahan, 

D., et al, 2000). 

Coupled to sustained proliferative signalling is the second hallmark of evading 

growth suppressors. These factors combined are key to a cancer cell becoming 

independent of the normal constraints and controls placed upon a healthy cell’s 

growth. The two most commonly documented tumour suppressor proteins are 

Retinoblastoma (RB) associated protein (Goodrich, D., 2006) and p53 (Levine, A., 

et al, 2009), both of which are documented as being mutated in a broad range of 

cancers. Many tumours also suffer mutations to the Transforming Growth Factor-  

( TGF-  pathway, a known anti-proliferative pathway (Shi, Y., 2003) further 

limiting their ability to suppress abnormal growth. 

The loss of p53 function also leads to the third hallmark of evading apoptosis; over 

50% of human tumours possess a mutation to the tumour suppressor gene p53 

which results in the cell losing a key part of its pro-apoptotic machinery (Harris, C., 

1996). This is an important acquired characteristic in that a nascent tumour cell 

may well acquire the ability to sustain proliferation and be insensitive to those 
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signals that suppress proliferation, but it will still be vulnerable to programmed 

cell death. In this instance, either a loss of function in the means to sense those 

slights to a cell that would ordinarily trigger programmed cell death (DNA damage, 

hypoxia) or a loss of function in the pathways through which a cell would usually 

carry out cell death can overcome this.  

Fourthly, tumours acquire the ability to maintain telomere length which enables 

replicative immortality (Shay, J.W., 1997). This effectively delimits the number of 

replications a cell can perform and therefore further fuels a proliferative 

phenotype. 

In order to grow beyond a certain diameter, it is critical for tumour cells to attract 

new blood supplies. To do this, tumour cells acquire the ability to induce 

angiogenesis (Hanahan, D., 1996), often mediated through increased expression of 

Vascular Endothelial Growth Factor (VEGF). 

Invasion and metastasis is also a well established hallmark (Talmadge, J.E., et al, 

2010) given that over 90% of fatalities from cancer arise from secondary tumours 

(Sporn, M.B., 1996). For these secondary tumours to arise, cells must not only 

acquire the ability to invade neighbouring tissues but also to colonise distant sites; 

whilst these secondary tumours will of course have acquired the preceding 5 

hallmarks, they will have additionally acquired the ability for anchorage 

independent growth. 
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Fig 1.10: emergent hallmarks and enabling characteristics (Hanahan, D., et al, 2011). 

 

Beyond the six original hallmarks, reprogrammed cellular metabolism, specifically 

an increase in aerobic glycolysis, is now seen to be an emergent hallmark 

(Hanahan, D., et al, 2011). As this hallmark provides the focus for this thesis, the 

key aspects will be covered in greater detail shortly. The second emergent 

hallmark is the role of the immune system; it seems in many cases that tumours 

are able to evade immune destruction. 

Lastly, two enabling characteristics have now been identified which allow cells to 

acquire the other hallmarks. Firstly, genomic instability is a driver of mutations. 

Whilst many mutations may have no effect (or indeed may be detrimental to 

survival), the existence of increased genomic instability creates the environment 

for advantageous mutations to occur and the hallmarks to be acquired. 

© 2011 Elsevier Inc. Reprinted with permission from Elsevier.

http://dx.doi.org/10.1016/j.cell.2011.02.013
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Secondly, an inflammatory microenvironment underpins many of the pre-existing 

hallmarks in that it provides growth and survival factors whilst generating signals 

that promote angiogenesis, invasion and metastasis. 

1.4.1: TUMOUR HYPOXIA 

Alongside the hallmarks of cancer, it is important to consider the phenomenon of 

tumour hypoxia. 

Hypoxia is defined as an oxygen concentration of less than 1% and is associated 

with a variety of cellular responses (Harris, A.L., 2002). These responses are 

necessary if a tumour is to grow above 80 m in diameter as the cell must activate 

transcriptional pathways that allow it to initially cope with low oxygen and also 

attract new blood supplies that will go some way to reverse tumour hypoxia. 

Many of these pathways are mediated through Hypoxia Inducible Factor-1 (HIF-1), 

a heterodimer composed of  and  subunits. HIF-1 is the best characterized of the 

HIF family which also contains HIF-2 and HIF-3. Whilst HIF-1 is expressed across a 

range of tissue types, HIF-2 expression is restricted to endothelial cells, glial cells, 

type II pneumocytes, cardiomyocytes, fibroblasts of the kidney, interstitial cells of 

the pancreas and duodenum, and hepatocytes (Rankin, E.B., et al, 2008).Little is 

known about HIF-3. 

The  subunit is also known as the aryl hydrocarbon receptor nuclear translocator 

(ARNT) and is located in the nucleus.The  subunit is located in the cytosol and 

under normoxic conditions is post-translationally hydroxylated by prolyl 

hydroxylases (PHDs) (McNeill, L.A., 2002), allowing it to associate with the Von 
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Hippel-Lindau (VHL) complex. This in turn causes the  subunit to be 

ubliquitinylated and leads to its eventual degradation. 

In hypoxic cells, the drop in oxygen tension results in PHD being unable to 

hydroxylate HIF-1  as a result HIF-1 is not targeted for degradation and 

remains stably expressed. In this stable form it can translocate to the nucleus 

where it dimerises with ARNT and binds to hypoxia responsive elements (HREs) 

within the genome. This in turn leads to the up-regulation of hypoxia related genes 

and the activation of hypoxia regulated pathways. 

1.5: DEREGULATED CELLULAR ENERGETICS: THE WARBURG 

EFFECT 

As a greater understanding of the molecular basis of cancer has developed, a 

simultaneous and interrelated shift in the philosophy and methodology of anti-

cancer therapeutics has occurred. In short there has been a movement away from 

general cytotoxic drugs such as the platins and nitrogen mustards towards 

targeted molecular therapeutics. The emergence of the kinome (Knight, Z.A., 2010) 

has cemented this paradigm shift with kinases in particular not only underpinning 

many of the hallmarks of cancer but also offering a rich seam of molecular targets 

for the medicinal chemist to pursue.  

The pursuit of novel, biomolecular anti-cancer targets has been a major factor in 

driving renewed interest in the Warburg effect (Vander Heiden, M.G., et al, 2009). 

Moreover, it now seems clear that metabolic reconfiguration is integral to 

oncogenesis in some tumour types (Hanahan, D., et al, 2011). This relationship is 
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underscored by the implication of many oncogenes in this metabolic change with 

roles for the tumour suppressor p53 (Bensaad, K., 2007) as well as the 

oncoproteinsPhosphoinositide 3-kinase (PI3K)/Akt, Myc, and Ras(Vander Heiden, 

M.G., et al, 2009) (Kim, J., 2006).  

All told then, the changes in cellular carbon flux that alter the molecular fate of 

pyruvate have sufficient implications in tumour survival and progression to 

suggest that the tumour metabolome offers biological targets with potential 

clinical utility. 

1.6: TUMOUR METABOLISM; AN OVERVIEW 

The Warburg Effect is the phenomenon of elevated aerobic glycolysis in many 

tumour types and can be defined as an increase in the flux of glucose to 

lactatewhich is accompanied by a change in the fate of pyruvate (Warburg, O. 

1956). Indeed, carbon labeling studies have shown that 90% of glucose is 

converted to lactate in this way in transformed cells (De Berardinis, R.J., et al, 

2007). The enzymes of glycolysis convert one molecule of glucose to two 

molecules of pyruvate using the oxidative potential of NAD+ to generate 2 

molecules of ATP. In the majority of healthy cells pyruvate is then trafficked into 

the mitochondria and decarboxylated to acetyl coenzyme-A which is cycled 

through the tricarboxylic acid (TCA) cycle. The TCA cycle generates another 2 

molecules of ATP alongside succinate and NADH which are oxidised to fumarate 

and NAD++H+ respectively by oxidative phosphorylation (OXPHOS) generating a 

further 34 molecules of ATP per glucose. Carbon can be diverted out of glycolysis 
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into the biosynthetic pentose phosphate pathway whilst TCA cycle intermediates 

can feed lipid biosynthesis (Figure 1.11).  

 

 

Figure 1.11: [A] glycolysis is the flux of glucose to pyruvate; this pyruvate can then be trafficked 

into the TCA cycle or reduced to lactate by LDH-A; [B] the TCA cycle sees oxaloacetate combine 

with acetyl co-A to undergo several interconversions that liberate CO2, generate reductive 

intermediates to drive OXPHOS, and ultimately regenerate oxaloacetate. Glutamine can also feed 

the TCA cycle; [C] citrate can exit the TCA cycle to drive lipid synthesis or produce lactate; [D] 

Malate can exit the TCA cycle to produce lactate. Green represents metabolic inputs whilst red 

represents metabolic outputs (and their mediators). 
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In transformed cells Pyruvate Dehydrogenase Kinase 1 (PDK-1) is upregulated, 

inactivating Pyruvate Dehydrogenase (PDH) and redirecting pyruvate to lactate 

via lactate dehydrogenase (LDH) away from the TCA cycle (Wigfield, S.M., et al, 

2008). This observation is further supported by evidence that shows some tumour 

cells have a higher mitochondrial membrane potential (Chen, L.B., 1988) which is 

thought to stem from the lower levels of electron transport (and by extension, 

OXPHOS) occurring in those tumour cells. 

However, from this it cannot be inferred, as originally thought (Warburg, O., 1956), 

that the Warburg effect arises from mitochondrial defects; many cancers display 

unaltered mitochondrial physiology and active TCA cycles fed by glutamine and 

other carbon sources (De Berardinis, R.J., et al, 2008). Given that ordinary aerobic 

metabolism yields 36 molecules of ATP per molecule of glucose, it is readily 

apparent that the switch away from OXPHOS is not occurring for reasons of 

increased metabolic efficiency. Why, then, are cells that have competent 

mitochondria adopting a phenotype that is much less efficient? The answer to this, 

it seems, must lie beyond bioenergetics and cellular demand for ATP. 

1.6.1: WARBURG EXPLAINED; ACIDITY OR BIOMASS? 

In energetic terms aerobically glycolytic cells do not appear to suffer from the 

metabolic shift to a Warburg phenotype. Indeed, ATP:ADP ratios remain high as do 

NADH:NAD+ ratios (Vander Heiden, M.G., et al, 2009). Rather than producing less 

ATP, the cells have an aggressively increased glucose demand (Gattenby, R.A., et al, 

2004). 

Two of the hallmarks of cancer are increased invasion and increased proliferation; 

viewed through this prism two theories as to the nature of the Warburg Effect 
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emerge. The first such theory suggests that increased glycolysis allows enhanced 

acid production (Gattenby, R.A., et al, 2004). This in turn has two effects; it selects 

for hardier phenotypes amongst the transformed population, specifically towards 

cells that are resistant to acid toxicity and also facilitates invasion by damaging 

adjacent healthy tissue. The lowering of extracellular pH (pHe) is an established 

phenomenon, evidence that suggests that acidity in the extra-cellular space arises 

chiefly from carbonic acid and not lactate production (Yamagata, M., et al, 1998) 

though it is likely that both play equally important roles. 

The other theory is that it is the increased requirement for proliferation, and by 

corollary biosynthesis, that drives selection towards the Warburg phenotype (De 

Berardinis, R.J., et al, 2008). This seems to be born out by fact that early glycolysis 

feeds into the pentose phosphate pathway responsible for nucleotide biosynthesis 

(Figure 1.11A) whilst the TCA cycle feed lipid biosynthesis via citrate. With this in 

mind, increasing cellular biosynthesis would seem critical to maintaining a 

proliferative phenotype. 

1.6.2: ONCOGENIC SIGNALING AND METABOLISM 

Oncogenic signalling and a Warburg-type phenotype are highly integrated 

(Figure1.12). To an extent this is to be expected in the light of transformed cells 

requiring greater biosynthesis to fuel proliferation. However, in the context of de-

convoluting complex pathways with multiple redundancies, it is important to 

understand this integration in order to better understand weak points in the 

tumour metabolome. 

 



37 
 

 

 

 

 

 

 

 

 

 

 

Figure 1.12: metabolism and oncogenic signalling are highly integrated. HIF-1 is responsible for 

the up-regulation of the enzymes of glycolysis as well as glucose transporters, mono-carboxylate 

transporters and PDK-1. Oncogenes such as PI3K/Akt, Ras, and c-Myc can promote this response 

through HIF stabilization and have direct control over the expression of some metabolic enzymes. 

p53, which is involved in DNA repair, traffics carbon flow away from glycolysis and into the 

pentose phosphate pathway, promoting nucleotide synthesis, by up-regulating HKII and 

inactivating PFKI via the TIGAR mediated inhibition of PFKII. 

 

Given that glycolysis is often an adaptive response to low oxygen levels, it is 

perhaps unsurprising that there is a link between hypoxia inducible factor 1 (HIF-

1) (Ke, Q., et al, 2006), a transcription factor responsible for upregulating cellular 
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responses to low oxygen and many metabolic enzymes. HIF-1 up-regulates many 

of the enzymes involved in glucose metabolism (Table 1.1).  

 

Beyond HIF, studies have shown roles for the tumour supressors p53 and VHL as 

well as the oncoproteins Myc (Semenza, G.L., et al, 1996), Ras and Src (Chan, D.A., 

et al, 2002). Akt, the most frequently activated oncoprotein in human cancer 

(Bhaskar, P.T., et al, 2007) promotes normoxic HIF-1 activation through mTORC1 

(Robey, R.B., et al, 2009). The broader control of glucose transporters, allosteric 

regulators of glycolysis, and mitochondrial association of hexokinase by Akt has 

led some to postulate that Akt may in fact be the ‘Warburg kinase’ (Robey, R.B., et 

al, 2009). 

This view must been seen within the context of other oncogenes that are also 

implicated in reconfiguring metabolism in transformed cells. Ras operates through 

PI3K and ultimately through Akt (Lim, K.H., et al, 2005) whilst there is evidence of 

cooperativity between c-Myc and HIF-1 (Gordan, J.D., et al, 2007). Lastly, TIGAR, a 

p53 inducible gene has been shown to regulate glycolysis (Bensaad, K., et al, 2006). 

Table 1.1 
 

Glucose metabolism enzymes up-regulated as HIF-1 target genes 

Aldolase-A, Aldolase-C, 
Carbonic anhydrase-9, 
Enolase-1, 
Glucose transporter-1, Glucose transporter-3, 
Hexokinase I, Hexokinase II, 
Lactate dehydrogenase-A, 
Pyruvate Kinase M, 
Phosphofructokinase L, 
Phosphoglycerate kinase 1, 
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3. 
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1.6.3: RECONFIGURING METABOLISM; THE FATE OF PYRUVATE 

1.6.3.1: PYRUVATE KINASE (PK) 

The changing fate of pyruvate is central to the Warburg effect. Pyruvate is formed 

from the dephosphorylation of Phospho-Enol Pyruvate (PEP) by PK, a reaction 

that is coupled to the generation of a further molecule of ATP. PEP can also act as a 

precursor for shikimate metabolism. There are four PK isoforms coded by two 

separate genes; PKL, PKR, PKM1 and PKM2. PKM1 is almost exclusively expressed 

in adult tissue whilst the latter’s expression is usually restricted to embryonic 

development (Jurica, M.S., et al, 1998). However, transformed cells see a marked 

change in PK expression, from PKM1 to PKM2 (Mazurek, S., et al, 2005). 

PK activity is up-regulated by fructose-1,6-bisphosphate leading to greater activity 

(and therefore greater glycolytic flux) when there is more substrate present. 

Pyruvate Kinase is also a regulatory enzyme in gluconeogenesis: the 

phosphorylation of PK inhibits it, causing an accumulation of PEP which is instead 

converted to glucose (Feliu, J.E., et al, 1976). PKM2 is a phospho-tyrosine binding 

protein; this binding regulates the activity of PKM2 via fructose-1,6-bisphosphate 

release (Christofk, H.R., et al, 2008). PKM2 is the only isoform that exhibits this 

ability to be allosterically regulated, suggesting that controlling intracellular 

pyruvate levels is important in transformed cells. 

This ability to switch between more and less active forms would seem to have two 

distinct advantages. Firstly, there is some evidence that high intracellular pyruvate 

concentrations can trigger apoptosis (Thangaraju, M., et al, 2009), so minimizing 

this possibility is an obvious evolutionary advantage to the transformed cell. 
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Secondly, in preventing the flow of glucose through to either lactate or the 

mitochondria, PKM2 control redirects carbon flux to the biosynthetic processes 

fed by early-stage glycolysis (Mazurek, S, et al, 2003),  

Given the apparent importance of PKM2 to maintaining a glycolytic phenotype, 

there are now attempts to selectively target PKM2 with small molecule therapies. 

The Cantley group in particular has achieved a measure of success (Christofk, H.R., 

et al, 2008) in identifying compounds with low micromolar IC50s. 

1.6.3.2: PYRUVATE DEHYDROGENASE (PDH), PYRUVATE DEHYDROGENASE KINASE 

(PDK), AND MITOCHONDRIAL INACTIVATION 

In addition to being able to control pyruvate concentrations it is necessary for 

transformed cells to be able to redirect pyruvate towards Lactate Dehydrogenase 

(LDH) and away from the mitochondria. PDH catalyses the first step of the 

conversion of pyruvate to acetyl-coA. The activity of PDH is modulated by two 

enzymes. PDK phosphorylates PDH, inactivating it, whereas pyruvate 

dehydrogenase phosphatase (PDP) de-phosphorylates the enzyme back to the 

active form (Kolobova, E., et al, 2001). 

There are 4 mammalian isoforms of PDK (Gudi, R., et al, 1995). PDK-2 is the most 

common form, PDK-3 has the highest specific activity and PDK-4 is up-regulated in 

response to starvation. PDK-1 is a HIF-1 target (Kim, J., et al, 2006), with 

expression increased under hypoxia- normally the expression of PDK-1 is limited 

to the heart muscle (Bowker-Kinley, M.M., et al, 1998).  

The up regulation of PDK-1 prevents the conversion of pyruvate to acetyl coA and 

promotes the pyruvate to lactate reaction catalysed by LDH; high levels of lactate 
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further promote and activate HIF (Koukourakis, M.I., et al, 2001). It can therefore 

be postulated that inhibiting PDK-1 would have the effect of both improving PDH 

activity in normoxic cells and reducing cellular lactate thereby reducing the 

aggressive growth of a tumour; work with siRNA has begun to validate this 

approach (Wigfield, S.M., et al, 2008). Dichloroacetate (DCA) is currently in Phase 

II trials as a PDK-1 inhibitor after showing a marked effect on tumour growth in 

earlier studies (Tennant, D.A., et al, 2010). 

1.7: METABOLIC CHOKE POINTS AS POTENTIAL 

THERAPEUTIC  TARGETS 

If metabolic pathways are complex and interconnected, the focus for drug 

discovery must arguably be on the biological targets whose role is critically 

implicated in tumour survival. In short, to have a global effect with a small 

molecule therapeutic, one must seek out not only important pathways, but choke 

points on those pathways in order to have a sufficient impact. PKM2 and PDK-1 

are already described examples of targets that are critically important to tumour 

survival. 

Where broader tumour metabolism is concerned, a focus on choke points would 

appear to yield three distinct strategies; blocking metabolite transport, blocking 

early stage metabolism and disrupting cellular redox competence. 
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1.7.1: BLOCKING TRANSPORT 

In terms of glucose influx and lactate efflux, there are two main targets; glucose 

transporters and mono-carboxylate transporters which taken together form 

parentheses around the metabolism of glucose to lactate. Glutamine transporters 

may also be considered as worthy of investigation given the high rate of glutamine 

utilisation (DeBerardinis, R.J., et al, 2007) by many tumours. However, given the 

role of glutamine transport in sustaining neurotransmitter synthesis and 

maintaining nervous processes, glutamine transporters are probably precluded for 

the forseeable future from drug development. 

1.7.1.1: GLUCOSE TRANSPORTER (GLUT) 

Whilst the switch to glycolysis reduces the demand for oxygen, there is a cost in 

terms of metabolic efficiency: glycolysis produces 2 ATP molecules per glucose as 

opposed to the 38 molecules of ATP per glucose that aerobic respiration can 

potentially yield. To cope with these energy demands the growing tumour cell 

must take up much more glucose than healthy tissue: in vivo, tumours show an 

increase in glucose uptake compared to normal tissue of approximately one order 

of magnitude (Younes, M., et al, 1996). 

GLUTs are integral transmembrane proteins with several isoforms (Table 1.2) 

(Gould, G.W., et al, 1993). Tumours experience an up-regulation of GLUTs, 

specifically GLUT1 and GLUT3, with high levels of GLUT1 expression associated 

with increased proliferative activity, decreased differentiation and poor prognosis 

(Macheda, M., et al, 2005).  
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GLUT1 is stimulated by most if not all mitogens and by low glucose levels (Gould, 

G.W., et al, 1993). Up-regulation of GLUT1 and GLUT3 under hypoxic conditions is 

controlled by HIF-1 (Chen, C., et al, 2001) whilst Ras and Src have also been 

shown to increase GLUT1 expression (Murakami, T., et al, 1992). The expression of 

GLUT1 in tumour cells promotes tumour survival whilst knocking down glucose 

transport with phloretin has been shown to overcome drug resistance (Cao, X., et 

al, 2007). 

GLUT1 and GLUT3 have a high affinity for glucose and this may provide a rationale 

for their up-regulation in transformed cells opposed to GLUT2 and GLUT5, which 

have lower affinities (very low affinity in the case of GLUT5) and which are 

suppressed in transformed cells (Baron-Delage, S., et al, 1996). Furthermore, 

GLUT1 experiences kinetic asymmetry, that is to say that glucose influx exceeds 

Table 1.2  

 

Mammalian isoforms of GLUT 

Isoform Isoenzyme Tissue 

GLUT1 
erythrocyte-type 
glucose 
transporter 

placenta; brain; blood-tissue barrier; adipose and muscle tissue 
(low levels); tissue culture cells; transformed cells 

GLUT2 
liver-type glucose 
transporter 

liver; pancreatic -cell; kidney proximal tubule and small 
intestine (basolateral membrane) 

GLUT3 
brain-type glucose 
transporter 

brain; nerve; kidney, liver and heart (low levels) 

GLUT4 
insulin-responsive 
glucose 
transporter 

muscle, heart and adipose tissue 

GLUT5 
small-intestine 
sugar transporter 

small intestine(apical membranes); brain, muscle (both low 
levels) and adipose tissue 
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efflux: it has been proposed that this allows GLUT1 to effectively act as a 

unidirectional transporter (Gould, G.W., et al, 1993). 

There is evidence that different cancers may increase the expression of different 

isoforms: for example, not all cancers up-regulate GLUT1: GLUT12, a novel 

isoform, was recently discovered as being expressed in these tissues as an 

alternate or complementary glucose transporter (Rogers, S., et al, 2002). 

Furthermore GLUT5, which is a high affinity fructose/low affinity glucose 

transporter is expressed in some breast cancer cell lines but not in healthy breast 

tissue (Zamora-Leon, S.P., et al, 1996) suggesting a possible demand for fructose in 

some tumours. 

GLUT1 deficiency syndrome has been characterised and is a rare autosomal 

dominant disorder (Seidner, G., et al, 1998) resulting in poor glucose transport 

across the blood-brain barrier. The problem of selectively targeting only tumour 

GLUT expression is not easily resolved. Additionally, there is a requirement to 

avoid GLUT1 deficiency syndrome-like side effects should any drug based on GLUT 

be developed. These points notwithstanding, there is potentially utility to be 

derived in investigating strategies to inhibit GLUTs providing sufficient selectivity 

between isoforms can be leveraged. 

1.7.1.2: MONO CARBOXYLATE TRANSPORTERS (MCT) 

MCTs are transmembrane transporters that allow the diffusion of small organic 

acids bearing a carboxyl moiety (lactic acid, pyruvic acid, butyric acid). Genomic 

analysis has revealed 14 putative MCT isoforms yet only MCT1-4 have been 

functionally identified as lactate transporters (Price, N.T., et al, 1998). MCTs are 

upregulated in a broad range of cancers (Pinheiro, C., et al, 2010). MCT1 and MCT4 
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are upregulated under hypoxic conditions by HIF-1 (Perez de Heredia, F., et al, 

2009). 

What is of further interest is the emergent idea of cooperativity between different 

MCT isoforms. In short, there is evidence to suggest that lactate produced by 

glycolysis in the poorly oxygenated tumour core is being exported by MCT-4 

before being taken up by MCT-1 in cells on the periphery for use in OXPHOS to fuel 

growth (Sonveaux, P., et al, 2008). 

This revelation has sparked interest in targeting this lactate-fuelled cancer growth. 

Several studies utilizing -cyano-4-hydroxy cinnamic acid (ACCA), a non-specific 

MCT inhibitor, have shown this approach to have promise (Sonveaux, P., et al, 

2008). The question moving forward will be whether there is significant room for 

generating selectivity between isoforms. Moreover, which isoform will prove the 

best target will depend on whether lactate-uptake is more critical to survival or 

whether the toxic accumulation of lactate in cells is a better strategy. 

1.7.2: BLOCKING EARLY STAGE METABOLISM 

1.7.2.1: HEXOKINASE (HK) 

HK catalyses the first step of glycolysis, the conversion of glucose to glucose-6-

phosphate (G6P), a step which is coupled to the dephosphorylation of ATP to ADP. 

HK levels are amplified up to five times in hepatoma cell lines (Rempel, A., et al, 

1996). There are 4 isoforms of HK with HKII being the predominant isoform up-

regulated in cancer (Mathupala, S.P., et al, 2006). HKI-III have a high affinity for 

glucose whereas HKIV (glucokinase) has a low affinity. 
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Normal mammalian tissues express very little HKII. During tumourigenesis those 

tissues that express HKIV see a suppression of HKIV and an up-regulation of HKII 

(and to some extent HKI) (Rempel, A., et al, 1994) (Mathupala, S.P., et al, 1997) 

(Pederson, P.L., et al, 2002). This up-regulation is at the transcriptional level and 

occurs via activation and up-regulation of the HKII gene promoter. Activation of 

the HK gene promoter is mediated by glucose, insulin, glucagons and cAMP 

analogues(Mathupala, S.P., et al, 2006). HKII is also a HIF-1  target indicating that 

HKII is upregulated in response to hypoxia (Ke, Q., et al, 2006). 

A mutated p53 allele can stimulate the transcription of HKII promoter (Mathupala, 

S.P., et al, 1997) suggesting a role for mutant p53 in tumour metabolism whilst p53 

may also act as a direct hypoxia responsive transcription factor given that it is 

stabilised by, and interacts with, HIF-1 (An, W., et al, 1998). 

An important feature of HKs is that they are coupled to partner molecules. The 

first partner molecule to consider is GLUT, which is unsurprising given that GLUT 

facilitates the cellular availability of HK’s substrate. A second partner molecule is 

the mitochondrial membrane protein voltage dependent anion channel (VDAC) 

which binds HK and has the effect of localising most HK at the mitochondrial 

membrane, especially in highly glycolytic tumours (Mathupala, S.P., et al, 2006). 

Two final partners are ATP synthase which is bound to the inner mitochondrial 

membrane and the adenine nuclear translocator (ANT) which transports ATP to 

the VDAC-HKII complex. ANT exists in three isoforms (I-III) but it is ANTII that is 

primarily over-expressed in malignant tissues (Chevrollier, A., et al, 2005). VDAC 

and ANT form what is referred to as the mitochondrial permeability transition 

pore (MPTP) complex: the MPTP is implicated in apoptotic pathways. 
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The binding of HK to the VDAC allows HK direct access to ATP synthesised by 

mitochondrial ATP synthase as VDACs are the primary means for adenine 

nucleotides to cross the outer mitochondrial membrane (Arora, K.K., et al, 1998). 

There is evidence to suggest that some cancers experience enhanced VDAC 

expression (Shinohara, Y., et al, 2000). Though there are several VDAC isoforms, 

VDAC-1 is by far the most abundant and provides the binding site for many 

mitochondrial associated proteins including HK. 

Furthermore, the binding of HKs to VDAC has been implicated in preventing 

apoptosis (Pastorino, J.G., et al, 2003) with disruption of HK-VDAC binding shown 

to enhance apoptosis in tumours (Zaid, H. et al, 2005). This arises due to HK 

competing with the protein Bax for binding to VDAC causing the MPTP to remain 

closed; this in turn prevents cytochrome C release and apoptosis. Several factors 

have been identified in regulating the HK-VDAC interaction including lactate, 

ATP/ADP, glucose/glucose-6P, pH, and signalling cascades involving protein 

kinase B (Gauthier, T., et al, 1990) (Miccoli, L., et al, 1996). 

VDAC bound HK prevents apoptosis by inhibiting the formation of MPTP (Cheng, 

E.H.Y., et al, 2003). HK binding to VDAC prevents the localisation of pro-apoptotic 

proteins at the mitochondrial membrane (Pastorino, J.G., et al, 2003). The binding 

of pro-apoptotic proteins such as Bax or Bad has been described in the literature 

as causing an opening of the MPTP. This causes a release of cytochrome c which 

activates caspases resulting in cell death. On the other hand, the binding of Bcl-XL, 

a member of the same family of proteins as Bax and Bad, has the effect of closing 

the VDAC and preventing apoptosis (Halestrap, A.P., et al, 2000). 
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Given that HK-VDAC binding prevents apoptosis, the HK-VDAC interaction 

presents itself as an attractive target for an anti-cancer strategy. A range of small 

molecule drugs that inhibit HK activity (lonidamine) or interfere with HK-VDAC 

binding (clotrimazole, bifonazole) exist(Mathupala, S.P., et al, 2006). Another 

strategy is that employed by 3-bromopyruvate, an anti-metabolite, which is highly 

effective against rat hepatoma cells as a substrate analogue against advanced 

cancers but without adverse side effects (Ko, Y.H., et al, 2004). 

1.7.2.2: THE PHOSPHOFRUCTOKINASES 

Phosphofructokinase-1 (PFK-1) 

PFK-1 catalyses the irreversible conversion of fructose-6-phosphate (F6P) to 

fructose-1,6-bisphosphate (F1,6BP). Whilst not the first step of glycolysis, the 

conversion of F6P to F1,6BP is the first irreversible step and marks a metabolic 

commitment to glycolysis. PFK-1 is therefore a key enzymatic control point 

dictating the rate of glycolytic flux (Weber, G., et al, 1977). Alternate metabolic 

paths for F6P include entry into the pentose phosphate pathway and nucleotide 

synthesis, or entry into fructose and mannose metabolism. 

There are five PFK-1 isoenzymes, composed of a tetrameric assembly of M 

(muscle-type) or L (liver-type) subunits. Muscle and liver cells exclusively express 

the homotetrameric M4 and L4 isoforms respectively whereas erythrocytes express 

all five possible combinations (M4, L3M1, L2M2, M1L3, L4) (Vora, S., et al, 1985). PFK-

1 is inhibited by citrate (from the TCA cycle), low pH, glucagon, and ATP. PFK-1 

activity is notably increased in transformed cells (Sanchez-Martinez, C., et al, 

1997) (Hennipman, A., et al, 1987) (Hennipman, A., et al, 1988) and PFK-1 is 

activated by oncogenicRas and Src (Kole, H.K., et al, 1991) (Bosca, L., et al,1996). 
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Phosphofructokinase-2 

PFK-2 is a bi-functional enzyme better described as 6-phosphofructo-2-

kinase/fructose-2,6-bisphosphatase (PFKFB). PFKFBs are responsible for 

maintaining a steady-state concentration of fructose-2,6-bisphospate (F2,6BP) via 

the phosphorylation of F6P to F2,6BP and the dephosphorylation of F2,6BP back 

to F6P (Okar, D.A., et al, 2004) (Okar, D.A., et al, 2001) (Okar, D.A., et al, 2004).  

F2,6BP is an allosteric activator of PFK-1, increasing the affinity of PFK-1 for its 

substrate on binding (Van Schaftingen, E., et al, 1980). F2,6BP can also relieve PFK-

1 of inhibition by ATP, allowing transformed cells to maintain a high rate of 

glycolytic flux in the presence of ATP (Chesney, J., et al, 2006) (Figure 1.13). 

 

 

 

 

Figure 1.13: the interplay between PFK-1 and PFK-2 

 

There are 4 PFKFB isoenzymes expressed in humans (Table 1.3) (Rider, M.H., et 

al, 2004). Studies have shown the hypoxia induced up-regulation of all four PFKFB 

mRNAs though the most marked upregulation is that of PFKFB3 mRNA in the 

lungs, liver, kidney, brain heart and testes (Minchenko, O., et al, 2003).  
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PFKFB3 shows no bisphosphatase activity, suggesting a role for PFKFB3 in 

increasing the steady-state concentration of F2,6BP (Hue, L., et al, 1993). 

Furthermore, inducible PFKFB3 is expressed at very low levels in normal adult 

cells (Chesney, J., et al, 1999) but is over-expressed in leukeamias, solid tumours 

and ras-transformed cells in response to hypoxic, mitogenic and pro-inflammatory 

stimuli (Sakakibara, R., et al, 1997) (Minchenko, A., et al, 2002) (Atsumi, T., et al, 

2002). 

Experimental evidence has shown that oncogenic Ras increases the activity of PFK-

1 by increasing the steady-state concentration of F2,6BP. Confusingly, another 

study has shown that whilst PFKFB3 expression increases in immortalized cells, 

the steady state concentration of F2,6BP decreased and, despite a slight increase 

after the introduction of oncogenic Ras, F2,6BP continued to be maintained at a 

lower level than that in healthy cells (Telang, S., et al, 2006). However, both studies 

show a clear role for PFKFB3 in Ras transformation. 

Finally a study on PFKFB3+/- mice has demonstrated a role for F2,6BP in metastasis 

with lower F2,6BP suppressing the mediation of anchorage independent growth 

Table 1.3 
 

Human PFKFB Variants 

Gene Isoenzyme Isoform 

PFKFB1 Liver 
L 
M 

PFKFB2 Heart 
Long 
Short 

PFKFB3 Placenta 
Ubiquitous 
Inducible 

PFKFB4 Testis T 
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by oncogenic Ras. Otherwise, reduced F2,6BP concentration caused no 

abnormalities in embryogenesis, development or growth (Telang, S., et al, 2006). 

The role of PFKFBs as determinants of the rate of glycolytic flux, coupled to the fact 

that PFKFB3 is almost exclusively expressed in tumours makes PFKFB3 an 

attractive target for development. The further implication of F2,6BP in 

suppressing metastasis only serves to validate this assessment. 

1.7.2.3: GLUTAMINASE (GLS) 

The other input in carbon flux terms is glutamine. GLS converts glutamine to 

glutamate which ultimately becomes -ketoglutarate in the TCA cycle. There are 

two GLS isoforms, liver (L), and kidney (K) (Curthoys, N.P. et al, 1995). The bulk of 

GLS is anchored to the inner mitochondrial membrane, which requires glutamine 

to be taken up by the mitochondria; studies show that malignant cells take up 

glutamine at a faster rate than non-malignant cells (DeBerardinis, R.J., et al, 2007). 

The expression of phosphate-activated GLS can be correlated with malignancy in 

different tumours (Matsuno, T., et al, 1989). Different studies have shown that 

using RNA interference to knockdown GLS decreases growth and tumourigenicity 

(Lobo, C., et al, 2000). 

1.7.3: DISRUPTING CELLULAR REDOX 

1.7.3.1: GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE (GAPDH) 

GAPDH catalyses the sixth step of glycolysis where glyceraldehyde-3-phosphate 

(GA3P) is oxidized to 1,3-disphosphoglycerate. The reaction requires NAD+ which 

in turn accepts a hydride ion to be reduced to NADH; the NADH is recycled to NAD+ 

by fuelling the reduction of pyruvate to lactate at the level of LDH. It is evident that 
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it is important for cells to regulate the intracellular means of controlling redox in 

order to remain viable; it is reflected in the fact that transformed cells maintain the 

high NADH:NAD+ ratios of healthy cells (Vander Heiden, et al, 2009).  

The expression of GAPDH is upregulated 6 fold by HIF-1  (Seagroves, T.N., et al, 

2001). Furthermore, HIF-2  has been shown to upregulate GAPDH specifically in 

endothelial cells (ECs). The induction of GAPDH is highest in ECs and it is unclear 

why this should be the case given that the glycolytic step catalysed is not rate 

determining nor is the inhibition of the enzyme a primary cellular means of 

regulating glycolysis.  

The answer may lie in the non-glycolytic functions of GAPDH. These can be split 

into two distinct areas: transcriptional and apoptotic. Dealing with the former first, 

GAPDH can bind DNA and RNA (Nagy, E., et al, 2000) (Perucho, M., et al, 1980). 

GAPDH is implicated in DNA repair complexes (Sirover, M.A., et al, 2005) though 

the full details of this remains to be elucidated. Furthermore, GAPDH has been 

shown to be implicated in binding at telomeres (Sunararaj, K.P., et al, 2004) 

possibly linking GAPDH to cancer cell immortalisation. GAPDH-RNA interactions 

constitute another area where further elucidation will shed light on the precise 

nature and role of these interactions. 

GAPDH is a component of the OCA-S complex, an S-phase-dependent 

transactivator of the histone H2B gene (Zheng, L., et al, 2003). GAPDH has a key 

role in this complex, integrating the regulation of energy metabolism and the cell 

cycle. 
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GAPDH expression has been shown to be significantly increased during apoptosis 

(Saunders, P.A., et al, 1999). Results indicate that nitric oxide (NO) generated 

following apoptotic stimulatation induces the S-nitrosylation of GAPDH. This in 

turn makes GAPDH binding to Siah1 (a ubiquitin ligase) more favourable. The 

GAPDH-Siah1 complex then undergoes nuclear translocation with GAPDH 

stabilising Siah1 thereby facilitating the degradation of nuclear proteins. The 

result is apoptotic cell death mediated by GAPDH (Hara, M.R., et al, 2005). 

The location of GAPDH in the cytosol or nucleus has led to the suggestion that 

there might be two specific isoforms, GAPDHC and GAPDHN. It has been further 

suggested these isoforms arise from the reversible post translational 

phosphorylation of GAPDHC and GAPDHN has been further implicated in other 

processes including tubulin binding and membrane fusion (Sirover, M.A., et al, 

1999).  

Given the importance of DNA repair and apoptosis evasion to cancer cells, it is 

perhaps in the non-glycolytic roles of GAPDH that its importance lies.  

1.7.3.2: LACTATE DEHYDROGENASE (LDH) 

L-Lactate dehydrogenases (LDH) are a family of 2-hydroxy acid oxidoreductases 

that simultaneously and stereospecifically interconvert pyruvate to lactate, and 

NADH to NAD+ (Read, J.A., et al, 2001). Five tetrameric LDH isozymes are present 

in mammalian tissues that are formed by combination of the two different 

polypeptide chains, M (muscle) and H (heart); LDH-A is a homotetramer composed 

of 4 M subunits and is responsible for the forward conversion of pyruvate to 

lactate. LDH-B is a homotetramer composed of all H subunits and is that favours 

the reverse oxidation of lactate to pyruvate (Pretsch, W. et al, 1998). 
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Cells lacking LDH-A have a markedly diminished glycolytic capacity (Yamagate, M., 

et al, 1998). LDH-A levels relate to levels of Myc expression in G1 of the cell cycle, 

and over-expression of LDH-A is sufficient to induce the Warburg effect (Shim, H. 

et al, 1997) as high concentrations of lactate inhibit Prolyl Hydroxylases (PHDs). 

This has the effect of maintaining and promoting HIF activity (Lu, H., et al, 2005) 

which can then up-regulate glycolysis under normoxic conditions. 

The role of LDH-A in glycolysis and tumour maintenance has been studied with 

reference to changes in the mitochondrial membrane potentials (Fantin, V.R., et al, 

2006). Aerobically glycolytic cells have a higher mitochondrial membrane 

potential ( m) which is thought to arise from less ATP-synthase associated 

proton transport (and therefore less OXPHOS). Moreover, several studies now 

complement the idea of LDH-A knockdown affecting mitochondrial physiology, 

with literature reports of LDH-A knockdown increasing reactive oxygen species 

(ROS) levels and therefore oxidative stress (Le, A., et al, 2010). This increase in 

oxidative stress in turn accounts for an increase in programmed cell death. 

Knocking down LDH-A not only reduces the mitochondrial membrane potential 

but it also significantly reduces the tumorigenic potential of tumour cells with 

LDH-A deficient cells implanted into mice showing markedly reduced markers of 

proliferation (Fantin, V.R., et al, 2006).  

Lastly, LDH-A is important in redox cycling, regenerating NAD+ for use at the level 

of GAPDH. This competition for NADH with the mitochondrial NADH/NAD+ shuttle 

is also important in reducing mitochondrial metabolism; the relatively fast rate of 

pyruvate reduction to lactate, driven by greater glucose uptake and a faster flow 

through glycolysis, depletes NADH that would otherwise be used in the 
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mitochondria and therefore slows the rate at which mitochondrial respiration can 

operate(Greiner, E.F., et al, 1994). 

The role of LDH-B in cancer is much less well-established though some work has 

emerged suggesting a role for LDH-B in mTOR-mediated tumorigenesis mediated 

through signal stransducer and activation of transcription 3 (STAT3) (Zha, X., et al, 

2011). Tuberous Sclerosis Complexes 1 and 2 (TSC1 and TSC2) are known 

suppressors of the mTOR signaling pathway; experiments discovered that in TSC1 

and TSC2 null mice there was an increase in LDH-B expression. The link between 

mTOR and LDH-B expression was confirmed as being mediated via STAT3. 

Moreover, shRNA knockdown of LDH-B in TSC2 null mice severly compromised 

tumour proliferation, though the exact mechanism of this has yet to be described. 

Whilst these findings are interesting, from a drug discovery point of view they 

present a challenge; until more comprehensive biological data is available, the 

utility of targeting LDH-B as a broad therapeutic strategy will be unclear. 

In terms of major enzymopathies, both LDH-A and LDH-B have to be deficient in 

order to present in a patient as haemolytic anaemia. Otherwise, a patient who is 

deficient in only LDH-A suffers from exertional myoglobinuria, painful muscle 

stiffness and cramps, easy fatigue during extended periods of exercise, 

abnormalities at parturition and skin eruptions (Van Wijk,  R., et al, 2005). 

LDH-A can therefore be considered as a valid target for inhibition, as doing so 

would not only reduce tumour cells’ ability to cope with hypoxia, but also reduce 

the aggressive nature of a tumour. In short, its position at the end of glycolysis 

makes it a choke point for several key processes including energy production, 

maintaining cellular redox status; there is also evidence that the expression of 
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LDH-A underpins proliferation. Coupled to this, the high rate of glucose uptake and 

subsequent flux of these carbon units through glycolysis makes LDH-A peculiarly 

sensitive to inhibition, leading to either an accumulation of pyruvate which is 

potentially toxic, or an increase in oxidative stress as a result of the reactivation of 

OXPHOS. Either of these eventualities are likely to trigger greater cell death and 

therefore make LDH-A a particularly attractive target. 

It would appear therefore, that whilst there are many metabolic enzymes that have 

compelling cases to be considered as targets it is LDH-A that presents itself as the 

most promising. In particular, if the Warburg effect is about the changing fate of 

cellular pyruvate, then exploring and exploiting the chief mediator of this new fate 

is particularly attractive. 

1.8: LACTATE DEHYDROGENASE IN DETAIL 

If LDH-A is to be pursued as a target, it is desirable to characterise the enzyme in 

slightly more detail in terms of its genetic locus, structural biology, and expression 

patterns. 

1.8.1: GENETICS AND STRUCTURAL BIOLOGY 

The human LDH-A subunit is located on chromosome 11 and has two splice 

variants. The splice variant differs from amino acids 230 to 274 where 

VHKQV…VHPVS is replaced by CRYTLGDPKGAAILKSSDVI 

SFHCLGYNRILGGGCACCPF YLICD. This change is in a region not associated with 

nucleotide binding and is not recorded as having an effect on function. 
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The human LDH-B subunit is located on chromosome 12. It is notable that the 

active sites between LDH-A and LDH-B are highly (75%) conserved. The notable 

residues are arginines (99/100, 106/107, 169/170), asparagine (138/139), 

threonine (248/249) and a criticial histidine (193/194) that is responsible for the 

proton transfer that reduces pyruvate to lactate.  

However, whilst the residues might be similar there is a difference in pKA for the 

active site histidine (H193/194) between LDH-A and LDH-B, with the pKA lower in 

LDH-A. The net result of this is that the histidine is a stronger acid/weaker base in 

LDH-A than LDH-B and therefore LDH-A is more likely to favour the forward 

conversion of pyruvate to lactate with LDH-B favouring the reverse reaction of 

lactate to pyruvate. Beyond this, pH affects reaction kinetics markedly, with LDH-A 

displaying a KM for pyruvate 3-10 fold higher at pH 6.0 (Read, J.A., et al, 2001). On a 

molecular basis, pyruvate is unable to bind to the active site when H193/194 is 

unprotonated resulting in the forward reaction being favoured at lower pH. The 

difference in pKA is affected by net surface charge, which is –6 for LDH-B and +1 

for LDH-A; it is this difference that tailors each isoform for the respective redox 

environment within which it is active.  

There is a third isoform, LDH-C, that is exclusively expressed in the testes and is 

located at a different site on chromosome 11. Less is known about this isoform and 

given its tissue specific location it will be discounted for the time being. 

In terms of similarity with other proteins, LDH-A belongs in a class of 

dehydrogenases that includes the other LDH isoforms and also the Malate 

Dehydrogenase (MDH) enzyme responsible for catalyzing the conversion of malate 

to oxaloacetate in the TCA cycle. 
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1.8.2: EXPRESSION AND UTILITY 

In healthy tissue, LDH-A expression is largely restricted to skeletal muscle, liver 

and lymphatic tissue under hypoxic conditions and has little expression in its 

normoxic surroundings (Granchi, C., et al, 2010). 

The over-expression of LDH-A in non-small cell lung cancer, colorectal cancer and 

squamous head and neck cancer has been observed (Koukourakis, M.I., et al, 2003) 

(Koukourakis, M.I., et al, 2006) (Koukourakis, M.I., et al, 2009) and is likely to arise 

due to hypoxia. However, as previously alluded to, a strong link exists between 

LDH-A expression and Myc levels. 

To date, LDH-A inhibition has been proposed as a means of treating hereditary 

leiomyomatosis and renal cell cancer as these diseases display a fumarate 

hydratase (FH) deficiency with which LDH-A inhibition has been shown to work 

cooperatively with. FH catalyses the reversible hydration of fumarate to malate 

such that FH deficiency inhibits the TCA cycle. A lack of FH also stabilizes HIF due 

to fumarate accumulation, reinforcing a glycolytic phenotype. The mechanism of 

action of LDH-A inhibition in this model is one where the knockdown experiences 

increased ROS production (Xie, H., et al, 2009). 

Implication of increased oxidative stress is borne out in another more recent study 

using RNA interference and a putative small molecule inhibitor; in this instance, 

the increase in ROS triggers apoptosis when LDH-A is knocked down (Le, A., et al, 

2010). 

 



59 
 

1.9: AIMS 

Given the background data on LDH-A, this thesis has three aims:  

1. to validate LDH-A inhibition and elucidate its full nature in terms of the 

implications for tumour survival;  

2. to ascertain the role of LDH-B in order to determine whether selectivity 

towards LDH-A would be a necessary feature of any small molecule 

inhibitor;  

3. to recapitulate siRNA mediated LDH-A inhibition with small molecule 

inhibitors that have the potential for clinical application.  

The thesis is explicitly interdisciplinary and will tackle these aims by using a range 

of techniques across synthetic organic chemistry, molecular pharmacology, and 

cell biology. Furthermore, clinical data will be exploited to put the data in its 

proper context. 

 



60 
 

CHAPTER 2: MATERIALS AND METHODS 

2.1: MATERIALS 

2.1.1: CELL LINES 

MCF-7, MDA-MB-231, MDA-MB-468 and PC3 cells, were from Clare Hall 

laboratories, UK. HCT-116 +/+p53 and HCT116 -/-p53 cells were from Prof Bert 

Vogelstein’s lab. RCC4 +/+VHL and RCC4 -/-VHL were from Dr Ioannis Ragoussis’s 

lab and IGROV-1 and OC316 cells were from Stefano Indraccolo’s lab. Fetal bovine 

serum (FBS) Gold was from PAA Laboratories. All variants ofDulbecco’s Modified 

Eagle’s Medium (DMEM) were from Gibco (Invitrogen), OligofectamineTM and 

OptimemTM were from Invitrogen, whilst protease and phosphatase inhibitor 

cocktail tablets were from Roche.  

2.1.2: CHEMICALS 

The small molecule library was obtained from Chembridge. All other chemicals, 

unless specified, were obtained from Sigma-Aldrich. 

2.1.3: ANTIBODIES 

Rabbit anti-GLUT1, mouse anti-GLUT3 and rabbit anti-HIF-2  were from Abcam. 

Mouse anti- -Actin was from Sigma, mouse anti-HIF-1  was from BD Biosciences, 

Goat anti-LDH-A was from Santa Cruz Biotechnology and mouse anti-LDH-B was 

from Abnova.Rabbit anti-MCT-1 and rabbit anti- MCT-4 were both from Millipore 

and rabbit anti-PARP was from Cell Signalling Technology. All HRP-conjugated 

secondary antibodies were from Dako.  
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2.1.4: PROTEIN 

LDH-A and LDH-B were sourced from Lee Biosciences. 

2.2: RNA EXTRACTION AND RT-PCR 

2.2.1: RNA EXTRACTION AND CDNA SYNTHESIS 

Cells were rinsed with PBS and drained thoroughly. RNA was extracted from the 

cells using Tri reagent (Sigma). The quantity and quality of RNA extracted were 

assessed using NanoDrop ND 1000 Spectrophotometer (NanoDrop Technologies). 

RNA samples were stored at –80°C. cDNA was synthesized by reverse transcribing 

RNA using the High Capacity cDNA Archive Kit (Applied Biosystems). Briefly a 2X 

mastermix was prepared (10 L reverse transcription buffer, 4 L 25X dTNPs, 10 

L of 10X random primers, 5 L of reverse transcriptase and 21 L of nuclease 

free H2O). To this was added 50 L of RNA sample; the reverse transcription was 

then completed on a thermal cycler (PTC-2000, MJ Systems) for 10 min at 25oC 

followed by 120 min at 37oC. 

2.2.2: REAL-TIME QUANTITATIVE PCR 

Real-time quantitative PCR (qPCR) reactions were performed in triplicate using 

the Corbett Research Rotor Gene RG-3000 (Sydney, Australia). Each reaction was 

performed in an individual tube and made up to 25 L containing 10 L cDNA, 

12.5 L TaqMan PCR Master Mix (Abgene, Epsom, UK), 0.25 L probe, 1 L of 

forward and reverse primer and 0.2 L H2O. Conditions for the PCR reaction were 2 

min at 50°C, 10 min at 95°C and then 40 cycles, each consisting of 15 s at 95°C, and 

1 min at 60°C. -Actin was used as a reference gene using primers (Invitrogen) 5'-
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CCCAGCACAATGAAGATCAA-3' forward and 5'-CGATCCACACGGAGTACTTG-3' 

reverse with probe 63 (Roche, Lewes, UK). Primers against LDH-A (Invitrogen) 5'-

GCAGATTTGGCAGAGAGTATAATGA-3' forward and 5'-

GACATCATCCTTTATTCCGTAAAGA-3' reverse and against LDHB (Invitrogen)5’-

GATGGATTTTGGGGGAACAT-3’ forward and 5’-AACACCTGCCACATTCACAC-3’ 

were used for qPCR. Relative quantitation of gene expression was performed using 

the method described by Pfaffl (Pfaffl, 2001). In brief, comparisons were made 

between the number of cycles required for the fluorescence of a sample to reach a 

predetermined threshold that lay within the exponential phase and above the non-

specific background. The relative ratio of gene expression was calculated as 

follows: 

 

Etarget=reaction efficiency of the gene of interest, Eref=reaction efficiency of the 

reference gene, Ct=the cycle difference between the comparator and the sample. 

All calculations are based on the mean value of PCRs performed in triplicate. 

2.3: PROTEIN EXTRACTION AND ANALYSIS 

2.3.1: PROTEIN EXTRACTION AND QUANTIFICATION 

Cells were washed with 4oC PBS and homogenised on ice in lysis buffer containing 

6.2 M urea, 10% glycerol, 5 mM DTT, 1% SDS, protease inhibitors and phosphatase 

inhibitors.  



63 
 

2.3.2: PROTEIN POLYACRYLAMIDE ELECTROPHORESIS AND SEMI-DRY PROTEIN 

TRANSFER 

An appropriate volume of 6X SDS-PAGE sample buffer (72 mM Tris pH 6.8, 20% 

glycerol, 4.5% SDS, 10% -mercaptoethanol and 0.015% bromophenol blue) was 

added and samples were heated to 95oC for 5 min. Proteins (typically 30 g/lane), 

were separated by SDS-PAGE, using 12% Tris-HCL gels unless otherwise stated 

prior to semi-dry transfer to PVDF membranes. 

2.3.3: ANTIBODY INCUBATION AND DETECTION 

Blots were incubated overnight with an appropriate concentration of primary 

antibody in PBS containing 5% milk powder and 0.1% Tween-20. Membranes 

were incubated with the appropriate HRP-conjugated secondary at 1:1000 (Dako). 

Immunoreactivity was detected using Amersham ECLTM western blotting detection 

reagent and HyperfilmTM (GE Healthcare). 

2.4: CELL CULTURE AND IN VITROTECHNIQUES 

2.4.1: CULTURING AND PASSAGING CELLS 

All work with cells was conducted in a laminar flow hood (Astec) with cells being 

grown in sterile flasks or on sterile plates (Corning). Cells were passaged by 

aspirating the medium, washing the cells with PBS, and then treating with 1 x 

trypsin-EDTA (Invitrogen) to detach. The cell mix was then spun for 4 minutes at 

1000 rpm to generate a pellet from which the supernatant was aspirated. The 

pellet was then split 1:10 and reseeded. This process was carried out every 6-7 

days. 
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2.4.2: PREPARATION AND RECOVERY OF CRYO-PRESERVED CELLS 

To freeze cells down for storage, a pellet was prepared as above. The cell pellet 

was then resuspended in 1.5 mL FCS and 0.5 mL DMSO and divided between cryo-

vials (Corning). Freezing down to -80oC at the rate of 1oC per minute was achieved 

by using a Mr Frosty (Nalgene) lined with isopropanol. To recover cells from 

storage, cryovials were rapidly defrosted to 37oC and transferred to pre-warmed 

(37oC) media. 

2.4.3: COUNTING CELLS 

Cells were counted using the Coulter Particle Counter Z2 (Beckman Coutler) 

according to manufacturer’s instructions. Briefly, 400 L of cell suspension were 

diluted with 19.6 mL of isoton buffer and a particle count take in the range of 9-22 

m. 

2.4.4: HYPOXIC EXPOSURE 

Hypoxic incubations (0.1% O2, 5% CO2) were performed using an INVIVO2 400 

hypoxic workstation (Pro-Lab Diagnostics). All cells were allowed 6 hours to 

adhere and recover after being seeded in final densities before being exposed to 

hypoxia. 

2.4.5: GENE SILENCING BY TRANSIENT SIRNA KNOCKDOWN 

Cells were seeded on 10 cm2 dishes at 8 x 105 per dish and left overnight to adhere. 

siRNA duplexes were transfected into cells at 20nM using OligofectamineTM and 

then cultured in OptimemTM for 4 hours prior to the addition of serum for 

overnight recovery (8 L siRNA, 120 L OligofectamineTM, 7.872 mL OptimemTM, 2 

mL FCS). On the following day, the cells were reseeded as appropriate. 
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2.4.5.1: SCRAMBLE CONTROL SEQUENCE 

Scrambled control (Scr) RNAi duplexes was designed using InvivoGen siRNA 

wizardTM and synthesised and annealed by Eurogentec. The oligonucleotide sense 

strand sequence was 5’-GGCUAAACGUAAGUUGACtt-3’; antisense 5’-

GUCAACUUACGUUUAGCCtt-3’; were synthesised and annealed to form duplexes. 

2.4.5.2: HIF1/2 SEQUENCES 

The target sequences for HIF-1, and HIF-2 were selected from the relevant ORF 

region of the human cDNA sequence according to the manufacturer's 

recommendations (Cruachem Limited, Glasgow, UK) and submitted to a Basic 

Local Alignment Search Tool search (National Centre for Biotechnology 

Information database) to ensure targeting of a single gene. All siRNA duplexes 

were synthesised and annealed by Eurogentec. The oligonucleotide sense strand 

sequences were HIF-1 antisense, 5'-CUGAUGACCAGCAACUUGAdTdT-3'; HIF-1 

sense, 5'-UCAAGUUGCUGGUCAUCAGdTdT-3'; HIF-2 antisense, 5'-

CAGCAUCUUUGAUAGCAGUdTdT-3'; HIF-2 sense, 

5'ACUGCUAUCAAAGAUGCUGdTdT-3';  were synthesised and annealed to form 

duplexes. 

2.4.5.3: LDHA/B SEQUENCES 

2 LDH-A RNAi duplexes were bought ready to use from Ambion. The 

oligonucleotide sense strand sequences were: LDH-A(1) 5’-

GGGUCUUUACGGAAUAAAGtt-3’; anti-sense5’-CUUUAUUCCGUAAAGACCCtt-3’; 

LDH-A(2) sense 5’-GGCUACACAUCCUGGGCUAtt-3’; antisense 

UAGCCCAGGAUGUGUAGCCtt; a third, LDH-A(3) 5’-XXXXXXXXXAtt-3’ was bought 

from Santa Cruz (SC-43893A). 
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LDH-B sequences were designed using InvivoGen siRNA wizardTM and synthesised 

and annealed by Eurogentec. The oligonucleotide sense strand sequences were 

LDH-B(1) 5’-GCUAAAAGGAUAUACCAACtt-3’; antisense 5’-

GUUGGUAUAUCCUUUUAGCtt-3’; LDH-B(2) sense 5’-GGAUUCAUCCCGUGUCAACtt-

3’;  antisense: 5’-GUUGACACGGGAUGAAUCCtt-3’; LDH-B(3) sense 5’-

GGAUAUACCAACUGGGCUAtt-3’; antisense: 5’-UAGCCCAGUUGGUAUAUCCtt-3’; 

were synthesised and annealed to form duplexes. 

2.4.6: 3D SPHEROID FORMATION 

MCF-7 and MDA-MB-231 cells were transfected according to the standard protocol 

to provide a scramble control, an LDH-A knockdown and an LDH-B knockdown. 

The cells were then reseeded the following day in 200 L DMEM in non-adherent 

96 well plates at 5000 cells per well to generate 16 spheroids per condition used. 

The MDA-MB-231 cells required a further 5 L per 1mL of reconstituted basement 

membrane (RBM) which was defrosted on ice with cell pellets being kept on ice 

until plating. The plates were then spun at 2000 rpm for 10 min and left overnight 

for the spheroids to form. Microscope photographs were then taken at appropriate 

timepoints using a digital camera and AxioVisionTM software at 5x magnification. 

After the final time point, the spheroids were fixed in formalin, embedded in wax, 

and sliced and mounted onto slides for immunohistochemical analysis. 

2.4.6.1: QUANTIFYING SPHEROID TUMOUR VOLUME 

The analysis software ImageJ was used to quantify spheroid tumour volume. In 

short, the 5x images were processed as JPEGs after a suitable threshold was set to 

exclude non-tumour mass. The surface area in pixels was then converted into 
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M2and then further converted into a radius of the equivalent circle. From these 

radii, it was possible to calculate the volume of the equivalent sphere.  

2.4.7:  SULFORHODAMINE B (SRB) ASSAY 

Cells were seeded in 96 well plates and cultured as appropriate. At the required 

timepoint, the media was discarded and 200 L of 10% trichloroacetic acid (TCA) 

and incubated at 4oC for 60 min. The TCA was then removed from the wells and 

the plate washed 3 times with tap water. The plates were then dried and 100 L of 

0.4% SRB was added too each well which were then incubated at room 

temperature for 30 min. The SRB was then removed and the wells washed 3 times 

with 1% acetic acid. To resolve the SRB, 200 L of 10 mM Tris pH 9.5 and the 

plates incubated for 15 min at room temperature under shaking before the 

absorbance was read at 540 nM. 

2.4.8: CLONOGENIC ASSAY 

MCF-7 and MDA-MB-231 cells were seeded at 8 x 105 cells in 10cm plates and 

allowed to adhere overnight. The media was replaced with optimum and the cells 

transfected with siRNA according to the standard protocol to provide a scramble 

control, an LDH-A knockdown and an LDH-B knockdown. The cells were then 

reseeded the following day in DMEM at a 100, 1000, and 1000 (MCF-7 only) cells 

in 6cm plates and allowed to adhere overnight. The cells were then incubated 

under normoxic and hypoxic conditions for 5 days before being allowed to recover 

for 10 days in normoxia. The cells were then treated with a dual fixing/staining 

solution made up of 50% dH2O, 49.8% ethanol, and 0.2% crystal violet. After 

several washes with tap water, the plates were air-dried and the stained colonies 

counted using an automated scanner (ColCount, Oxford Optronics). 
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2.4.9: LACTATE MEASUREMENT 

MCF-7 and MDA-MB-231 cells were transfected with siRNA according to the 

standard protocol to provide a scramble control, an LDH-A knockdown and an 

LDH-B knockdown. The cells were then reseeded in 10 cm plates and at 

appropriate points 1 mL of media was harvested and the cell number recorded. 

This media was then measured for lactate using a Lactate Assay Kit 

(Instruchemie). Briefly, a lyophilized NAD+ solution was resuspended in buffer, 

distilled water and LDH in a ratio of 4:2:0.1. 10 L of sample was plated in 

triplicate in a 96 well plate to which 290 L of the resuspended reaction mix was 

added to initiate. The plate was then incubated at room temperate for 30 min 

before being read for absorbance at 340 nm. Values were normalized to cell 

number. 

2.4.10: ATP MEASUREMENT 

MCF-7 and MDA-MB-231 cells were transfected with siRNA according to the 

standard protocol to provide a scramble control, an LDH-A knockdown and an 

LDH-B knockdown. The cells were then reseeded in duplicate the following day in 

DMEM in 96 well plates. One replicate was seeded in a standard clear bottom 96 

well plate and analysed according to standard SRB procedure after 48 hours. The 

other replicate was seeded in a white-bottomed 96 well plate for luminescence 

plate reading and ATP levels assessed using a Cell Titer-Glo Luminescent Cell 

Viability kit (Promega). Briefly, the media was aspirated and replaced with 100 L 

of fresh media to which a further 100 L of reaction mix was added. The plate was 

then incubated under skaing at room temperature for 15minutes before being 



69 
 

read for luminescence on a FluoSTAR OPTIMA (BMG Labtech). The ATP data was 

then normalised to the protein concentration values obtained by SRB. 

2.4.11: EXTRACELLULAR ACIDIFICATION AND OXYGEN CONSUMPTION 

EXPERIMENTS 

MCF-7 cells were transfected with siRNA according to standard protocol and 

reseeded in duplicate at 3 x 105 cells in a custom 96-well plate (Seahorse 

Bioscience). Half of the population were treated with the hypoxia mimetic DMOG 

at 1 mM, which was also added to the trypsin and PBS that was used to culture 

these cells in order to keep them under pseudo-hypoxia for the duration of the 

experiment. 

The cells were assayed using an XF96 extracellular flux analyser (Seahorse 

Bioscience) to perform non-destructive, time-resolved measurements of 

extracellular acidification rate (ECAR) and oxygen consumption rate (OCR).Each 

XF assay kit contains a disposable sensor cartridge, embedded with 96 pairs of 

fluorescent biosensors to measure oxygen and pH. The movement of the sensor 

cartridge into a measuring position over the 96-well plate produces a transient 

micro-chamber within which oxygen consumption and proton extrusion cause 

rapid, measurable changes in oxygen tension and pH. During this time, oxygen and 

mpH was measured every 10 s.  

Further to the fluorescent biosensors, each sensor cartridge is equipped with two 

reagent delivery chambers per well for injecting testing agents into wells during 

an assay. To the first chamber for all wells was sufficient oligomycine to produce a 

final concentration of 1 M. To the second chamber of the first replicate was added 
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sufficient FCCP to give a final concentration of 300 nM; to the second chamber of 

the second replicate was added sufficient rotenone to give a final concentration of 

1 M. 

To facilitate rapid ECAR reading, medium was replaced immediately prior to 

measurement with non-buffered pH 7.4 custom glucose free DMEM (Seahorse 

Bioscience) that was supplemented with 4.5 g/L glucose where appropriate. After 

automatic calibration checks the experiment was started with 13 readings taken 

every 10 s to provide each rate point. After this was repeated another two times, 

the contents of the first reagent chamber were injected and a further three rate 

points were measured. The contents of the second chamber were then injected 

into the wells and a final 3 rate measurements were taken. After this, the results 

were automatically recorded on the inbuilt software and analysed according to 

standard protocol (2.9). 

2.5: CLINICAL SAMPLES 

2.5.1: ONCOMINE 

Publically available clinical data was accessed using Oncomine and interpreted 

according to standard statistical procedures (2.9). 

2.5.2: CLINICAL SAMPLES 

The Oxf-IJB dataset, containing 152 breast cases, was analysed on a Affymetrix 

U133A array for clinical and molecular covariates. The demographics of this 

dataset are covered in detail by Higgins et al (Higgins, G.W. et al, 2010). Statistical 



71 
 

analysis was carried out by Dr. Francesca Buffa at the Weatherall Institute of 

Molecular Medicine. 

The relative expression of LDH-A and LDH-B in the 152 cases is outlined in Tables 

2.1 and 2.2. 

Table 2.1 
 

 

Cases 

Valid Missing Total 

N Percent N Percent N Percent 

LDHA 200650_s_at 152 100.0% 0 .0% 152 100.0% 

LDHB 201030_x_at 152 100.0% 0 .0% 152 100.0% 

LDHB 213564_x_at 152 100.0% 0 .0% 152 100.0% 

 

Table 2.2 
 

Standardized expression Statistic Std. Error 

LDHA 200650_s_at 
   

Mean 0.046726 0.027685 

Median 0.014872   

Std. Deviation 0.341329   

LDHB 201030_x_at 
  

Mean -0.05091 0.074193 

Median -0.1316   

Std. Deviation 0.914717   

LDHB 213564_x_at 
   

Mean -0.05121 0.074244 

Median -0.0957   

Std. Deviation 0.915348   
 
 

The clinical and molecular covariates that were analysed are represented in Table 

2.3 along with the raw data; the gene expression signatures are recorded 

elsewhere in the literature (Buffa, F.M. et al, 2010) (Wirapati, P., et al, 2008). 
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Table 2.3 
 
Spearman correlation  Gene expression signatures 
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LDHA 
200650_s_at rho 0.5735 

0.368
9 -0.0160 0.0303 

0.06
85 0.0890 

0.055
6 

 
p (2-
tailed) 

<0.000
1 

<0.00
01 0.8448 0.7107 

0.40
16 0.2757 

0.496
0 

 N 152 152 152 152 152 152 152 
LDHB 
201030_x_at rho 0.0805 

0.029
9 -0.5895 -0.0840 

0.16
16 0.2146 

0.106
6 

 
p (2-
tailed) 0.3243 

0.714
5 <0.0001 0.3034 

0.04
67 0.0079 

0.191
2 

 N 152 152 152 152 152 152 152 
LDHB 
213564_x_at rho 0.0988 

0.034
8 -0.5907 -0.0737 

0.16
24 0.2166 

0.109
5 

 
p (2-
tailed) 0.2260 

0.670
6 <0.0001 0.3669 

0.04
56 0.0074 

0.179
3 

 N 152 152 152 152 152 152 152 

 

Lastly, in order to assess relapse free survival a univariate analysis was carried out 

where samples were divided by median expression value. 

2.6: STAINING TECHNIQUES 

2.6.1: IMMUNOHISTOCHEMISTRY 

The spheroids, having been prepared for immunohistochemistry as outlined in 

2.4.6 and mounted on slides, were prepared for staining as follows. Firstly, the 

slides were dewaxed by heating in an oven at 60oC for 10 min. 

Following this, the slides were washed sequentially (5 min for each wash); twice in 

histoclear (Fisher), twice in 100% ethanol, once in 50% ethanol, and then in water. 

The procedure for all staining but H&E staining is then as follows. 
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Following this, antigen retrieval was conducted by placing the slides in a pressure 

cooker for 45 min at 125oC. The buffer that this was done in varied according to 

which primary antibody was to be used and is outlined in Table 2.4 

Table 2.4 

Antibody Antigen Retrieval Primary Dilution 

kI67 Citrate pH6 1/50 in RPMI 

Cleaved Caspase 3 Citrate pH6 1/2000 in RPMI 

CA9 TRIS EDTA pH9 1/100 in RPMI 

 

Following antigen retrieval, the slides were placed into PBS before being dried and 

blocked with 10% Bovine Serum Albumin (Invitrogen) for 15 min. The primary 

antibody was then added to the slide in the correct dilution and the slide was kept 

humidified for 45 minutes. 

The slides were then washed in PBS for 5 min and the secondary antibody was 

added and the slide kept humidified for 30 min. The slides were then washed again 

for 5 min in PBS and parts B and C from a IHC kit (Dako) were mixed together with 

60 L of C in 3 mL of B. 100 Lwas added to each slide for 8 min, the slides were 

washed in PBS, stained for haematoxylin and washed in tap water before being 

mounted with coverslips for further examination. 

Scoring was performed using ImageJ on 5x images captures JPEGs. Background 

was excluded and images deconvoluted to given an image for the specific staining 

and the nuclear staining. Scoring was then completed by expressing specific 

staining as a ratio of total nuclear stained cells. 
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2.6.1.1: HAEMATOXYLIN AND EOSIN (H&E) STAINING 

Slides for H&E staining were dewaxed and rehydrated as above. They were then 

washed in Harris’ haematoxylin for one minute followed by a wash in tap water. 

The slides were then washed in acid alcohol before being washed in tap water 

again. The slides were then washed sequentially in Scotts water, tap water, eosin 

for 90 s, followed by tap water. The final sequential washes were in 50% ethanol, 

70% ethanol, 100% ethanol (twice), xylene (twice) before being fixed. 

2.6.2: IMMUNOFLUORESCENCE 

Briefly, after transfecting MDA-MB-231 according to standard protocol, cells were 

reseeded onto glass slips in 6-well plates at 1 x 105 cells per well and incubated 

overnight. The cells were rinsed briefly in PBS and fixed with 4% formaldehyde in 

PBS for 15 min at room temperature followed by rinsing three times in PBS for 5 

min each. Cells were permeabilised with ice-cold 100% methanol and incubated 

for 10 min at –20°C before final rinse in PBS for 5 min. Following blocking of 

nonspecificbinding with 5% BSA in PBS for 1 h, sections were incubated with 

primary antibody for 1 h at room temperature. The breast cells were then 

incubated with goat anti-LDH-A N-14 (1:100, Santa Cruz) and rabbit anti-TOM20 

(1:100, Cell Signalling Technology). After a 10 min wash in PBS, cells were 

incubated with secondary antibody Alexa-Fluor 633 donkey anti-goat (0.5 µg/mL, 

Molecular Probe, Invitrogen) and Alexa-Fluor 488 donkey anti-rabbit(0.5 µg/mL, 

Molecular Probe, Invitrogen) for 1 h at room temperature. Cells were then washed 

three times in PBS before mounting with fluorescent mounting medium with DAPI 

(Vectashield) and visualised under the fluorescent microscope. 
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2.7: PHARMACOLOGY 

2.7.1: MOLECULAR DOCKING AND 3D STRUCTURES 

The structure of LDH-A was accessed from the Protein Database (PDB ref 1I10) 

and was generated by Brady and coworkers (Read, J.A., et al, 2001). Before the 

docking analysis, the relevant compounds were drawn in ChemDraw and 

converted to 3D structures using ChemDraw 3D. The less energetic conformation 

of the 3D structure was calculated and saved as a mol2 file.  

In order to analyse possible interactions between proteins and ligands the docking 

programme GOLD (Genetic Optimization for Ligand Docking) was used (Jones, G., 

et al, 1997) (Onodera, K., et al, 2007). GOLD allows analysis of possible 

interactions between docking partners and will predict preferred orientations of 

the ligand within the binding site as well as measuring the strength of interactions. 

With 1I10 open in GOLD hydrogens were added to the structure of the protein and 

waters removed. A docking site was defined as a region of 10 Å around a key 

amino acid residue of the binding site (H193). The relevant compound mol2 files 

were then loaded and the programme was run sequentially for each compound. 

The computer program used a scoring function (GOLD Score Fitness function) to 

rank the generated binding modes. The best conformation as ranked by GOLD was 

use in each instance. To aid better visualisation of the results, the docking results 

were presented in a three-dimensional diagram using the computational program 

PyMOL.  
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2.7.2: ASSAY PRINCIPLES 

The basic format of the assay was developed from a method outlined by Hewitt 

(Hewitt, C.O., et al, 1999). In short, it is possible to monitor the decay in 

absorbance of NADH as it is converted to NAD+ at 340 nm. All experiments were 

conducted in buffered solution, where the buffer contained 20 mM tris-HCL and 50 

mM KCl at pH 6.8. 

To generate a decay curve, the absorbance of NADH and NAD+ was measured at 

the following respective concentration ratios; 200:0 mM, 150:50 mM, 166:34 mM, 

100:100 mM, 66:134 mM, 50:150 mM and 0:200 mM.  

2.7.3: HIGH THROUGHPUT SCREEN 

To the wells of an appropriate number of 96 well plates, the following was added: 

5 L of library compound in neat DMSO at 100, 10 and 1 M concentrations; 20 L 

of buffer solution (50mM Tris, 20 mM KCl, pH 6.8); 25 L of sodium pyruvate in 

buffer at 400 M; 25 L of NADH in buffer at 800 M. To initiate the reaction, 25 L 

of LDH-A in buffer at 12nM was added after which the reaction kinetics were 

monitored using Soft Max ProTM on a SpectraMaxTM M2e plate reader for 3 mins. 

An endpoint was then taken and values normalised using positive control (no 

inhibitor, 5 L neat DMSO) and negative control (no sodium pyruvate, 25 L buffer 

for each inhibitor concentration) values. The data was then represented as a 

percentage of the normalised negative control at 500nM final concentration. 
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2.8: CHEMISTRY 

All reactions involving organometallic or other moisture-sensitive reagents were 

carried out under a nitrogen or argon atmosphere using standard vacuum line 

techniques and glassware that was flame dried and cooled under nitrogen before 

use.  Solvents were dried according to the procedure outlined by Grubbs and co-

workers (Pangborn, A.B., et al, 1996).  Water was purified by an Elix® UV-10 

system.  All other reagents were used as supplied (analytical or HPLC grade) 

without prior purification.  Organic layers were dried over MgSO4.  Thin layer 

chromatography was performed on aluminium plates coated with 60 F254 silica.  

Plates were visualised using UV light (254 nm), iodine, 1% aq KMnO4, or 10% 

ethanolic phosphomolybdic acid.  Flash column chromatography was performed 

on Kieselgel 60 silica on a glass column. 

Melting points were recorded on a Gallenkamp Hot Stage apparatus and are 

uncorrected.  NMR spectra were recorded on Bruker Avance spectrometers in the 

deuterated solvent stated.  Spectra were recorded at rt unless otherwise stated.  

The field was locked by external referencing to the relevant deuteron resonance.  

Low-resolution mass spectra were recorded on either a VG MassLab 20-250 or a 

Micromass Platform 1 spectrometer.  Accurate mass measurements were run on 

either a Bruker MicroTOF internally calibrated with polyalanine, or a Micromass 

GCT instrument fitted with a Scientific Glass Instruments BPX5 column (15 m  

0.25 mm) using amyl acetate as a lock mass. 
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2.8.1: GENERAL SYNTHESIS OF BIS-OXIMES 

 

Hydroxylamine hydrochloride (2.0 eq) was dissolved in an ice-cold solution of 

sodium hydroxide (1.4 eq) in water. With the reaction mixture still on ice, the 

appropriate 1,2-dicarbonyl (1.0 eq) was added slowly and under stirring. The 

mixture was allowed to stand for 15 min on ice and then at room temperature 

overnight. The flask and contents were then cooled to 0oC and the precipitate was 

filtered, washed with cold water, and dried under vacuum (Sheremetev, A.B., et al, 

2003). 

1-PHENYLPROPANE-1,2-DIONE DIOXIME 

 

Isolated as a tan-coloured solid (0.43g, 70%); δH (400 MHz, CDCl3) 2ppm (s, Me), 

7.50-7.85ppm (m, Ph); mp 234-235oC; MS(FI) 178.22(M+). 

2-(HYDROXYIMINO)-2-PHENYLACETALDEHYDE OXIME 

 

Isolated as a tan-coloured solid (0.45g, 81%); δH (400 MHz, CDCl3) 7.80-8.50ppm 

(m, Ph), 8.35ppm (s, 1H); mp 146-148oC; MS(FI) 164.06(M+). 
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BIACETYL DIOXIME 

 

Isolated as a white-coloured solid (7.2g, 77%); δH (400 MHz, CDCl3) 1.95 ppm (s, 

2Me); mp 237-238oC; MS(FI) 116.06(M+). 

2.8.2: GENERAL SYNTHESIS OF FURAZANS 

 

 

Bis-oxime (1.0 eq), ethylene glycol (0.15mL mM-1), potassium hydroxide (0.04 eq), 

and caesium carbonate (0.008 eq) were placed in a round bottom flask with a 

stirrer. The resulting viscous substance was rapidly heated to 110oC with stirring. 

Further heating to over 160oC took place at ~1oC min-1. A dark solution was 

formed and the distillate was collected after which the residue was cooled to 80-

90oC. Water (80 L mM-1) was added and the residue of the product was removed 

by azeotropic distillation with water. The combined distillates were extracted with 

dichloromethane and the mixture was washed with water. The organic layer was 

dried of magnesium sulphate and filtered. The dichloromethane was removed 

under vacuum and the remaining oil distilled at atmospheric pressure 

(Sheremetev, A.B., et al, 2003). 
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3-METHYL-4-PHENYL-1,2,5-OXADIAZOLE 

 

Isolated as a yellow oil; δH (400 MHz, CDCl3) 2.55ppm (s, Me), 7.50-7.80ppm (m, 

Ph); bp 163-169oC; MS(FI) 160.19(M+). 

3,4-DIMETHYL-1,2,5-OXADIAZOLE 

 

Isolated as a yellow oil (0.60g, 20%); δH (400 MHz, CDCl3) 2.35ppm (s, Me); bp 

165-171oC; MS(FI) 98.10(M+). 

2.8.3: GENERAL SYNTHESIS OF OXAMIC ESTERS 

 

To a stirred 1M solution of ethyl chlorooxoacetate (2.0 eq) in DCM at 0oC was 

added a 0.5M solution of amine (1.0 eq) in DCM and a 0.2M solution of sodium 

hydrogencarbonate (1.5 eq) in DCM.  The mixture was stirred at 0oC for 10 h. 

On completion, the reaction mixture was treated with 1N hydrochloric acid until 

the reaction mixture was pH 2. The acid was then extracted with DCM and washed 

with brine (3 x 10 mL), dried (MgSO4), and concentrated under vacuum(Choi, S-r., 

et al, 2007). 
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ETHYL 2-OXO-2-(4-P-TOLYPIPERAZIN-1-YL) ACETATE 

 

 

Isolated as a yellow oil (517mg, 69%); δH (400 MHz, CDCl3) 1.27 (3H, t, J 7.24, 

CH3), 2.29 (3H, s, CH3), 3.20-3.85 (8H, m, piperazine), 4.34 (2H, q, J 7.12, CH2), 

6.86-7.13 (4H, m, Ph); MS(ES) 299.14 (M++Na). 

ETHYL 2-(4-(4-FLUOROPHENYL)PIPERAZIN-1-YL)-2-OXOACETATE 

 

Isolated as a yellow oil (487mg, 58%); δH (400 MHz, CDCl3) 1.39 (3H, t, J 7.23, 

CH3),3.12-3.79 (8H, m, piperazine), 4.33 (2H, q, J 7.19, CH2), 6.78-7.02 (4H, m, 

Ph); MS(ES) 303.11 (M++Na). 

ETHYL 2-(4-(2-FLUOROPHENYL)PIPERAZIN-1-YL)-2-OXOACETATE 

 

Isolated as a yellow oil (605mg, 72%); δH (400 MHz, CDCl3) 1.40 (3H, t, J 7.32, 

CH3), 3.15-3.85 (8H, m, piperazine), 4.39 (2H, q, J 7.10, CH2), 6.99-7.28 (4H, m, 

Ph); MS(ES) 303.11 (M++Na). 
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ETHYL 2-(4-(2-METHOXYPHENYL)PIPERAZIN-1-YL)-2-OXOACETATE 

 

Isolated as a yellow oil (735mg, 84%); δH (400 MHz, CDCl3) 1.39 (3H, t, J 7.31, 

CH3), 3.08-3.83 (8H, m, piperazine), 3.85 (3H, s, OCH3), 4.37 (2H, q, J 7.07, CH2), 

6.87-7.05 (4H, m, Ph); MS(ES) 315.13 (M++Na). 

ETHYL 2-(4-(3-METHOXYPHENYL)PIPERAZIN-1-YL)-2-OXOACETATE 

 

Isolated as a yellow oil (727g, 83%); δH (400 MHz, CDCl3) 1.35 (3H, t, J 7.29, CH3), 

3.17-3.74 (8H, m, piperazine), 3.75 (3H, s, OCH3), 4.32 (2H, q, J 7.08, CH2), 6.43-

7.15 (4H, m, Ph); MS(ES) 315.13 (M++Na). 

ETHYL 2-(4-(4-METHOXYPHENYL)PIPERAZIN-1-YL)-2-OXOACETATE 

 

Isolated as an amber oil (675mg, 77%); δH (400 MHz, CDCl3) 1.35 (3H, t, J 7.30, 

CH3), 3.04-3.75 (8H, m, piperazine), 3.75 (3H, s, OCH3), 4.36 (2H, q, J 7.10, CH2), 

6.87 (4H, m, Ph); MS(ES) 315.14 (M++Na). 
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ETHYL 2-(4-(4-TRIFLUOROMETHYL)PIPERAZIN-1-YL)-2-OXOACETATE 

 

Isolated as a yellow oil (733mg, 74%); δH (400 MHz, CDCl3) 1.39 (3H, t, J 7.23, 

CH3),3.33-3.85 (8H, m, piperazine), 4.36 (2H, q, J 7.14, CH2), 6.97-7.55 (4H, m, 

Ph);MS(ES) 353.26 (M++Na). 

2.9: STATISTICAL METHODS 

All data analysis was performed using GraphPad Prism  v4.0 software. Statistical 

significance was determined using unpaired, two-tailed, t-tests with confidence 

intervals set at 95%.  
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CHAPTER 3: LACTATE DEHYDROGENASE, 

HYPOXIA, AND CANCER 

3.1: INTRODUCTION 

3.1.1: THE WARBURG EFFECT 

The Warburg Effect, or elevated aerobic glycolysis in transformed cells, correlates 

with more malignant phenotypes and poor prognosis in patients (Kim, J.W., et al, 

2006). To maintain a glycolytic phenotype it is necessary, amongst other things, 

for the cellular fate of pyruvate to change.  

To metabolise this pyruvate out of the cell LDH-A reduces the pyruvate to lactate 

which is then exported from the cell by Mono-Carboxylate Transporters (MCTs). 

LDH-A achieves this reduction via the use of NADH as a cofactor which is 

simultaneously oxidised to NAD+ which is in turn recycled by early stage glycolysis 

at the level of Glyceraldehyde Phosphate Dehydrogenase (GAPDH). 

3.1.2: LDH-A AND TUMOUR HYPOXIA 

LDH-A is over-expressed in a variety of tumour types and can be correlated with 

poor prognosis (Koukourakis, M.I., et al, 2003) (Koukourakis, M.I., et al, 2006) 

(Koukourakis, M.I., et al, 2009). It is also expressed in response to hypoxic 

conditions as a direct HIF-1 target gene (Ke, Q., et al, 2006). 
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As referred to in Chapter 1, hypoxia is defined as an oxygen concentration of less 

than 1% and is associated with a variety of cellular responses, many of which are 

mediated through HIF. 

3.1.3: LDH-A EXPRESSION; ADAPTIVE OR ONCOGENIC PHENOTYPE? 

The hypoxic expression of LDH-A suggests that the shift to glycolysis in many cases 

is an adaptive change in response to low oxygen. However, increasing evidence 

suggests an oncogenic role for LDH-A (Hanahan, D., et al, 2011).  

The literature suggests a correlation between c-Myc and LDH-A expression (Shim, 

H. et al, 1997) whilst more broadly there is a great deal of speculation as to the 

existence or otherwise of a ‘Warburg Kinase’ (Robey, R.B., et al, 2009). Moreover, 

over-expressing LDH-A is sufficient to induce the Warburg effect (Shim, H. et al, 

1997) whilst several studies have pointed to the efficacy of knocking out LDH-A as 

a clinical approach that reduces invasion and tumourigenicity (Fantin, V.R., et al, 

2006) (Le, A., et al, 2010). 

3.1.4: AIMS 

The challenge then is to identify cell lines and tumour types particularly sensitive 

to LDH-A inhibition in order to validate LDH-A as an anti-cancer target. In parallel 

to this, LDH-B will be explored in order to ascertain whether selectivity towards 

LDH-A will be required in any potential small molecule inhibitor.In the first 

instance it is important to uncover any interplay between tumour hypoxia and the 

role of LDH-A in order to shed further light on whether LDH-A expression in 

tumours is an adaptive or oncogenic phenotype, or both.  
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3.2: RESULTS 

3.2.1: THE EXPRESSION OF LDH VARIES BETWEEN HEALTHY TISSUE AND TUMOUR 

TISSUE 

Before analyzing proprietary datasets, an opensource serach was conducted of 

clinical data in the public realm on Oncomine in order to generate a general 

impression of the nature of LDH-A expression in healthy versus tumour tissue. 

The data was filtered to select those cases that compared normal versus tumour 

tissue expression (unpaired). Following this, key tissue types were selected. 

Finally, for each tissue type, the data that was downloaded was the most 

significant. 

Analysing gene expression data and comparing the difference in mean LDH-A 

expression between healthy and tumour tissue, the broad pattern was that mean 

LDH-A was more highly expressed in tumour tissue (Figures3.1-3.3). This was the 

case in ovarian cancers, prostate cancer, renal cancer, and cancers of colon and the 

rectum where the difference was statistically significant. In breast cancer, the 

difference was not statistically significant, though whether this was as a result of 

high basal levels in healthy tissue or low levels of induction remains to be 

determined; there is evidence in the literature of up-regulation in some breast 

tissue sections (Balinsky, D., et al,  1983). 

The picture with LDH-B was more mixed with up-regulation in colorectal 

adenocarcinoma, down regulation in renal clear cell carcinoma, and again no 

statistical difference in breast tissue. (Figure 3.4). 
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Figure 3.1: Expression of LDH-A in normal ovarian tissue versus [A] Ovarian Clear Cell Carcinoma; 

[B] Ovarian Endometrial Adenocarcinoma; [C] Ovarian Mucous Adenocarcinoma; [D] Ovarian 

Serous Adenocarcinoma. * = P <0.05; ** = P<0.01; *** = P<0.001. (50 patients in total). 
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Figure 3.2: Expression of LDH-A in normal tissue versus [A] Prostate Carcinoma (102 patients); 

[B] Renal Clear Cell Carcinoma (20 patients); [C] Rectal Adenocarcinoma; [D] Colon 

Adenocarcinoma. * = P <0.05; ** = P<0.01; *** = P<0.001 (32 patients for [C] and [D] combined). 
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Figure 3.3: Expression of LDH-A in normal breast tissue versus [A] Ductal Carcinoma. * = P <0.05; 

** = P<0.01; ** = P<0.001 (22 patients). 
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Figure 3.4: Expression of LDH-B in normal tissue versus [A] Renal Clear Cell Carcinoma (32 

patients); [B] Colorectal  Adenocarcinoma (32 patients); [C] Ductal Carcinoma (22 patients). * = P 

<0.05; ** = P<0.01; *** = P<0.001. 
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3.2.2: THE EXPRESSION OF LDH-A CORRELATES WITH INVASIVE, HYPOXIC 

TUMOURS WITH POOR PROGNOSIS WHILST THE EXPRESSION OF LDH-B DISPLAYS AN 

INVERSE RELATIONSHIP WITH ER EXPRESSION IN BREAST CANCER 

Once analysis of the open source clinical data had been performed, the focus 

moved to more comprehensive data held in the group.152 clinical breast cancer 

cases were analysed to determine whether the expression of either LDH-A or LDH-

B showed a significant degree of correlation with broader tumour phenotypes or 

patient prognosis. 

The method used to analyse the data was chosen so as to normalize the results as 

much as possible to the background. For example, LDH-A is hypoxically up-

regulated so one would therefore expect that, without such a correction, LDH-A 

expression could be linked to a broad range of characteristics associated with a 

hypoxic phenotype in which it was in fact a simple bystander. By taking into 

account this background phenotype the results account for a correlation between 

the LDH isoforms and a particular phenotype with the bystander problem 

minimized as much as possible. The characteristic genetic signatures that allowed 

this correction to take place have been identified elsewhere (Buffa, F.M. et al, 

2010) (Wirapati, P., et al, 2008). 

It was therefore interesting to note that the data shows that LDH-A expression 

correlates with two main characteristics, notably tumour hypoxia but also with 

more invasive tumour types (Figure 3.5). This correlation, as previously 

explained, takes into account the invasion score normally associated with hypoxia 

is important and whilst not demonstrating a causal link between LDH-A 
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expression and invasion, perhaps points to a link between LDH-A and more 

aggressive cancers worth further investigation. 

Taking this a step further, patients were grouped into above or below median 

LDH-A expression in order to determine whether there was a link between 

expression and prognosis. As the data shows, patients expressing greater than the 

median levels of LDH-A have a poorer prognosis as measured in terms of 

recurrence free survival(Figure 3.5D). 

 

Figure 3.5: LDH-A expression: [A] correlates with proliferation (score = 0.3689); [B] correlates 

with hypoxia (score = 0.5735); [C] LDH-B expression inversely correlates with ER status (score = -

0.5907); [D] is linked to lower recurrence free survival. 
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 The only significant relationship demonstrated in correlation with LDH-B 

expression was where LDH-B expression showed an inverse relationship with 

estrogen receptor (ER) status. An easy explanation of this was not forthcoming 

and it was decided to probe this relationship further. 

3.2.3: CONSTITUTIVE AND INDUCIBLE LDH-A AND LDH-B EXPRESSION VARIES IN 

DIFFERENT CANCER TYPES 

The clinical data presented an interesting enough story to proceed with an 

investigation of the behaviour of tumour cells in vitro to better elucidate the 

interplay between LDH-A expression, hypoxia (given the strong correlation with 

LDH-A expression), and other characteristics of transformed cells. 

A broad panel of cancer cell types were selected from a variety of different tissues, 

taking the ovarian (IGROV-1 and OC-316), prostate (PC3), renal (+VHL and 

WTRCC4), colorectal (+/+p53 and -/-p53 HCT-116) and breast (MCF-7, MDA-MB-

231, MDA-MB-361, MDA-MB-468) cancers that were looked at in the previous 

clinical analyses for the sake of consistency. 

With the exception of the PC3 cells, the other lines were paired to specifically look 

at different mutations or surface receptor states. A full list of the mutations in the 

cell lines used is provided in Table 3.1.The key mutations of interest however are 

elaborated upon in the text below. 
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Table 3.1 
 
Cell Line Tissue Mutations Comments 
IGROV-1 Ovarian MLH1  

 
MSH6  
 
 
p53 

MLH1, or MutL homolog 1, is a DNA 
mismatch repair gene. 
Codes for a G-T mismatch binding protein 
implicated in DNA repair. 
Codes for the tumour suppressor protein 
p53. 

OC-316 Ovarian p53 - 
PC-3 Prostate PTEN 

 
 
p53 

Codes for phophatase and tensin homolog 
(PTEN), a tumour suppressor protein. 
- 

RCC4 Kidney VHL Codes for Von Hippel Lindau complex 
responsible for degrading HIF. 

HCT-116 Colon CDKN2a(p16) 
CDKN2a(p14) 
 
 
CTNNB1 
 
 
 
KRAS 
 
 
 
MLH1 
PI3KCA 

Cell cycle dependent kinase- a tumour 
suppressor gene coding for proteins p16 and 
p14, normally involved in cell cycle 
regulation. 
Involved in the control of cell adhesion and 
implicated in the regulation of anchorage 
dependent growth. 
Codes for V-Ki-ras2 Kirsten rat sarcoma viral 
oncogene homolog (KRAS), a GTPase 
involved in multiple cell signaling pathways. 
- 
Codes for the Phosphatidylinositol 3-
kinasep110 , a catalytic kinase involved in 
multiple cell signaling pathways. 

MCF-7 Breast CDKN2a(p16) 
CDKN2a(p14) 
PI3KCA 

- 
- 
- 

MDA-MB-231 Breast BRAF 
 
 
 
 
CDKN2a(p16) 
CDKN2a(p14) 
KRAS 
NF2 
 
 
p53 

Gene codes for the serine/threonine protein 
kinase v-Raf murine sarcoma viral oncogene 
homolog B1- implicated in cell signaling and 
growth 
- 
- 
- 
Neurofibromatosis type 2, ordinarily an 
inheritable genetic condition- gene mutated 
in some cancers 
- 

MDA-MB-361 Breast CDKN2a(p16) 
PI3KCA 

- 
- 

MDA-MB-468 Breast PTEN 
RB1 
 
SMAD4 
 
p53 

- 
Codes for the retinoblastoma tumour 
suppressor protein 
Codes for the tumour suppressor protein 
SMAD4 
- 
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The oncoprotein p53 is associated with many cancer types (Bensaad, K., et al, 

2007). Many of the cell lines selected possess a p53 mutation; in glycolytic terms 

its interaction with the phosphofructokinases via TIGAR offers an opportunity to 

see if p53 affects expression of LDH. To this end, and to allow direct comparison 

within a cell line, HCT-116 cells (a cell-line normally without a p53 mutation) were 

used with +/+p53 representing the wild-type and the knockout representing a p53 

mutant. 

A mutation in the gene coding for the Von Hippel Lindau complex is characteristic 

of renal clear cell carcinomas; as such, -/-VHL RCC4 is the wild-type cell and lacks 

the ability to ubiquitinylate HIF-1 . As a result HIF-1  is not degraded and the 

wild-type therefore displays a pseudo-hypoxic phenotype. The pairing of this cell 

line with RCC4 with VHL knocked back in provides a pseudo-normoxic phenotype 

against which to compare the wild-type. 

Lastly, four breast cell lines were selected to probe LDH expression further. These 

were paired according to their Estrogen Receptor (ER) status, given the earlier 

interesting indications from the clinical data of an inverse relationship between ER 

status and LDH-B expression. In brief, MCF-7 and MDA-MB-361 cells are ER-

positive and therefore present estrogen receptors whereas MDA-MB-231 and 

MDA-MB-468 are ER-negative and do not. 

ER is a nuclear hormone binding receptor that binds estradiol (estrogen), 

stimulating proliferation. Some 70% of breast tumours are ER-positive and ER 

status is linked to prognosis and age of occurrence. Specifically, ER-positive 

tumours are more likely to occur post-menopause and are not generally as 

aggressive as ER-negative tumours (Gelbfish, G.A., et al, 1988). 
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Taking this panel as representative of a broad spectrum, it is clear that there was a 

degree of variance in both LDH-A and LDH-B expression both between and within 

cancer types(Figure 3.6). This not withstanding, the following observations can be 

made. Firstly, despite a difference in constitutive levels of LDH-A expression, LDH-

A was hypoxia-induced in all of the cell lines with the exception of the paired 

+/+p53 and -/-p53 HCT-116 which instead demonstrated a relatively high 

constitutive normoxic level of LDH-A expression (Figure 3.6A). 



97 
 

 

Figure 3.6: LDH-A and LDH-B expression under normoxia and hypoxia: [A] protein levels across a 

broad panel of cell lines; [B]-[D] RNA levels in MCF-7 and MDA-MB-231; [F] a higher exposure of 

MCF-7 and MDA-MB-231 reveals LDH-B is constitutively expressed by MCF-7. t = 48h. N=3. * = P 

<0.05; ** = P<0.01; *** = P<0.001. 
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Secondly, there appeared to be limited differences in LDH-B expression after 

hypoxic exposure in the non-breast cell lines on a protein level. 

The picture in the breast lines was less clear due to large variances in constitutive 

expression levels. In particular, the relationship between ER status and LDH-B 

expression only held in half of the breast cancer cell lines, with MDA-MB-361 and 

MDA-MB-468 showing the inverse relationship of what was expected. 

To explore LDH-A further and investigate the inverse relationship between ER 

status and LDH-B identified in MCF-7 and MDA-MB-231Figure 3.5Cit was decided 

to look at both LDH-A and LDH-B expression in more detail in these cell lines as 

they showed large differences in constitutive LDH-A and LDH-B expression.  

The relative mRNA levels in MCF-7 and MDA-MB-231 (Figure 3.6B-E) showed 

that there was again a difference in constitutive levels between cell lines with 

MDA-MB-231 expressing 3.4 times more LDH-A mRNA and 18.5 times more LDH-

B mRNA under normoxia than MCF-7. This higher constitutive level of expression 

in MDA-MB-231 led to less hypoxic control than in MCF-7 with the latter seeing a 

5.5 fold increase in LDH-A mRNA (Figure 3.6B) compared to the former’s 2.3 fold 

increase (Figure 3.6C). The story was repeated for LDH-B mRNA with hypoxia in 

MCF-7 reducing levels by 45% (Figure 3.6D) compared to 23% in MDA-MB-231 

(Figure 3.6E). 

This data was reinforced by re-running the protein gels for MCF-7 and MDA-MB-

231 and then over-exposing the resulting film (Figure 3.6F); this supported the 

mRNA data. It also demonstrated that whilst the differences in constitutive LDH-B 

expression between MCF-7 and MDA-MB-231 in Figure 3.6A are correct, that the 
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levels of LDH-B in MCF-7 are so low compared to MDA-MB-231 that they were 

virtually undetectable at a normal film exposure. 

With this data in mind, the third observation is that in MCF-7 and MDA-MB-231 

cells there was an inverse relationship between ER status and LDH-B expression 

which correlates to the previous clinical data; in particular the MDA-MB-231 cells 

which are ER-negative showed markedly higher LDH-B levels on both a protein 

and mRNA level as opposed to the ER-positive MCF-7 though this relationship was 

not mirrored in ER-negative MDA-MB-468 which instead showed no LDH-B 

expression. 

Lastly, there was a higher constitutive level of expression of LDH-A in MDA-MB-

231 than MCF-7. This difference in LDH-A expression reflects the difference 

between MCF-7 and MDA-MB-231 with the latter being recognised as a more 

glycolytic cell line than the former (Gattenby, R.A., et al, 2004). 

These findings considered, it was decided that MCF-7 and MDA-MB-231 

represented a good pair of cell lines to continue experimental work in given their 

differing ER statuses, LDH-A and LDH-B expression levels and glycolytic rates. 

3.2.4: EXPOSURE TO HYPOXIA REVEALS A RECIPROCAL RELATIONSHIP BETWEEN 

LDH-A AND LDH-B EXPRESSION IN MCF-7 AND MDA-MB-231 

Given the link between LDH-A and hypoxia, it was important to establish the point 

at which LDH-A is induced, understand the importance of differencesin 

constitutive levels of expression, and also to probe further the relationship 

between LDH-B and hypoxia. As can be seen in Figure 3.7, exposing MCF-7 and 
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MDA-MB-231 cells to hypoxia at 0.1% oxygen uncovers a reciprocal relationship 

between LDH-A and LDH-B expression.  

 

Figure 3.7:changes to the expression of HIF-1 , LDH-A and LDH-B upon prolonged exposure to 

hypoxia. N=3. 

 

This inversion in expression levels was clearest in the MCF-7, with a point of 

inflexion occurring between 8 and 12 hours whilst in MDA-MB-231 this takes 

place later between 24 and 48 hours.  

The more highly glycolytic MDA-MB-231 had a higher level of constitutive 

expression of both proteins and therefore a less marked hypoxic induction of LDH-

A or down-regulation of LDH-B, though in the case of LDH-B it was starting from a 

markedly higher basal level than the MCF-7 cells. In short, evidence of a reciprocal 

relationship in MDA-MB-231 was less clear-cut. 

Taken as a whole, the data not only shows differential response to hypoxia in 

terms of LDH-A and LDH-B expression but crucially also suggests a possible role 

for LDH-B that necessitates its down regulation in both cell lines that studies to 

date have failed to uncover. 
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3.2.5: THE HYPOXIC UP-REGULATION OF LDH-A AND DOWN-REGULATION OF 

LDH-B IS MEDIATED BY HIF-1 

Following on from the previous data exposing a relationship between LDH-A/B 

expression and hypoxia it was important to determine the nature of hypoxic 

control and demonstrate whether it was dependent on a known hypoxia-regulated 

transcription factor.  

The approach chosen used RNA interference to knock down HIF-1 and HIF-2.In 

MCF-7 the effects were clear at both the RNA and protein levels (Figure 3.8A, C 

and E). LDH-A up-regulation under hypoxia was HIF-1 dependent and HIF-2 

independent with LDH-A mRNA levels reduced by 64% compared to the hypoxic 

control when HIF-1 was knocked down. The down-regulation of LDH-B in MCF-7 

under hypoxia showed a similar HIF-1 dependence with a 1.6 fold increase in 

mRNA levels compared to the hypoxic control.  

In MDA-MB-231, (Figure 3.8B, D and E) there was a higher constitutive level of 

expression of both isoforms; whilst HIF-1 and HIF-2 played a similar role, their 

effect on global levels of LDH-A and LDH-B as a consequence were much less 

marked; HIF-1 knockdown reduced LDH-A mRNA levels by 21% and led to a 1.4 

fold increase in LDH-B mRNA.However, in MDA-MB-231 cells, there was a 

disconnect between HIF-2 and LDH-A with mRNA suggesting no HIF-2 control of 

LDH-A whilst the protein data was less conclusive. 
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Figure 3.8: LDH-A expression is HIF-1 dependent in [A] MCF-7 and [B] MDA-MB-231; LDH-B 

expression is negatively regulated by [C] HIF-1 in MCF-7 and [D] HIF-1 and HIF-2 in MDA-MB-231. 

t = 48h. N=3. * = P <0.05; ** = P<0.01; *** = P<0.001. 
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3.2.6: RNA INTERFERENCE OF LDH-A AND LDH-B REDUCES CONSTITUTIVE 

EXPRESSION AFTER 48 HOURS 

In order to further understand the role of LDH-A and LDH-B it was important to 

select and validate siRNA to both proteins. In both cases, three siRNA sequences 

were designed and synthesized; alongside these three, a pool of the three was also 

evaluated. With both LDH-A and LDH-B all three sequences were successful in 

knocking down their target protein; in neither was there an additive effect from 

the siRNA pool that in any way demonstrated an improved level of down-

regulation (Figure 3.9).  

 

Figure 3.9: siRNA to [A] LDH-A and [B] LDH-B. t = 48h. N=3. 

 

With the siRNA validated this provided a tool to knock out the expression of LDH-

A and LDH-B in order to further study their function. With that in mind, LDH-A(1) 

and LDH-B(1) respectively were selected for further experimental use. 
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3.2.7: SIRNA MEDIATED KNOCKDOWN OF LDH-A REDUCES THE GROWTH OF MCF-

7 AND MDA-MB-231 CELLS GROWN IN 2D 

Cells were transfected in duplicate according to standard protocol and allowed to 

recover before being exposed to 5 days hypoxia or being cultured in normoxia 

(control). Average cell counts were then analysed across all repeats and presented 

graphically. 

In terms of cell growth over time MDA-MB-231 cells, as a more glycolytic and 

proliferative cell type than the MCF-7 cells, grew more quickly. However, in both 

cell lines, LDH-A knockdown had a significant effect on reducing growth when 

compared to the scramble control (Figure 3.10) (which itself demonstrated a 

reduction in growth when compared to a mock control, indicating the intrinsic 

toxicity of RNA interference). In MCF-7 cells there was a 61% reduction in growth 

in normoxia (Figure 3.10A) and a 93% reduction in growth in hypoxia (Figure 

3.10C) when LDH-A was knocked down compared to the control.  

In MDA-MB-231 there was a 60% reduction in growth in normoxia (Figure 3.10B) 

and a 52% reduction in growth in hypoxia (Figure 3.10D) when LDH-A was 

knocked down compared to the control. That the knockdown reduced growth in 

both normoxia and hypoxia demonstrates that there is a constitutive level of LDH-

A activity that may correlate to the Warburg effect in both cell lines. 

The story with LDH-B also seems clear inasmuch as the effect of LDH-B 

knockdown has no significant effect (Figure 3.11). Nevertheless, the role of LDH-B 

may be more subtle and it is naïve to expect dramatic global effects from every 
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protein knocked down. For this reason alone, the role of LDH-B deserves further 

exploration. 

 

Figure 3.10: siRNA knockdown of LDH-A reduces the growth of [A] MCF-7 and [B] MDA-MB-231 in 

normoxia and [C]-[D] hypoxia; [E] immunoblot analysis demonstrates an efficient knockdown of 

LDH-A at day 5. N=3. * = P <0.05; ** = P<0.01; *** = P<0.001. 

 

 



106 
 

 

 

Figure 3.11: siRNA knockdown of LDH-B does not affect the growth of [A] MCF-7 and [B] MDA-

MB-231 in normoxia and [C]-[D] hypoxia; [E] immunoblot analysis demonstrates an efficient 

knockdown of LDH-B at day 5. N=3. * = P <0.05; ** = P<0.01; *** = P<0.001. 
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3.3: DISCUSSION 

3.3.1: LDH-A IS A VALID TARGET FOR FURTHER INVESTIGATION IN MCF-7 AND 

MDA-MB-231 

LDH-A levels are elevated across a broad range of cancers and are upregulated 

under hypoxia in HIF-1 dependent manner. Despite there being a clear indication 

of differences between LDH-A and LDH-B levels in breast cancer cells, the data 

showing significant levels of both in some breast cancer cell lines indicates that 

this lack of significance on a clinical level derives in part from high constitutive 

levels of expression in healthy tissue. 

The most important finding, within the context of validating LDH-A as a molecular 

target for small molecule inhibition, is that LDH-A is critical to tumour growth in 

normoxia and hypoxia.  

Interestingly, LDH-A knockdown in normoxia in the less glycolytic MCF-7 impairs 

growth almost as significantly as knockdown in the more glycolytic MDA-MB-231 

in hypoxia. This data perhaps uncovers several findings. Firstly, the role of hypoxia 

is not critical in determining the effect of LDH-A knockdown. Secondly, and 

following on from this, is the conclusion that LDH-A expression (and as a corollary 

aerobic glycolysis in general) is maintaining a phenotype that has more to it than a 

simply adaptive bioenergetic response to low oxygen levels. Lastly, on a practical 

level, is the supposition that confluent cells can generate pericellular hypoxia 

under normoxic conditions that cannot be completely factored out of experiments. 

It would be expected that there would be a significant bioenergetic loss for cells to 

adopt an aerobic glycolytic phenotype; oxidative phosphorylation (OXPHOS) is a 
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much more efficient means of generating ATP. For every molecule of glucose, 

glycolysis produces 2 molecules of ATP whilst OXPHOS can produce up to 34 

molecules of ATP. However, glycolytic cells appear to compensate for this shift to a 

less efficient pathway by aggressively increasing their glucose uptake (Vander 

Heiden, M.G., et al, 2009). 

By trafficking pyruvate towards LDH instead of PDH and onwards into the 

mitochondrial Tri-Carboxylic Acid (TCA) cycle, loses a key substrate for 

conversion to oxaloacetate. Other sources of carbon feed the TCA cycle to maintain 

its biosynthetic role exist such as glutamine; indeed, evidence suggests that 40% of 

glutamine in some cell lines cells ends up incorporated into lactate, demonstrating 

an active TCA cycle feeding pyruvate back into the cytosol (DeBerardinis, R.J., et al, 

2007). However, whilst the TCA cycle retains a certain degree of activity, studies 

have shown that the ATP generating potential of the mitochondria is severally 

compromised in aerobically glycolytic cells, with an increase in the mitochondrial 

membrane potential reflecting lower levels of ATP synthase proton transport 

across the membrane and therefore less ATP being synthesized via OXPHOS 

(Fantin, V.R., et al, 2006). This shift from a bioenergetic role for the mitochondria 

to a biosynthetic role is supported in the literature (DeBerardinis, R.J., et al, 2007). 

Furthermore, the literature shows that murine cancer cells suffer reduced 

tumourigenicity and invasiveness when LDH-A expression was attenuated (Fantin, 

V.R., et al, 2006). There was also a reactivation of OXPHOS in cells where LDH-A 

expression was knocked down reflecting a link between LDH-A and mitochondrial 

metabolism. Aerobic glycolysis and LDH-A expression therefore plays a part in 

reducing oxidative stress by reducing the potential for the formation of reactive 
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oxygen species (ROS); in keeping with this, initial studies seem to show that LDH-A 

inhibition increases oxidative stress in tumour cells (Le, A., et al, 2010).In the first 

instance then, it is important to validate and quantify the effects of LDH-A 

inhibition in MCF-7 and MDA-MB-231 cells in order to explore whether the effects 

seen so far are the result of LDH-A inhibition producing a cytotoxic effect or 

whether it is merely slowing growth/cytostatic. Induced cytotoxicity would make 

LDH-A an attractive target; it is therefore important to establish the nature of LDH-

A inhibition.  

3.3.2: THE ROLE OF LDH-B NEEDS FURTHER ELUCIDATION 

It remains unclear why LDH-B is down-regulated under hypoxia. There is a 

suggestion in the literature that pyruvate accumulation is cytotoxic and triggers 

apoptosis through the inhibition of Histone Deacetylase Complexes (HDACs). 

Without LDH-B, cells are unable to reflux lactate to pyruvate and as pyruvate is 

toxic, this would prevent a potentially lethal accumulation. 

This notwithstanding, the question that needs addressing with respect to LDH-B 

centres on whether LDH-B is playing a role in maintaining growth or survival and 

future work should focus on unpicking this role further. 
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CHAPTER 4: LDH-A AS A TARGET FOR 

SELECTIVE ANTI-CANCER CHEMOTHERAPY 

4.1: INTRODUCTION 

Having established in the previous chapter that there is a reduction in growth 

when LDH-A is knocked down, it is important in terms of the central aim of this 

thesis- namely to explore targets with a view to drug discovery- to gain a better 

understanding of LDH-A as an anti-cancer target. To do this, it is necessary to 

reiterate the concepts that allow a molecular target to be judged as ‘good’ (or 

indeed, not ‘good’). 

4.1.1: WHAT CONSTITUTES A ‘GOOD’ MOLECULAR TARGET? 

The history of anti-cancer chemotherapeutics has been discussed at great length in 

an earlier chapter. With this in mind, it is sufficient highlight the shift in strategy 

from general cytotoxics that broadly inhibit all proliferating cells (with the 

attendant heavy side-effects that would be expected of such an approach) to more 

selective inhibitors of pathways that have been particularly implicated in 

maintaining transformed cells.  

These targets can be found in a diverse array of pathways, from cell signalling to 

angiogenesis; it was with selective chemotherapeutics in mind that Chapter 1 

introduced LDH-A as a target due to it acting as a choke-point in maintaining 

bioenergetic, biosynthetic and bioreductive pathways. This notwithstanding, the 



111 
 

desired outcome is the samewhatever the target; to selectively kill tumour cells 

whilst minimizing the damage to healthy tissue, thereby increasing the potency of 

the treatment and reducing unwanted side-effects. 

The key to a target being considered good then is that the pathway must either be 

one that is heavily or exclusively used in transformed cells (and as such is 

normally down-regulated or silenced in healthy tissue) or one where a 

redundancy exists in healthy tissue that is not present in the transformed cell. 

LDH-A could be placed in either the former category, given the up-regulation of 

aerobic glycolysis associated with many cancers, or the latter, considering that 

mitochondrial respiration is down-regulated in transformed cells (thereby 

removing an escape pathway for pyruvate that remains available in healthy cells). 

Alongside this, it is important to consider whether any healthy tissues are over-

reliant on a particular pathway; not least, the complex physiology and 

biochemistry of the heart cannot be overlooked. In this vein, the existence of LDH-

B as a heart isoform needs to be probed in order to uncover whether selectivity 

towards LDH-A is essential. 

Lastly, considering the aim to kill tumour cells, it is important that inhibiting the 

target of choice achieves this outcome; cytostatic agents may have a desirable 

effect and arrest tumour growth during the course of the treatment but once the 

chemotherapy is removed the potential remains for proliferation to resume. With 

this in mind, it is important to quantify whether inhibition of the target induces 

cell-cycle arrest or programmed cell death. 
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4.1.2: AIMS 

Having established that LDH-A knockdown reduces the growth of MCF-7 and 

MDA-MB-231 cells, it is necessary to quantify this effect in terms of direct effects 

on metabolic outputs (ATP and lactate) and also more global effects on 

proliferation and cell death. In so doing, it should also be possible to arrive at a 

mechanistic explanation for any observations. 
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4.2: RESULTS 

4.2.1: SIRNA MEDIATED KNOCKDOWN OF LDH-A AND LDH-B HAS DIFFERENT 

EFFECTS ON MCF-7 AND MDA-MB-231 CELLS IN A 3D MODEL 

In order to develop a better idea of the effect both LDH-A and LDH-B knockdown, 

MCF-7 and MDA-MB-231 cells were grown as 3D tumour spheroids according to 

established procedures (Ivascu, A., et al, 2006). This model was adopted to give a 

more realistic idea of tumour growth in 3D; it was expected that over a given size 

the spheroid would develop a hypoxic core and therefore an oxygen gradient, 

something that the limitations of 2D culture cannot mimic. 

The difference in growth rates between MCF-7 and MDA-MB-231 seen in 2D 

culture in the previous chapter (Figure 3.10) was exaggerated with MCF-7 cells 

growing much more slowly than MDA-MB-231 in the spheroid model. 

In MCF-7 cells, neither LDH-A or LDH-B knockdown had a discernible effect 

(Figure 4.1). What was notable though was that the LDH-A knockdown produced 

much less round spheroids (Figure 4.1 C) that were more prone to disaggregation 

than the scramble control. This diminished roundness and increased propensity to 

disaggregate is indicative of peripheral cell death. These patches proved difficult to 

exclude when the imaging software was quantifying spheroid volume and 

subsequently may account for the slightly larger volume seen in the LDH-A 

knockdown throughout and in the control at day 1. 
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Figure 4.1: MCF-7 cells grow poorly in 3D spheroids; the result is that [A] LDH-A knockdown and 

[B] LDH-B knockdown have no effect compared to the scramble control; [C] LDH-A knockdown 

reduces the roundness of tumour spheroids. t = 144h. N=3. * = P <0.05; ** = P<0.01; *** = P<0.001. 

 

In the MDA-MB-231 cells the results were more striking (Figure 4.2). The 

difference in growth between the LDH-A knockdown and the control was very 

large, with a 90% reduction in spheroid volume in the LDH-A knockdown at day 6. 
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The LDH-B knockdown had no effect on volume. However, on the basis of the data 

for both cell lines for the LDH-A knockdown there was sufficient basis for 

investigating any underlying mechanisms further. 

 

Figure 4.2: MDA-MB-231 growth in 3D spheroids is robust; [A] LDH-A knockdown reduces 

spheroid growth; [B] LDH-B knockdown has no significant effect compared to the scramble control; 

[C] spheroid images. t = 144h. N=3. * = P <0.05; ** = P<0.01; *** = P<0.001. 
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4.2.2: IMMUNOHISTOCHEMICAL STAINING OF 3D MDA-MB-231 SPHEROIDS 

REVEALS THE EFFECT OF LDH-A KNOCKDOWN ON PROLIFERATION, HYPOXIA, 

NECROSIS AND CELL DEATH 

In order to further establish why LDH-A knockdown reduced spheroid volume in 

MDA-MB-231, the above experiment was repeated and the spheroids fixed, 

embedded and sliced ready for immunohistochemical analysis at day 6. MCF-7 

were not taken forward at this point as the sluggish growth produced spheroids of 

insufficient size for a proper immunohistochemical analysis. 

The stains used were specifically to look at changes to; the necrotic region at the 

centre of the spheroid (H&E); hypoxic areas (carbonic anhydrase 9 (CA9)); 

proliferation (KI67); and cell death (cleaved-caspase 3). 

In terms of LDH-A knockdown, there was a 70% decrease in proliferation as 

measured by percentage cells staining positive for ki67 (Figure 4.3). LDH-B 

knockdown showed a 1.3 fold increase in proliferation though this is likely to be 

due to the decrease in cells in the core of the spheroid in this knockout (thereby 

reducing total number of cells) rather than an increase in proliferation per se. This 

interpretation is supported by the previous data in Figure 4.2B with no difference 

in spheroid volumes between the control and the LDH-B knockdown. Indeed, 

looking at the raw results (Figure 4.3A) the staining in the control and the LDH-B 

knockdown is similar in that KI67 is restricted to the leading edge of both 

spheroids where as in the LDH-A knockdown the KI67 staining is more diffuse the 

spheroid periphery appearing to disaggregate. 
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Figure 4.3: [A] MDA-MB-231 spheroids stained for KI67; [B] LDH-A knockdown reduces the 

number of ki67 positive cells; LDH-B knockdown slightly increases the number of ki67 positive 

cells. t = 144h. N=1. * = P <0.05; ** = P<0.01; *** = P<0.001. 

 

In addition to this, there was a marked increase in cell death as measured by 

cleaved caspase-3 staining with the LDH-A knockdown showing 4.9 fold increase 

in positive staining. The LDH-B knockdown had no effect (Figure 4.4). 
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Figure 4.4: [A] MDA-MB-231 spheroids stained for cleaved caspase-3; [B] LDH-A knockdown 

increases the number of cleaved caspase-3 positive cells; LDH-B knockdown has no effect. t = 144h. 

N=1. * = P <0.05; ** = P<0.01; *** = P<0.001. 

 

Measuring hypoxia and necrosis was achieved by staining and scoring for CA9, 

pimonidazole and H&E respectively. Hypoxia staining (Figure 4.5 and 4.6) 

showed that the LDH-A knockdown cells did not get to a sufficient size to generate 

a hypoxic core. Again, the fewer number of cells in the hypoxic core of the LDH-B 

knockdown perhaps skewed this result, with a recorded reduction in hypoxia as 

measured by CA9 staining. 
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Figure 4.5: [A] MDA-MB-231 spheroids stained for CA9; [B] LDH-A knockdown reveals tumour 

spheroids do not reach a sufficient size to stain positively for CA9; LDH-B knockdown produces an 

apparent reduction in CA9 staining. t = 144h. N=1. * = P <0.05; ** = P<0.01; *** = P<0.001. 

 

CA9 staining alone was not sufficient to understand changes in hypoxia due to the 

potential of cross talk between CA9 and LDH-A expression and change in acidity. 

With this in mind pimonidazole staining was conducted in parallel (Figure 4.6). 

The results corroborated the CA9 data with regards to hypoxia. However, the LDH-

B staining was restricted by the recovery of only one spheroid at this timepoint for 

this experiment and would bear repeating in future experiments. 
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Figure 4.6: [A] MDA-MB-231 spheroids stained for pimonidazole; [B] LDH-A knockdown reveals 

tumour spheroids do not reach a sufficient size to stain positively for pimonidazole; [C] LDH-B 

knockdown produces an apparent reduction in pimonidazole staining. t = 144h. N=1. * = P <0.05; ** 

= P<0.01; *** = P<0.001. 

 

Looking at necrosis (Figure 4.7) what is interesting is that the LDH-A knockdown, 

despite being small, has a necrotic region at the centre. Whilst this could be 

speculated as being in part deriving from the reconstituted basement membrane 

used to generate the spheroids, the ring of cleaved caspase-3 staining around this 

region would suggest that it is genuinely necrotic. LDH-B knockdown does not 

generate a significant difference in necrosis.  
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Figure 4.7: [A] MDA-MB-231 spheroids stained for H&E; [B] LDH-A knockdown reduces necrosis; 

[C] LDH-B knockdown produces no significant difference. t = 144h. N=1. * = P <0.05; ** = P<0.01; 

*** = P<0.001. 

 

4.2.3: SIRNA MEDIATED KNOCKDOWN OF LDH-A RESULTS IN THE ACTIVATION OF 

CELL DEATH PATHWAYS IN MCF-7 CELLS 

Given the difficulty in reliably growing MCF-7 cells in 3D spheroids, the 

investigation returned to 2D culture for further investigation into the roles of LDH-

A and LDH-B. 

Poly (ADP-Ribose) Polymerase (PARP) is a protein involved in DNA repair and cell 

death pathways. PARP binds to DNA to repair DNA damage through two zinc 
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finger domains; this activity is inhibited by PARP cleavage which is initiated by 

pro-apoptotic factors. As a result, an increase in the ratio of cleaved PARP to total 

PARP is one indicator of increased cell death. 

After 48 hours, MCF-7 cells show an increase in PARP cleavage under hypoxia 

(Figure 4.8), an effect that is magnified when LDH-A is knocked down. However, 

in MDA-MB-231 there is no difference in PARP cleavage under either normoxia or 

hypoxia when either LDH-A or LDH-B is knocked out. 

 

Figure 4.8:MCF-7 and MDA-MB-231 cells after 48 hours growth in 2D culture; MCF-7 cells show an 

increase in PARP cleavage under normoxia and hypoxia whilst MDA-MB-231 show no change. t = 

48 h. N=3. 

Further attempts were made to reinforce this data usingflow cytometry to quantify 

annexin V and Propidium Iodid (PI) levels as wellas plate-based caspase assays. 

However, the results were noisy and did not prove repeatable. 

. 
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4.2.4: SIRNA MEDIATED KNOCKDOWN OF LDH-A SUPRESSES GROWTH AND 

REDUCES THE NUMBER OF CLONES IN A COLONY FORMING ASSAY 

Clonogenics were performed in order to ascertain the level of cytotoxicity in a 

quantitative way. By exposing the cells to a transient slight such as siRNA 

mediated LDH-A and LDH-B knockdown and/or hypoxia and then allowing the 

cells to recover the number and size of colonies cangive a further indication as to 

whether a cytotoxic or cytostatic effect is being observed. 

In both the case of LDH-A and LDH-B knockdown, cells were transfected according 

to standard procedure, allowed to recover, then exposed to hypoxia or normoxia 

(control) for 5 days before being allowed 10 days to recover prior to fixing and 

staining. 

Knocking out LDH-A reduced the clonogenicity of MCF-7 with 68% fewer colonies 

forming (Figure 4.9) under normoxia and 66% fewer under hypoxia reinforcing 

the idea that LDH-A knockdown is cytotoxic.  
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Figure 4.9: [A] a clonogenic assay in MCF-7 cells shows that LDH-A knockdown reduces colony 

formation which can be quantified in [B] normoxia and [C] hypoxia. t = 360h. N=3. * = P <0.05; ** = 

P<0.01; *** = P<0.001. 

 

Repeating the LDH-A knockdown in MDA-MB-231 produced an effect similar to 

that already observed in MCF-7 with the clonogenic data for MDA-MB-231 also 

showing LDH-A knockdown as being cytotoxic under normoxic and hypoxic 

conditions with reductions of 33% and 82% respectively (Figure 4.10). 
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Figure 4.10: [A] a clonogenic assay in MDA-MB-231 cells shows that LDH-A knockdown reduces 

colony formation which can be quantified in [B] normoxia and [C] hypoxia. t = 360h. N=3. * = P 

<0.05; ** = P<0.01; *** = P<0.001. 
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4.2.5: SIRNA MEDIATED KNOCKDOWN OF LDH-B HAS VARIABLE EFFECTS ON 

GROWTH 

When LDH-B was knocked down the effect was less clear cut. In MCF-7 (Figure 

4.11) under normoxia, there was a 22% reduction in the number of colonies 

wheras under hypoxic conditions, there was no significant change. 

 

Figure 4.11: [A] a clonogenic assay in MCF-7 cells shows that LDH-B knockdown [B] reduces 

colony formation in normoxia and [C] has no effect in hypoxia. t = 360h. N=3. * = P <0.05; ** = 

P<0.01; *** = P<0.001. 
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In MDA-MB-231 cellsthe clonogenic data (Figure 4.12) shows no difference in 

normoxia and a 1.5 fold increase in colonies with LDH-B knockdown compared to 

the control in hypoxia. 

 

Figure 4.12: [A] a clonogenic assay in MDA-MB-231 cells shows that LDH-B knockdown increases 

colony formation in [B] normoxia and [C] hypoxia. t = 360h. N=3. * = P <0.05; ** = P<0.01; *** = 

P<0.001. 
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4.2.6: SIRNA MEDIATED KNOCKDOWN OF LDH-A RESULTS IN A FALL IN LACTATE 

PRODUCTION AND ATP DEPLETION 

Approaches that interfere with cellular metabolism also require an understanding 

of the subsequent changes to metabolic outputs. In the case of LDH-A and LDH-B 

knockdown, the two outputs that bear most relevance are lactate, the product of 

the enzymatic reaction in question, and ATP, a more global indicator of what is 

occurring on a bioenergetic level. Lactate levels were normalised to cell number to 

account for difference in proliferation whilst ATP levels were normalised to 

protein concentrations obtained from a parallel SRB assay as detailed in Chapter 

2. 

For LDH-A knockdown in both MCF-7 and MDA-MB-231 there was a reduction 

compared to the scramble in both the level of lactate and the level of ATP 

production (Figures 4.13 and 4.14). MCF-7 cells saw a 23% reduction in lactate 

production (Figure 4.13A) and a 48% reduction of ATP (Figure 4.13C) in 

normoxia when LDH-A was knocked down. Under hypoxia, lactate production fell 

by 39% (Figure 4.13B) whilst ATP dropped by 40% (Figure 4.13D). 

In MDA-MB-231 cells, the reductions in lactate were 51% (Figure 4.14A) and 48% 

(Figure 4.14B) in normoxia and hypoxia respectively with the corresponding 

drops in ATP coming in at 26% (Figure 4.14C) and 31% (Figure 4.14D). 
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Figure 4.13: lactate levels are reduced in MCF-7 cells upon LDH-A knockdown under [A] normoxia 

and [B] hypoxia. ATP levels are reduced in MCF-7 cells upon LDH-A knockdown under [C] 

normoxia and [D] hypoxia. t = 120 h. N = 3. * = P <0.05; ** = P<0.01; *** = P<0.001. 

 

Figure 4.14: lactate levels are reduced in MDA-MB-231 cells upon LDH-A knockdown under [A] 

normoxia and [B] hypoxia. ATP levels are reduced in MDA-MB-231 cells upon LDH-A knockdown 

under [C] normoxia and [D] hypoxia. t = 120 h. N = 3. * = P <0.05; ** = P<0.01; *** = P<0.001. 
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When LDH-B was knocked down, there was a divergence between MCF-7 and 

MDA-MB-231. The former cell line showed no change in lactate or ATP levels 

between the control and LDH-B knockdown (Figure 4.15) except for a 15% drop 

in lactate production under hypoxia (Figure 4.15B). However, with MDA-MB-231 

(Figure 4.16) there was a 1.15 fold increase in media lactate when LDH-B was 

knocked down under hypoxia which was repeated under both normoxia and 

hypoxia with ATP concentrations rising 1.17 and 1.23 fold respectively, agreeing 

with and reinforcing the more clear-cut clonogenic data for LDH-B knockdown in 

this cell line. 
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Figure 4.15: lactate levels MCF-7 cells upon LDH-B knockdown [A] show no change under 

normoxia and [B] are reduced under hypoxia. ATP levels in MCF-7 cells upon LDH-B knockdown 

show no change under [C] normoxia and [D] hypoxia. t = 120 h. N = 3. * = P <0.05; ** = P<0.01; *** = 

P<0.001. 

 

 

 

 

 

 

 

 

Figure 4.16: lactate levels MDA-MB-231 cells upon LDH-B knockdown [A] show no change under 

normoxia and [B] are increased under hypoxia. ATP levels in MCF-7 cells upon LDH-B knockdown 

are increased under [C] normoxia and [D] hypoxia. t = 120 h. N = 3. * = P <0.05; ** = P<0.01; *** = 

P<0.001. 
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4.2.7: SIRNA MEDIATED KNOCKDOWN OF LDH-A RESULTS IN AN INCREASE IN 

EXTRA-CELLULAR ACIDIFICATION AND OXYGEN CONSUMPTION 

The existence of technologies and techniques to allow the real-time quantification 

of the extracellular acidification rate (ECAR) and the oxygen consumption rate 

(OCR) of cells in culture allowed the activity of the mitochondria to be probed 

further. 

Due to pressures of time and equipment availability, the experiment was initially 

performed in MCF-7 with an LDH-A knockdown. Nine discrete rate measurements 

were taken, each itself representative of 13 individual measurements of mpH 

(ECAR) or oxygen concentration (OCR). After rate point 3, all samples were treated 

with 1 M of oligomycin, a mitochondrial inhibitor targeting complex V. This had 

the effect of suppressing OXPHOS. Then, after rate point 6, half of the samples were 

treated with 300nM of FCCP which decouples ATPase activity and gives a maximal 

rate of respiration. The other half were treated with 1 M rotenone, a complex I 

inhibitor which in concert with oligomycin acts to suppress all mitochondrial 

activity. 

In order to validate whether the system was returning realistic rates, and to 

explore whether there was any utility in repeating the experiment under hypoxia-

like conditions, the hypoxia mimetic DMOG was used as it was not possible to 

conduct the experiment in a closed system. This returned a substantially lower 

rate of acidification for the hypoxia-like environment (Figure 4.17A). At first 

glance this looks to be contrary to what would be expected given that hypoxic 

regions are associated with a lower pH. However, when any single rate point was 

dissected (in the case of Figure 4.17A, rate point 1), it was clear that whilst the 
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rate under hypoxia-like conditions was substantially lower, this was because the 

starting pH was lower than that for normoxia and varies little over the time point 

whereas the normoxic pH moved between a greater range from a higher starting 

point. Given the suppression of ECAR under DMOG, this condition was not used to 

validate the effect of LDH-A knockdown on ECAR under hypoxia. 

 

Figure 4.17: ECAR for MCF-7 cells:[A] the hypoxia mimetic DMOG suppresses ECAR; [B] shows an 

increase in ECAR on LDH-A knockdown on treatment with FCCP and [C] no change on treatment 

with rotenone. N = 1.  
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Looking at ECAR in normoxia, there was a difference between LDH-A knockdown 

and the scramble control upon treatment with FCCP (Figure 4.17B) whereas 

there was no difference when the experiment was repeated with rotenone 

treatment after rate point 6 (Figure 4.17C) validating that LDH-A knockdown has 

an effect on MCF-7 in normoxia. 

In terms of mitochondrial activity, OCR is interesting as it is directly relatable to 

the amount of OXPHOS occurring. In interpreting OCR data, the difference between 

the mean of the first three points and the mean of the second three points 

represents the amount of ATP turnover. The difference between zero and the 

mean of the last three points when treated with rotenone represents non-

mitochondrial respiration; subtracting non-mitochondrial respiration from the 

mean of the first three points represents basal respiration, whilst subtracting it 

from ATP turnover gives the amount of proton leakage occurring to drive the 

proton gradient. Finally, subtracting non-mitochondrial respiration from the mean 

of the last three points when treated with FCCP gives the respiratory capacity. 

Again, to check the validity of the data, the hypoxia-mimetic DMOG was used 

(Figure 4.18A). In this instance, the results were as expected; the normoxic cells 

were greater oxygen consumers with a greater rate than was corroborated by raw 

data where the concentration of oxygen over the hypoxia-like cells was static but 

reduced markedly over time in the normoxic cells. However, the level of OCR was 

suppressed to almost zero restricting OCR measurements to normoxia. 

What was clear as an overall point looking at the data in Figure 4.18 is that there 

was more oxygen consumption when LDH-A is knocked down in terms of basal 

respiration, ATP turnover, and maximum respiratory capacity. However, in neither 
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case was there any particular difference in proton leakage. Significantly, when 

mitochondrial activity was completely disrupted with rotenone, there was also no 

difference (Figure 4.18C).  

 

Figure 4.18: OCR for MCF-7 cells [A] the hypoxia mimetic DMOG suppresses OCR; [B] shows an 

increase in OCR on LDH-A knockdown on treatment with oligomicyn FCCP and [C] a change after 

treatment with oligomycin which is suppressed on treatment with rotenone. N=1. 
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4.3: DISCUSSION 

4.3.1: LDH-A KNOCKDOWN IS CYTOTOXIC 

The differences in spheroid volume between MCF-7 and MDA-MB-231 are 

interesting and most likely reflect the different glycolytic capacities of the 

respective cell lines with MDA-MB-231 growing much more strongly. In MDA-MB-

231, the effect of LDH-A knockdown is proportionally much larger than the effect 

in 2D culture. This points to LDH-A playing a role in maintaining 3D growth, 

perhaps cooperatively with other pathways. This exact nature can only be 

explored by studying the effect of LDH-A knockdown under a further range of 

metabolic conditions (i.e., low glucose, low glutamine). 

The immunohistochemical data adds to a picture of LDH-A being a potentially 

good anti-cancer target. The tumour spheroid volumes were reduced and this was 

due to two factors. Firstly, there was an increase in programmed cell death 

measured either by an increase in cleaved caspase-3 staining in MDA-MB-231 

cells, or an increase in PARP cleavage in MCF-7 cells when LDH-A was knocked 

down. Secondly, proliferation was markedly reduced as measured by KI67 

staining. 

The clonogenic data reinforces the idea that LDH-A knockdown is cytotoxic; the 

data for LDH-B is less clear cut, but the potential that down-regulating LDH-B 

promotes growth and survival under hypoxia at least would agree with the earlier 

data in Chapter 3 that sees LDH-B protein levels reduced after hypoxic exposure. 

It is interesting that both lactate and ATP levels are reduced when LDH-A is 

knocked down. Whilst the former is predictable- with less LDH-A, there will be 
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fewer reductions of pyruvate occurring- the latter is perhaps indicative of aberrant 

mitochondrial function. This in itself might begin to explain the existence of the 

Warburg phenotype as a defensive mechanism against either reactive oxygen 

species (ROS) which damage DNA and can trigger apoptosis, or indeed a defence 

against the broader apoptotic role that competent mitochondria can play.  

Returning to the depletion of ATP levels upon LDH-A knockdown, it would be 

normal to suppose that the TCA cycle and OXPHOS would act as a redundancy 

pathway in the absence of an LDH-A catalysed escape for pyruvate; in this instance 

ATP would be expected to remain at least static, or (more likely) increase due to 

the greater efficiency of OXPHOS. However, the data seems to show that whatever 

escape pathways exist are not sufficient to overcome a significant ATP depletion 

when LDH-A is knocked down. This is particularly encouraging in a drug discovery 

context. 

The central question when it comes to the biology of ECAR is which factor can be 

expected to dominate this function; will it be lactic acid (and therefore prove to be 

a marker of glycolysis), or will it be dominated by carbonic acid generated from 

CO2 in the TCA cycle? The results tend to favour the latter; when LDH-A is knocked 

down, there is a moderate increase in ECAR or no change whereas if ECAR were a 

true measurement of glycolysis then a dramatic drop in ECAR should be expected 

upon LDH-A inhibition. 

The moderate increase in ECAR for the LDH-A knockdown when treated with the 

decoupler FCCP then is indicative of an increase in CO2 production. This is 

corroborated by the oxygen consumption data which shows an increase in oxygen 

consumption and therefore an increase in mitochondrial activity. This 
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corroborates the ATP data inasmuch as a metabolic ‘choice’ seems to have been 

made by transformed cells that disfavours the mitochondria resulting in a heavy 

reliance upon LDH-A and a subsequent vulnerability to it’s inhibition.  

More broadly assessing mitochondrial activity, either by simply looking at changes 

to morphology by electron-microscopy or repeating the work of Fantin (Fantin, 

V.R., et al, 2006) on changes to mitochondrial membrane potential, could yield 

further answers in this regard. 

4.3.2: FUTURE WORK 

The first issue to be addressed given the data suggesting an increase in oxidative 

stress would be to verify this by measuring ROS concentration. Several methods 

have already been tried from colorimetric techniques using the dye 

dichlorofluorescin diacetate (DCF-DA) through to more complex FACS approaches. 

Problems encountered with both centred on repeatability, no doubt in large part 

due to the transient nature of such species. Nevertheless, it would be beneficial to 

tie the data together that shows increased oxygen consumption to programmed 

cell death via an intermediary mechanism. 

Beyond this, the difference in growth between 2D and 3D models highlights the 

inadequacies of cell culture as a model. The existence of concentration gradients 

across tumours means that in reality hypoxia may be intermittent, and other 

stresses experienced such as low glucose. In order to reconcile the difference in 2D 

and 3D data, it is therefore important to consider the effect of LDH-A inhibition 

under low glucose conditions to determine whether it supports growth and 

inhibition is detrimental or otherwise. Moreover, it is important to uncover any 
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non-glyoclytic roles from a drug-discovery perspective so that LDH-A as a target 

can be properly assessed. 
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CHAPTER 5: LACTATE DEHYDROGENASE, 

METABOLITE WITHDRAWL, AND LACTATE 

5.1: INTRODUCTION 

The results in the previous chapters indicate a difference between the effects of 

LDH-A knockdown in 2-D versus 3-D growth models. That the siRNA knockdown 

had a greater effect in the latter in the more glycolytic MDA-MB-231 cells is 

indicative of LDH-A and its role in maintaining glycolysis being important in 

supporting 3-D growth above and beyond the other effects observed in 2-D. The 

question arising therefore, is what changes when transitioning to a 3-D model 

from 2-D culture. 

5.1.1: GRADIENTS EXIST ACROSS TUMOURS 

This question is answered in large part when considering the nature of gradients 

existing across solid tumours; the oxygen gradient is characterized by the hypoxic 

response, chiefly mediated by HIF-1, that allows tumours to grow beyond a certain 

size. Indeed, it has been calculated that a tumour mass cannot exceed 80 M in 

diameter without recruiting the new blood supplies to alleviate these gradients at 

the core of the tumour, not only of oxygen, but also key metabolites such as 

glucose. 

High interstitial pressures emanating from the centre of the tumour make it 

incredibly difficult for these metabolites to reach the centre of the tumour mass, 
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and must also be considered as a barrier to overcome in terms of delivering a drug 

to the whole tumour. Furthermore, given that LDH-A is notably up-regulated in 

hypoxia, corresponding to a greater degree of glycolysis, there will not only be a 

greater demand for glucose at the hypoxic core but also a greater production of 

lactate. This greater demand requires in some sense that the well-oxygenated cells 

on the periphery preferentially metabolise other substrates in favour of glucose, 

but also that there exists some mechanism for rapidly clearing lactate and 

preventing it from accumulating. 

5.1.2: TUMOURS CAN USE LACTATE AS A FUEL SOURCE 

Both of these problems seem to have been resolved to a certain extent with studies 

showing that lactate can not only fuel tumour metabolism, but that it also used as a 

substrate preferentially in the presence of glucose (Sonveaux, P., et al, 2008). The 

model proposed (Semenza, G.L., 2008) is one where LDH-A in the core is 

producing lactate from glucose-intensive glycolysis whilst LDH-B on the periphery 

is oxidizing this lactate back to pyruvate to ultimately produce ATP in the TCA 

cycle (Figure 5.1). 
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Figure 5.1: a model of cooperativity between LDH-A and LDH-B (Semenza, G.L., 2008). 

 

5.1.3: AIMS 

With these literature observations in mind, the aims of this chapter were 

threefold: one, to uncover whether lactate could fuel growth in either MCF-7 or 

MDA-MB-231 cells; two, to reveal whether this lactate-fuelled growth was 

dependent upon LDH-B; and three, to uncover what is controlling the selectivity 

between the reduction of pyruvate and the oxidation of lactate in these cells. 

 

Copyright © 2008, American Society for Clinical Investigation
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5.2: RESULTS 

5.2.1: MCF-7 AND MDA-MB-231 GROW AT DIFFERENT RATES IN THE PRESENCE 

AND ABSENCE OF GLUCOSE 

The first experiment was very simply to grow both MCF-7 and MDA-MB-231 cells 

in full DMEM (4.5g/L glucose) and glucose-free DMEM to see how much of these 

cell lines growth was attributable to glucose/how much glucose free growth 

occurred. Both cell lines grow robustly in full DMEM with MDA-MB-231 cells 

growing at a faster rate as previously described (Figure 5.2). Nevertheless, both 

cell lines in full DMEM achieve over-confluence from around day 10 onwards and 

thereafter begin to die. 

The story in glucose free media is slightly more nuanced; MCF-7 cells remain static 

in number until day 4 before beginning to die. MDA-MB-231 on the other hand, 

whilst growing considerably more slowly than their counterparts in full DMEM, 

achieve a moderate level of growth up until day 13, at which point presumably 

their source of alternative growth is approaching exhaustion. 
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Figure 5.2: growth is more robust in full DMEM than glucose free DMEM in both [A] MCF-7 and [B] 

MDA-MB-231. N=3. 

 

This source of alternative growth would appear to be lactate. Repeating the 

experiment and sampling the media reveals a basal level of lactate of around 

0.5mM (Figure 5.3). The source of this lactate is likely to be FCS. The full DMEM 

experiments show an expected lactate relationship with an increase that matches 

the growth profiles; in short, more glucose consumption is leading to greater 

lactate production. 

However, in the glucose free DMEM replicate the lactate level for MDA-MB-231 

show a slight decrease indicating that there is a degree of lactate uptake and 

utilisation. 
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Figure 5.3: [A] lactate levels increase in MCF-7 cells in full DMEM and flatline in glucose free 

DMEM; [B] lactate levels increase in MDA-MB-231 cells in full DMEM and fall in glucose free DMEM. 

N=3. 

 

5.2.2: MCF-7 AND MDA-MB-231 RESPOND DIFFERENTLY TO THE WITHDRAWL 

OF GLUCOSE AND GLUTAMINE 

Given that there was a different response between MCF-7 and MDA-MB-231 cells 

to glucose-free DMEM, it was important to establish whether this effect was due to 

glutamine. The cells were therefore grown over varying time periods and with 

lystates collected for immunoblotting and media samples taken to analyse lactate 

levels. Figure 5.4 is representative of the trend in that cells grown in glutamine-

free DMEM demonstrate a similar lactate production profile to those grown in full 

DMEM. Whilst it is possible to infer from this that the bulk of lactate carbons in 

both MCF-7 and MDA-MB-231 derive from glucose, there is evidence that suggests 

that glutamine uptake is glucose-dependent (Wellen, K.E., et al, 2010). In either 

case, the critical result is this; that in the absence of glucose, glutamine will not fuel 
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growth. Furthermore, MDA-MB-231 produced more lactate than MCF-7 under all 

conditions tested. 

 

Figure 5.4: lacate production in [A] MCF-7; [B] MDA-MB-231; [C] in full DMEM; in [D] glucose free 

DMEM; [E] in glutamine free DMEM; [F] immunoblot reveals changes in protein expression levels 

after changing to glucose free DMEM. N=3. 
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In this instance, questions arise concerning the precise identity of any lactate 

source given that it cannot be glutamine alone. However, it must be stated that 

these experimental conditions are necessarily false and that in vivo differences in 

metabolite concentrations are likely to be both localised and transient. 

In line with the model outlined above, where LDH-A is responsible for pyruvate 

reduction and LDH-B is responsible for lactate oxidation, the next step was to look 

at what happened to protein expression when MCF-7 and MDA-MB-231 were 

deprived of glucose. 

The levels of glucose transporters GLUT1 and GLUT3 does not vary, though this 

does not account for the fact that their activity may be altered under glucose-free 

conditions. What is interesting is that in relation to LDH-B, there is a pseudo-

hypoxic phenotype with a pattern of down-regulation over time. This is most 

pronounced in the MCF-7 cells, where there is also an up-regulation of MCT-4, the 

transporter protein responsible for lactate export. These last two observations 

taken together appear counterintuitive and there is no easy explanation.  

That said, both LDH-B and MCT-4 are geared towards clearing lactate from the cell, 

albeit in different directions (the former back to pyruvate and the latter out of the 

cell completely). This may indicate a level of cooperativity between LDH-B and 

MCT-4 expression. The down-regulation of LDH-B in particular suggests that any 

role in lactate-fuelled growth may be overstated. 
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5.2.3: LDH-A INHIBITION IN MCF-7 AND MDA-MB-231 REDUCES GROWTH IN 

THE ABSENCE OF GLUCOSE 

If the effect of LDH-A inhibition arises through a downstream inhibition of 

glycolysis then in the absence of glucose, LDH-A inhibition should have no effect. 

Likewise, if LDH-B has a role in maintaining growth in a glucose-free environment, 

then LDH-B knockdown in glucose-free DMEM should have a significant effect in 

the presence of background media lactate levels (~0.5 mM). However, the data is 

in stark contrast to these predictions (Figure 5.5). 

 

Figure 5.5: in glucose free DMEM[A] LDH-A knockdown in MCF-7 reduces growth; [B] LDH-B 

knockdown has no effect; [C] LDH-A knockdown in MDA-MB-231 reduces growth; [D] LDH-B 

knockdown in MDA-MB-231 has no effect. N=3 * = P <0.05; ** = P<0.01; *** = P<0.001. 
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Indeed, what is interesting is that the effects are, whilst scaled down to account for 

less growth in glucose-free DMEM, similar to the data for LDH-A and LDH-B 

knockdown in full DMEM seen in Chapters 3 and 4. Chiefly, LDH-A knockdown 

produces less growth when compared to the scramble control whilst LDH-B 

knockdown has no effect. Specifically, there is a 47% reduction in cell number in 

MCF-7 and a 63% reduction in cell number in MDA-MB-231 when the LDH-A 

knockdown is compared to the control. 

This data implies that there is a level of metabolic activity occurring in the absence 

of glucose that is LDH-A dependent. The outstanding question then was whether 

this activity was confined to a residual level of glutaminolysis utilizing the TCA 

cycle and producing pyruvate as a by-product or extended to lactate-fuelled 

growth. 

5.2.4: MDA-MB-231 CAN USE LACTATE AS A FUEL SOURCE UNDER STARVATION 

CONDITIONS 

In order to establish whether MCF-7 and MDA-MB-231 cells could use lactate as a 

fuel source, cells were plated and grown in glucose free DMEM. At day 1, 10 mM 

lactate was added alongside a blank (media only) control and cell counts were 

taken at set points (Figure 5.6). For MCF-7, the cells died quickly in both the 

lactate-treated and lactate-free media. This correlated with the earlier data in 

Figure 5.2 showing weak glucose free growth in MCF-7. 
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Figure 5.6: treating cells with 10mM lactate at day 1 has no effect on [A] MCF-7 or [B] MDA-MB-

231. N=3. 

The MDA-MB-231 cells showed stronger growth under glucose withdrawal but 

lactate treatment still had no effect. To rule out a role for glutamine, the 

experiment was repeated with the cells being grown in glucose free medium for a 

week prior to seeding in order to deplete any background metabolites (Figure 

5.7A). Once again, this showed no effect for lactate and so a reverse approach was 

attempted using glutamine-free DMEM and the small molecule 2-deoxy glucose (2-

DG), a known inhibitor of glycolysis, to modulate glucose flux (Figure 5.7B). Again, 

the effect of lactate at day 1 is negligible in glutamine-free DMEM in the absence of 

2-DG, whilst the effects of 2-DG on those cells treated was so profound it 

suppressed growth to a large extent in both lactate treated and untreated cells. 

This data also seemed to confirm that any impact glutamine may have on growth is 

glucose-dependent. 
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Figure 5.7: treating MDA-MB-231 cells with 10mM lactate at day 1 [A] has no effect after growing 

cells in glucose free DMEM for 7 days; [B] does not rescue cells treated with 10mM 2-DG in 

glutamine free DMEM; [C] produces a significant difference in growth in glucose and glutamine free 

DMEM. N=3 * = P <0.05; ** = P<0.01; *** = P<0.001. 
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The last approach, to discount the possibility of non-specific effects of 2-DG, was to 

reconstitute DMEM from powder without glucose or glutamine. In this experiment, 

treating cells with 10mM lactate at day 1 increased growth of MDA-MB-231 cells 

by 3 fold after 15 days when compared to the untreated (blank DMEM) control 

(Figure 5.7C). 

5.2.5: LACTATE-FUELLED TUMOUR GROWTH IS LDH-A DEPENDENT AND OCCURS IN 

THE MITOCHONDRIA 

Having arrived at conditions under which lactate could be used to fuel tumour 

growth, it was important to see if this lactate-fuelled growth was dependent upon 

either LDH-A or LDH-B. This was achieved by repeating the previous experiment 

in the presence of MDA-MB-231 cells in glucose and glutamine free media with 

LDH-A and LDH-B knocked down by siRNA. 

As can be seen, lactate fuelled growth was LDH-A dependent and not, as suggested 

by models in the literature, LDH-B dependent (Figure 5.8A). This result manifests 

itself as not only lower growth in the LDH-A knockdown but also when lactate 

consumption is looked at. The level of reduction in growth in the lactate-treated 

LDH-A knockdown is stark, with a 44% reduction in cell number. This compares to 

a 51% reduction in cell number between the lactate treated and untreated 

controls. Moreover, media collected at day 5 shows that the consumption of lactate 

in the LDH-A knockdown had been markedly diminished (Figure 5.8B) with 1.3 

fold and 1.6 increases in media lactate in the untreated and treated cells 

respectively. 
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Figure 5.8: [A] LDH-A knockdown reveals that in MDA-MB-231 cells lactate fuelled tumour growth 

is LDH-A dependent; [B] lactate levels at day 5 show that LDH-A knockdown reduces lactate uptake 

and therefore increase the concentration remaining in the media. t = 120 h. N=3 * = P <0.05; ** = 

P<0.01; *** = P<0.001. 

 

This surprising discovery brings an even greater focus upon the third aim of this 

chapter. Uncovering what mediates the selectivity between the interconversion of 

pyruvate to lactate assumed even greater importance now that it appeared that 

this interconversion was not being operated by different isoforms of the same 

enzyme but rather LDH-A alone. 

A recourse to the literature revealed that another model for lactate oxidation had 

been proposed (Hussein, R., et al, 1999). The main feature of this model is that 

within different tissues, single isoforms of LDH could exist as either cytosolic LDH 

(cLDH) or mitochondrial LDH (mLDH) and that it was the latter that was 
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responsible for lactate oxidation whilst the former took control of the forward 

reduction of pyruvate. 

As a preliminary step, an analysis was undertaken of both the LDH-A and LDH-B 

sequences using mitoprot to assess whether either gene contained a mitochondrial 

targeting sequence. The results, seen in Appendix A, show that neither gene has a 

high probability of mitochondrial export. This in itself is not conclusive however, 

as chaperone proteins may be responsible for the mitochondrial translocation of 

LDH. However, characterising the identity and nature of these putative chaperones 

is outside the remit of this project. 

 

Figure 5.9: the mitochondrial electron transport chain (Brownlee, M., 2001). 

 

In order to verify the existence of otherwise of mLDH-A, two experiments were 

planned. Firstly, for LDH-A to oxidize lactate it requires a source of NAD+; in the 

mitochondria this is generated by the electron transport chain, specifically 

complex I (Figure 5.9). In the first instance then, MDA-MB-231 cells were grown 

and treated with 10mM lactate as previously. However, both the treated and 
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untreated were further divided in half and exposed to rotenone, a small molecule 

inhibitor of complex I.The results show that treatment with rotenone suppresses 

growth in the presence and absence of lactate (Figure 5.10).Though this data may 

imply a dependence upon OXPHOS under all conditions, previous data in this 

thesis and in the literature (Fantin, V.R., et al, 2006) (Le., A., et al, 2010) that 

suggests that mitochondrial activity is downregulated in highly glycolytic cells 

would appear to rule out such an interpretation. 

 

 

 

 

 

 

 

 

 

Figure 5.10: treating MDA-MB-231 cells with lactate at day 1 does not rescue cells from the effect 

of rotenone. N=3 * = P <0.05; ** = P<0.01; *** = P<0.001. 

 

Finally, immunofluorescent staining was undertaken to see if LDH-A could be co-

localised with the mitochondria using mitochondrial marker TOM20. This was 

performed using standard glucose enriched DMEM initially in order to get a 
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background picture. Nevertheless, the result is clear; there is a large degree of 

colocalisation when the signals are merged indicating a degree of mitochondrial 

localisation. This colocalisation disappears completely from the merged image 

when LDH-A is knocked down (Figure 5.11).  
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Figure 5.11: [A] immunofluorescence shows that LDH-A can be co-localised to the mitochondria in 

MDA-MB-231 cells; [B] LDH-A knockdown reduces the LDH-A signal verifying the specificity of the 

antibody. t = 48h. N=3. 
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5.3: DISCUSSION 

5.3.1: LDH-A IS A SUITABLE TARGET FOR DRUG DEVELOPMENT 

The broader remit of this thesis is to determine whether LDH-A is a suitable target 

for drug development. Having broadly established in previous chapters that in 

isolation, LDH-A knockdown achieves the desired effect of increased cytotoxicity, 

it was important to explore any other roles it performed, what role (if any) LDH-B 

had in maintaining tumour growth, whether there was any conflict between these 

isoforms and roles that would necessitate a degree of selectivity towards LDH-A, 

or whether indeed there was a degree of cooperation that hinted at synergy 

(which would therefore militate against selectivity). 

This chapter then set out to uncover whether LDH-A is a suitable candidate for 

drug development in a more global sense. Considering that LDH-A has a role in 

maintaining lactate-fuelled tumour growth in addition to maintaining a Warburg 

phenotype and defending against ROS accumulation (and therefore cell death) it is 

possible to consider that LDH-A is a particularly attractive target for the 

development of small molecule inhibitors.  

This lactate-fuelled tumour growth appears to be mediated by LDH-A that is 

localized in the mitochondria. The data has taken steps towards identifying the 

mechanism of this mitochondrial lactate-oxidation to be dependent upon complex 

I as a source of NAD+: a model of lactate fuelled tumour growth is described by 

Figure 5.12. 

 



159 
 

 

Figure 5.12: a model of mLDH-A dependent lactate oxidation. 

 

What has yet to be elucidated is how the activity of LDH-A is controlled and how 

mitochondrial import and export is mediated. There is the further question of 

whether, as in the case of hexokinase, mLDH-A is integrated into broader 

mitochondrial physiology or whether its expression and activity are isolated 

within the mitochondria. 

The role of lactate itself also begs the question ‘what other carbon sources?’ If cells 

possess the ability to oxidise a molecule usually considered as cellular waste, it is 

highly likely that mechanisms and pathways exist to utilize other carbon sources 

in times of starvation. Identifying and understanding these pathways is critical if 
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LDH-A is to be targeted as other pathways may offer LDH-A incompetent cells an 

escape route. 

5.3.2:FUTURE WORK 

The fact that LDH-A is responsible for more than one pathway places new 

emphasis on its earlier designation as a metabolic chokepoint. However, that 

lactate-fuelled growth can only occur in the absence of glutamine and glucose in 

this model is worthy of comment. 

Other studies (Sonveaux, P., et al, 2008) have shown that lactate can be used 

preferentially even in the presence of glucose; this may remain the case in MDA-

MB-231, but this speculation highlights the limits of basing metabolic models on 

cells grown in 2D culture. In order to get a better understanding of the flux of 

metabolites in 3D, 3D models need to be used. Techniques exist for quantitative 

metabolic analysis by spectroscopic means either by mass spectroscopy, which 

means disrupting the sample, or in real time using hyper-polarised nuclear 

magnetic resonance techniques (Wiechert, W., 2001) (Schroeder, M.A., et al, 2009). 

In reality, a combination of both approaches is likely to yield a fuller picture than 

any in isolation. 

Moreover, to be absolutely confident of the role of mLDH-A several further 

experiments might be worthwhile. Firstly, a simple mitochondrial fraction using 

known mitochondrial proteins such as cytochrome-C would give a qualitative grip 

on approximate distribution of LDH between the cytosol and the mitochondria. 

Further, a time course could be attempted to see if this distribution changes over 

time or in reaction to any environmental stresses such as hypoxia or low glucose. 
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Lastly, to completely verify the mechanism of lactate oxidation, an oxygen 

consumption experiment should be undertaken in the presence and absence of 

both lactate and rotenone in order to determine whether lactate treatment 

increases oxygen consumption. 
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CHAPTER 6: TOWARDS A SMALL-MOLECULE 

INHIBITOR OF LDH-A 

6.1: INTRODUCTION 

This chapter will focus on applying the tools of medicinal chemistry and molecular 

pharmacology to the data generated by molecular biology techniques so far in 

order to produce small-molecule structures that have clinical application. 

6.1.1: SMALL-MOLECULES WITH AFFINITY FOR LDH-A 

LDH has been the focus of a fair degree of interest in medicinal chemistry terms, 

though this in large part has focused on plasmodium falciparium (pf) LDH, a 

bacterial isoform implicated in malaria. LDH-A as an anti-cancer target however, 

whilst experiencing a recent increase in interest, has in the large part not been 

fully exploited. 

The best known LDH inhibitor is oxamate (Figure 6.1), which is a pyruvate mimic 

and is non-specific between isoforms. It also displays broader non-specific activity, 

inhibiting a range of other enzymes including aspartate aminotransferase (AAT) 

(Thornburg, J.M., et al, 2008). 

 

Figure 6.1: Oxamate. 
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If Oxamate is a very small small-molecule with only two carbons then gossypol 

(Figure 6.2), a natural product derived from cotton plants, is a much larger beast. 

Gossypol, and a variety of gossylic analogues are known LDH-A inhibitors (Yu, Y., 

et al, 2001). Again, there are a range of non-specific targets that gossypol also acts 

on; gossypol is pro-apoptotic, a mitochondrial toxin and also inhibits protein 

kinase D (Wang, X., et al, 2009). 

 

Figure 6.2: gossypol. 

 

The final notable class of compounds are the heterodiazoles (Cameron, A., et al, 

2004) of which the oxadiazoles (furazans) are one. These can also be seen as 

pyruvate mimics with the two C=N bonds looking like the 1,2 dicarbonyl motif of 

pyruvate locked into the conformation pyruvate adopts in the active site by 

heteroatom X (oxygen in the case of furazan). 

 

Figure 6.3: Furazans are strucutural analogues of pyruvate. 
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6.1.2: AIMS 

With known structures to hand, the challenge is to build on existing inhibition in 

pfLDH to create inhibitors of human LDH-A that recapitulate the previous 

cytotoxicity obtained using RNA interference. With this in mind, the aims can be 

refined as follows: firstly, to understand more fully the interactions of small 

molecules in the LDH active site, how they can potentially interfere with the 

mechanism of oxidation/reduction, and how this may be exploited structurally; 

secondly, to select and validate an appropriate screen to identify these structure 

activity relationships (SAR) and quantify inhibition; and thirdly, to bring this 

together to propose a synthetic strategy that will generate potential small-

molecule inhibitors of LDH-A. 
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6.2: RESULTS 

6.2.1: COMPUTATIONAL ANALYSIS CAN BE USED TO DESCRIBE THE INTERACTION OF 

SMALL MOLECULES WITH THE ACTIVE SITE OF LDH-A 

Understanding interactions on a molecular level is important in order to build a 

structure-based idea of how small molecules interact with key residues in the 

active site of LDH. In the first instance, the molecular imaging and docking package 

GOLD was used to dock oxamate and the cofactor NADH in the substrate and 

cofactor binding sites (Figure 6.4). 

What is stark is that active site itself is deeply buried. Moreover, the substrate 

binding site also appears as a deep cleft that would strongly impair anything but a 

small degree of steric freedom. 

 

Figure 6.4: Oxamate and NADH (stick representation) docked into the active site of LDH-A (space-

filling). Red represents oxygen, blue nitrogen, and green carbon (or the electron denisty of these 

atoms in the case of the space-filled LDH-A. 
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Stripping away the electron shells and large parts of the protein structure reveals 

several key residues and how they interact with a substrate like inhibitor and the 

cofactor NADH (Figure 6.5). These include several arginines (99, 106, 169), 

asparagine (138), threonine (248) and a criticial histidine (193) that is responsible 

for the proton transfer that reduces pyruvate to lactate. Several of these 

interactions have hydrogen-bonding distances in the order of 3 angstroms, a 

distance equivalent to the span of H-C-H. 

 

Figure 6.5: Oxamate and NADH interacting with key residues in the LDH-A active site. 

 

If H193 is important for protonating the C-2 carbonyl in pyruvate, then NADH is 

critical in providing a source of hydride equivalents to reduce the C-2 oxygen from 

a ketone to an alcohol thus converting pyruvate to lactate. 
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6.2.2: A MEDIUM THROUGHPUT SCREEN REVEALS SOME PROMISING POTENTIAL 

INHIBITORS OF LDH-A 

Tovalidate the enzymatic source and assay methodology, LDH-A and LDH-B were 

tested at a range of pyruvate concentrations. The assay, as used, was modified 

from a version used by (Hewitt, C.O., et al, 1999). The basic principle centres on 

monitoring the change in absorbance in NADH at 340nm which in turn indicates 

the amount of pyruvate that has been reduced. This is revealed best by Figure 6.6, 

where the decrease in absorbance from a 200:0mM NADH/NAD+ ratio to a 

0:200mM NADH/NAD+ follows a linear relationship. The library compounds, 

(structures given in Appendix B) which will be introduced in more detail shortly, 

were tested for background absorbance (Appendix C) and the most highly 

absorbing compound APL091 was also tested under the same conditions to ensure 

that there was no interference between the library and the assay signal. 

 

Figure 6.6: the absorbance of NADH:NAD+ as the former decreases and the latter increases decays 

in a linear fashion. 
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Given that the signal for NADH oxidation at 340nm remained robust in the 

presence of absorbant small molecules, the next step was to validate the enzymatic 

source.  

The KM for pyruvate is different for LDH-A and LDH-B (Figure 6.7A), something 

that is reflected in the literature (Read, J.A., et al, 2001). Whilst the initial data 

displayed a level of variance with the recorded KMs for LDH-A and LDH-B, the non-

linear regression was repeated with the respective KMs fixed at the literature 

value. From this analysis, it is clear that the data points collected also describe 

points along this fitted curve (Figure 6.7B and 6.7C), though both literature 

curves demonstrate a greater activity at lower concentrations of pyruvate. 

Nevertheless, the order of magnitude different in KM is the same and from this it is 

possible to say with confidence that the enzyme source will display a relationship 

between LDH-A and LDH-B that reflects their slightly differing enzymologies. 

On this basis, 200 M, a relatively high but non-saturating concentration of 

pyruvate was adopted for use when testing other variables. 200 M was also the 

concentration adopted for NADH. 
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Figure 6.7: validating the enzymatic sources reveals [A] different KMs for pyruvate when reduced 

to lactate by LDH-A or LDH-B; these values compared favourably to the literature values for both 

[B] LDH-A and [C] LDH-B. 

 

Following this, both isoforms were exposed to a range of oxamateconcentrations 

to produce a dose-response curve. Again, this corresponded with known data that 

suggests that oxamate is not specific between isoforms of LDH, with the IC50 the 

same for both isoforms at 46.5 M and 52.5 M for LDH-A and LDH-B respectively. 
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Figure 6.8: Oxamate is not selective between LDH-A and LDH-B. 

 

With a robust assay in place, it was important to design a library to better 

understand the structure-activity relationship small molecules have with the LDH 

active site. Moreover, given that many reported inhibitors are active against 

bacterial forms of LDH, it was critical to understand whether these structures 

could be modified to improve their activity against the human isoforms or whether 

new strategies and structures are required all together. 

With this in mind, the library was constructed around compounds that contained 

one of a series of key structural motifs:  unsaturated hydroxy-carbonyls, as a 

moiety that resembles at pyruvate-lactate transition state; furazans, for the 

aforementioned reasons of appearing as a promising compound class in the 

literature, and furans as a simpler derivative; lastly, N-benzyl piperazines as a 

motif that crops up repeatedly and was therefore deemed worthy of probing. This 

library was exclusively sourced from a larger Chembridge library and no synthesis 

was undertaken at this stage. 
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Figure 6.9: Screen results for compounds APL001-APL058. 

 

These compounds were then tested using the previously validated assay. The 

format adopted initially was to monitor the reaction kinetically for 5 minutes at 3 

concentrations of inhibitor (5, 0.5 and 0.05 M inhibitor) and then plot the 

endpoints as a dose-response curve. This approach was adopted for the first 58 

compounds, APL001-APL058. As can be seen in Figure 6.9 these results either 

reveal an improbably well-designed library with most compounds registering at 

least 50% inhibition at 500nM, or most likely the level of inhibition was being 
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overestimated. At any rate, from this subset only 16 compounds returned a dose-

response relationship over 3 concentrations. To both validate these compounds 

and obtain a proper IC50, the dose-response experiment was repeated over a 

greater range of concentrations. The screen was refined to use the initial rate data 

(the gradient of the curve at it’s steepest) rather than endpoint. Encouragingly, 7 

out of 16 reproduced a dose-response curve using the refined assay method 

though none had significantly greater efficacy than oxamate (Figures6.10-6.11). 
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Figure 6.10: Retest for compounds APL005, APL006, APL007, APL008,  APL010, APL011, APL 012 

and APL013 reveal that only APL008 has a dose-response relationship and that this is not as potent 

as oxamate. 

 

Figure 6.11: Retest for compounds APL015, APL016, APL017, APL018, APL019, APL020, APL021 

and APL022 reveal that all but APL016 and APL017 had a dose-response relationship as potent as 

oxamate. 
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The remaining compounds in the library were therefore tested according to the 

refined method of using the raw reaction kinetics and the data for compounds 

APL058-APL172 is represented in Figures6.12-6.13. This produced a much lower 

hit rate; the threshold for retesting compounds was initially adjusted to 25% 

inhibition at 500nM with a correct dose-response relationship over the three 

concentrations acting as a second qualifier for whether a compound should be 

retested. 

 

Figure 6.12: Screen results for APL058-APL172 
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Figure 6.13: Screen results for APL058-APL172 

 

However, many of the compounds above 25% inhibition did not demonstrate a 

dose response relationship over the initial 3 concentrations; therefore, the criteria 

were lowered and 7 compounds returned a dose-response relationship. These 

were APL064, APL065, APL152, APL153, APL154, APL155 andAPL165, which 

were subsequently retested over a broader range of concentrations. This time, 

none of the retested compounds returned a dose-response relationship (Figure 

6.14). 
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Figure 6.14: Retest for compounds APL064, APL065, APL152, APL153, APL154, APL155, and 

APL165 reveal that none display a dose-response relationship. 

 

On the basis of the screen data, which was in turn supported by structural classes 

in the literature, two classes of compounds were identified as being worthy of 

pursuing by means of parallel syntheses to generate a panel of analogues. 
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6.2.3: A STRATEGY FOR SYNTHESISING DERIVATISED FURAZANS AS LDH-A 

INHIBITORS 

To date, the majority of literature inhibitors of LDH have not been specifically 

synthesised to inhibit human LDH-A. A class of compounds with particular 

promise was identified as 1,2,5-oxadiazoles (furazans) (Figure 6.15). Literature 

reports had shown that a range of heterodiazoles, including the furazans, 

displayed activity against pfLDH (Cameron, A., et al, 2004). 

 

Figure 6.15: 1,2,5-oxadiazoles (furazans) are a class of LDH-A inhibitors. 

 

In order to assess the veracity of the library furazan structures, attempts were 

started to resynthesise the early hit compounds. Literature precedent (Cameron, 

A., et al, 2004)(Ponzio, G., 1932) existed for the synthesis of furazans. The common 

first step to all of these procedures is the generation of a bis-oxime from the 

corresponding 1,2-dicarbonyl (Scheme 6.1) 

 

Scheme 6.1: generation of a bis-oxime. 
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From here, there are two options: cyclise the ring then install a handle for further 

functionalisation or install the handle first and then cyclise. The former strategy is 

represented by Scheme 6.2 with a cyclisation followed by either by using an alkyl 

lithium to generated a carbon nucleophile or a haloform-type reaction that seeks 

to replace a methyl with an alcohol. 

 

 

Scheme 6.2: cyclisation with caesium carbonate followed by functionalisation either via a 

lithiation or pseudo-haloform reaction. 

 

The alternative route is to functionalise first by installing a chloro-group and then 

cyclise with phosphorous pentachloride (PCl5) before replacing the chlorine atom 

with an alkoxy group. This route is represented in Scheme 6.3. 

 

Scheme 6.3: chlorination of the bis-oxime with N-chloro succinimide followed by cyclisation with 

phosphorous pentachloride 
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6.2.4: THE SYNTHESIS OF FUNCTIONALISED FURAZANS IS NOT FACILE 

Progress on this synthesis to date has been slow. Cyclisation has been achieved 

following the formation of the bis-oxime that varies between 31%-83% yields. 3-

methyl-4-phenyl-1,2,5-oxadiazole and 3,4-dimethyl-1,2,5-oxadiazole have 

subsequently been successfully isolated at yields of 20-25% (Figure 6.16). 

A 

 

 

B  

 

 

 

Figure 6.16: synthesis of furazans to date have had mixed results with [A] cyclisation possible but 

[B] further functionalisation elusive 

 

However, issues surrounding attempts to functionalise the ring remain suggesting 

that other routes need to be considered. Specifically, neither alkyl lithium or 

pseudo-haloform reactions have succeeded in generating a reaction mixture 

containing anything other than starting material. Furthermore, using thiocyanate 

followed by phosphorous pentachloride has also not yet been successful though 

may be achievable on refinement. 
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With this in mind, it is important to return to the literature. Other synthetic routes 

to functionalised furazans are available and characterised in some depth 

elsewhere; however, there are significant issues with other types of cyclisation 

reaction in that they are potentially explosive which precludes there wider use in 

reactions above a certain scale (Talawar, M.B., et al, 2004). For the purposes of this 

thesis, it was therefore decided to proceed with the second class of compounds for 

synthesis and analysis. 

6.2.5: A STRATEGY FOR SYNTHESISING DERIVATISED OXAMIC ESTERS AND ACIDS AS 

LDH-A INHIBITORS 

Another structural class that came out of the screen were the substituted N-benzyl 

piperazines. In particular, there seemed a heavy prevalence of N-phenyl,N-benzyl 

piperazines as represented by hits APL021 and APL022 which are similar to ethyl 

2-(4-benzylpiperazin-1-yl)-2-oxoacetate (Figure 6.17).  

A 

 

B 

 

C 

 

Figure 6.17: [A] APL021 amd [B] APL022 are structurally similar to [C] ethyl 2-(4-

benzylpiperazin-1-yl)-2-oxoacetate once the  chlorophenyl group has been substituted for an 

oxamic ester. 
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Given that there was literature precedent for bacterial LDH inhibitors (Choi, S., et 

al, 2007) that were oxamic esters and acids derivatised with N-benzyl piperazine, 

it seemed that a sensible approach would be to synthesise a series of analogues of 

oxamic N-benzyl piperazines where the hit compounds’ N-phenyl substituent 

made way instead for an oxamic acid or ester. 

Firstly, N-benzyl piperazine on its own was tested at a range of concentrations to 

determine whether there was any inhibitory effect from underivatised molecule 

(Fig 6.18). As can be seen, there is no dose-response relationship with N-benzyl 

piperazine. 

 

Figure 6.18: [A] N-benzyl piperazine has no inhibitory effect on LDH-A 

 

The strategy taken was to select a range of derivatised N-benzyl piperazines 

alongside similarly derivatised N-phenyl piperazines to determine whether the 

benzylic carbon was critical. The reference compound in this regard was ethyl 2-
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(4-benzylpiperazin-1-yl)-2-oxoacetate which is represented in the active-site in 

Figure 6.19. 

 

Figure 6.19: ethyl 2-(4-benzylpiperazin-1-yl)-2-oxoacetate modeled in the active site of LDH-A 

overlain on oxamate and NADH (thin wire model). 

 

What is of note is that the oxamic group lies roughly where oxamate lies with the 

two ring systems of the N-benzyl piperazine coinciding with the ring systems of 

the nucleotide cofactor. This suggests that the right substituents in the right place 

could markedly improve the affinity of any small molecule and would militate 

towards an approach to probing SAR that varies ring substituents as much as 

possible. 

With this in mind, a range of amines were selected to generate a comprehensive 

SAR picture. The full range is shown in Figure 6.20. 
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Figure 6.20: a range of differently substituted phenyl and benzyl piperazines. 

 

The range encapsulates the range of steric and electronic differences amongst the 

substituents attached to the benzene ring. Halogens, alkyls, alkoxy and tri-fluoro 

groups were selected at ortho, meta and para positions so that as well as 

modifying the basic steric profile of the molecule, there would also be a change in 

the charge dispositions. Taken together, this was deemed to be a strategy that 

would best offer insight into a comprehensive structure activity relationship.  

With the amines selected, the formation of the amide bond from the amine and the 

oxamic ester was relatively easy, as outlined in scheme 6.4. 
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Scheme 6.4: the synthesis of derivatised oxamic esters. 

 

The amines initially formed are outlined in Figure 6.21 and their respective dose-

response curves are represented in Figure 6.22. As can be seen, the results were 

disappointing. Further work needs to be undertaken to identify a way to cleave the 

ester to the acid, as this may be providing a steric obstacle. Unfortunately, methods 

used to date have only succeeded in cleaving the amide bond and returning the 

original starting materials. 

A    B    C 

 

 

  69%    58%    72% 

D    E    F 

 

 

84%    83%    77% 

G 

 

 

74% 

Figure 6.21:Oxamic esters synthesized and yields obtained: [A] (Ester A); [B] (Ester B); [C] (Ester 

C); [D] (Ester D); [E] (Ester E); [F] (Ester F); [G] (Ester G). 
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Figure 6.22: Esters A-G do not return a dose response relationship in terms of LDH-A inhibition. 
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6.2.6: FX11, A REPORTED LDH-A INHIBITOR, DISPLAYS NON-SPECIFIC 

CYTOTOXICITY 

Given the slow pace of progress in generating a novel small-molecule inhibitor, 

FX11 (3-dihydroxy-6-methyl-7-(phenylmethyl)-4-propylnaphthalene-1-carboxylic 

acid), a reported (Yu, Y., et al, 2001) low concentration inhibitor was obtained and 

tested (Figure 6.23) to give an indication of the spectrum from poor inhibitor to 

strong inhibitor and also to carry out some preliminary work in cell culture to 

ascertain whether the assay data was transferable to another model. As can be 

seen in the figure, FX11 is a more potent inhibitor of LDH-A than oxamate with an 

IC50 of 1.8 M. 

A 

    

 

B 

 

 

 

 

 

Figure 6.23: [A] FX-11 a reported LDH-A inhibitor [B] demonstrates greater potency (IC50 = 

1.8 M) than oxamate against LDH-A. 
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To validate whether activity of FX-11 in cells was specifically related to its 

reported LDH-A inhibition, a simple dose-response experiment was conducted in a 

proliferation assay in MCF7 cells where LDH-A had been knocked down. 

Interestingly, whilst the cell-free assay data demonstrated that FX-11 is a highly 

potent LDH-A inhibitor, the cell data suggests that FX-11’s cytotoxicity is in large 

part due to non-specific effects, with the IC50 falling from 76 M to 26 M when 

LDH-A is knocked down. 

 

Figure 6.24: FX-11 a reported LDH-A inhibitor suppresses proliferation in an SRB assay beyond 

that of siRNA LDH-A knockdown. N=1 
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6.3 DISCUSSION AND FUTURE WORK 

Organic synthesis is a painstaking and time-consuming process and unfortunately 

no novel small-molecule inhibitors of human LDH-A have yet been discovered. 

Given the specific issues surrounding furazan synthesis, work is now being 

undertaken to identify other routes to heterodiazole rings and also other 

structural classes that may offer yet more potent inhibition of LDH-A. Again, 

literature precedent would suggest that varying the heteroatom in the ring 

between the two nitrogens can be done without impacting heavily on inhibition. 

 

 

Scheme 6.5: 1, 3 dipolar cycloadditions can be used to generate substituted heterodiazoles. 

 

Chief amongst other azole ring systems with potential applicability to the search 

for novel human LDH-A inhibitors are the triazoles which can be synthethised 

rapidly using functionalized alkynes (Scheme 6.5) (Huisgen, R., 1984) via a 1,3 
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cycloaddition that can be done in one pot. The advantages and potential novel 

applications of this approach are vast and an independent project is now under 

way to deal with them in depth. Future work in this regard should focus on 

methods to generate a library of heterodiazoles in order to probe the structure 

activity relationship of this class of compounds. 

The lack of inhibitory potential of the oxamic esters is disappointing. However, 

work needs to be undertaken to synthesise the remaining compounds from the 

initial amine batch and to further cleave the esters to their corresponding acids. 

Interestingly, the data for FX11 shows that whilst a compound may demonstrate 

impressive LDH-A inhibition in a cell free assay, that any cytotoxicity in cell culture 

can arise from completely non-specific inhibition. 

Moving forward then, the strategy adopted is broadly right. However, identifying a 

small-molecule inhibitor will require drawing even further on the patience and 

perseverance of the investigator. In short, efforts to synthesise a highly active 

LDH-A inhibitor are likely to be measured in years rather than months. 

 



190 
 

CHAPTER 7: FINAL DISCUSSION 

7.1: OVERVIEW 

This thesis started with three aims:  

1. to validate LDH-A inhibition and elucidate its full nature in terms of the 

implications for tumour survival. 

2. to ascertain the role of LDH-B in order to determine whether selectivity 

towards LDH-A would be a necessary feature of any small molecule 

inhibitor. 

3. to recapitulate siRNA mediated LDH-A inhibition with small molecule 

inhibitors that have the potential for clinical application. 

In terms of these aims then, the following can be briefly stated. Firstly, LDH-A 

inhibition is now better understood to have a therapeutically useful effect on the 

survival and proliferation of breast cancer cells in vitro. Secondly, the role of LDH-

B remains indeterminate; however, the reason for investigating LDH-B in parallel 

to LDH-A was to determine whether selectivity was required for inhibitors of LDH-

A. Significantly, the data suggests that selectivity will not be a critical issue as LDH-

B inhibition has marginal effects on growth. Lastly, work has begun on several 

classes of compound that possess the potential to be developed into high efficacy 

inhibitors. 
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7.2: TUMOUR METABOLISM REAPPRAISED 

When work started on this thesis, the paradigm in which cancer biology operated 

was defined by Hanahan and Weinberg’s seminal 2000 paper which identified six 

hallmarks of cancer (Hanahan, D., et al, 2000). Since then, several fields have 

asserted their claim to be researching the ‘seventh hallmark’ (Colotta, F., et al, 

2009) (Yeung, S.J., et al , 2008), as if this label would lend added credibility to any 

work beyond its intrinsic scientific value. 

Ultimately, Hanahan and Weinberg have returned to their original paper and 

revised it, adding several new ‘hallmarks’ of which reprogrammed tumour 

metabolism is one. Whether this new interpretation complicates rather than 

refines the picture is beyond the remit of this thesis to comment upon. The 

important point is not that scientists in a review believe tumour metabolism to be 

more important than it was previously, but that rather the increased interest in 

the field has lead to a greater breadth and depth of inquiry that has uncovered 

data that points to the importance of altered metabolism to tumour cells.  

Warburg initially postulated that elevated aerobic glycolysis arose due to 

mitochondrial defects and was a necessary component of oncogenesis (Warburg, 

O., 1956). Whilst the mitochondria in transformed cells are silenced they remain 

competent and the role of altered metabolism in oncogenesis has not been 

revealed (regardless of its inclusion in a new list of hallmarks) it is interesting that 

Warburg’s initial idea, having since been seemingly discredited, was not too far off 

the mark. So whilst the mitochondria remain competent, this thesis demonstrates 

that there is a definite benefit for transformed cells in down-regulating OXPHOS. 
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7.3: INCREASED TUMOUR LDH-A ACTIVITY CONFERS SEVERAL 

ADVANTAGES 

More specifically, LDH-A inhibition can now be described as having an effect on 

tumour survival that is predicated upon its role in determining the fate of 

pyruvate. Whilst previous studies have suggested that a Warburg phenotype arises 

due to the greater biosynthetic requirements of transformed cells(DeBerardinis, 

R.J., et al , 2007) or because the increased extracellular acidity associated with 

elevated glycolysis promotes invasion (Gattenby, R.A., et al, 2004), the data in this 

thesis, along with recently published work (Le, A., et al, 2010) suggests that 

diverting pyruvate through LDH-A and away from the mitochondria confers a 

survival advantage by reducing oxygen consumption, and by corollary ROS 

production. An emerging picture seems to be developing then of LDH-A playing an 

integral role in reducing cellular oxidative stress. 

That transformed cells could also be benefiting from the greater biosynthetic 

capacity and extracellular acidity is not within the remit of this thesis. In the case 

of the former, greater carbon flux into the pentose phosphate pathway will be 

attributable to the up-regulation of proteins well upstream of LDH-A; whilst 

greater biosynthetic capacity will benefit proliferating cells, this in itself does not 

point to a role for LDH-A as this upstream flux could be upregulated with OXPHOS 

remaining the primary means of ATP generation. With the latter, the effect of 

greater lactic acid production is not the primary benefit of greater LDH-A activity; 

besides, there is significant evidence that the bulk of extracellular acidity derives 

from carbonic acid. 
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Amongst this it is important to note that whilst OXPHOS is significantly down-

regulated in aerobically glycolytic cells indicative of reduced ATP-sythase proton 

transport, the TCA cycle (and thereby the broader biosynthetic role of the 

mitochondria) remains largely intact. This is unsurprising as TCA cycle 

intermediates are critical for lipid synthesis. However, as pyruvate is being 

trafficked away from the mitochondria, there must be other sources of carbon to 

feed the TCA cycle. Evidence would suggest that glutamine provides the bulk of 

this carbon (Vander Heiden, M.G., et al, 2009); up to 60% of this glutamine is 

further converted to lactate, signalling a critical role for LDH-A as a chokepoint for 

several processes. 

Bioenergetically, flux through LDH-A is important as it permits a cell to down-

regulate OXPHOS and therefore reduce the oxidative stress it is under. 

Bioreductively the pyruvate to lactate reaction is one of the few sources of NAD+ in 

the cell which permits other processes to continue in the absence of other sources 

if oxidative intermediates. Finally, biosynthetically, elevated LDH-A activity 

provides a means of clearing excess pyruvate, the accumulation of which is toxic 

(Thangaraju, M., et al, 2009). 

Pulling these threads together it is therefore possible to see why attenuating LDH-

A expression using siRNA had such a dramatic effect on growth. The reduction in 

proliferation as measured by ki-67 expression; the reduced tumour spheroid 

volume; the increase in cell death; and the increase in oxygen consumption when 

LDH-A is knocked down: all are likely to derive from pressures being brought to 

bear on the bioenergetic, biosynthetic, and bioreductive capacity available to the 

cell. Specifically, LDH-A knockdown depletes ATP whilst increasing oxygen 
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consumption; this points to an intolerance to the ROS that elevated OXPHOS 

generates as ordinarily mitochondrial respiration is produces significantly more 

ATP. It is therefore this intolerance to ROS that is triggering programmed cell 

death. 

The most interesting observation was the dependence of lactate-fuelled tumour 

growth on LDH-A rather than LDH-B as previously thought. This adds an 

additional incentive to inhibiting LDH-A as impeding the ability to oxidise lactate is 

likely to impact on the capacity of a tumour to grow beyond a certain size. 

7.5: FUTURE DIRECTIONS 

In order to better determine the interplay between all of these factors there are 

several lines of inquiry any future investigator should pursue. 

Firstly, a significant impediment to the range of experiments available was to lack 

of a stable knockdown. During the course of the thesis attempts were made using 

both retroviral and lentiviral systems that were either constitutive or inducible 

with limited success. The extent to which LDH-A knockdown diminishes growth 

precludes the use of a constitutive knockdown- work surrounding this was 

impeded by the large fraction of cells that died post-transfection. 

Work then must focus on creating a stable inducible construct; even in the time 

since such attempts were made the technology has been refined and as a result has 

become far more robust and less prone to the accumulation of plasmid secondary 

structure and other issues that marred initial attempts. Besides these steps 

forward, there are significant benefits to an inducible approach, such as controlling 
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the point at which LDH-A is down-regulated in vivo that makes the extra effort 

worthwhile; in vivo work is certainly a necessary next step for understanding how 

LDH-A inhibition works in the context of a whole organism.  

Beyond in vivo work, significant information could be gleaned by using 

spectroscopic techniques to probe metabolic flux beyond the sampling of cultured 

media at discrete endpoints used to date. Precedent now exists for using either 

mass spectroscopy or NMR to monitor and model changes in carbon flow 

(Wiechert, W., 2001) and two experiments in particular stand out as being 

worthwhile. 

Firstly, using predesigned matrices it is possible to model carbon flux by assigning 

specific vector values to the key reactions of glycolysis, glutaminolysis, the pentose 

phosphate pathway and the TCA cycle (Forbes, N.S., et al, 2006). Whilst this is a 

more fundamental approach, combined with an LDH-A knockdown would give 

insight into how inhibiting LDH-A affects carbon flux, specifically whether there is 

an accumulation of any metabolites or, indeed, whether the potential exists for 

cells to bypass the effects of LDH-A knockdown over time. Mass spectroscopy or 

NMR have been used to collect the necessary data to input into the flux matrices; 

the predominant disadvantage of using mass spectroscopy is the sheer number of 

cells required to generate a sufficient pellet whilst any NMR technique will 

undoubtedly require the enrichment of the cells, media and any buffers/solutions 

with 13C. 

Secondly, a collaboration has recently been entered in to in order to utilise existing 

hyper-polarised NMR techniques (Schroeder, M.A., et al, 2009). This approach 

usesmicrowaves to hyperpolarise pyruvate (thereby overcoming the problem with 
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traditional 13C NMR in that it does not provide quantitative spectra) which can 

then be injected into an animal and monitored, or isolated perfused heart which 

itself provides a powerful technique for quantifying any cardiotoxicity arising from 

LDH-A knockdown. This is a particularly elegant way of combining in vivo work 

and monitoring changes in metabolic fluxes. 

A stable LDH-A knockdown might also shed light on the function on LDH-B; for 

example, attempts at a double LDH-A/LDH-B knockdown have foundered to date 

as a reasonable transfection efficiency cannot be achieved without significant non-

specific effects. 

Lastly, the mechanism of lactate-fuelled tumour growth, and its dependence upon 

LDH-A, would be conclusively verified by performing oxygen consumption 

experiments. Specifically, these experiments would be able to monitor, in real 

time, whether the addition of lactate leads to an increase in oxygen consumption in 

both LDH-A knock-down and control cell lines. 

Taken together, these experiments constitute the next necessary steps in 

continuing an inquiry into the expression, function and activity of LDH-A with 

particular relevance to cancer.  

7.6: THE ELUSIVE SILVER BULLET 

In parallel, several steps forward have been taken towards the discovery of a small 

molecule inhibitor. Having moved on from an approach that favoured general 

cytotoxicity, drug discovery now focuses on rational drug design; a significant 

amount of time and effort is expended on research into finding new small molecule 
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inhibitors of defined biological targets. Nevertheless, the level of understanding of 

complex and intertwined molecular systems, whilst improving almost boundlessly, 

remains immature. Whilst this is more of a note of caution than pessimism, it must 

be in this context that any new agents are assessed.  

In particular, despite a medicinal chemistry culture predicated on finding silver 

bullets, the reality is that both the tools used and the products generated remain 

blunt instruments. Alongside this, a broader shift in technology is taking place 

where biological molecules such as antibodies and peptides are becoming both 

cheaper to develop and easier to deliver, putting pressure on medicinal chemists 

whose small molecules will never be able to compete with the selectivity of 

biologicals. 

That notwithstanding, small molecule therapies will remain more versatile, more 

deliverable, and more cost-effective for some time to come. With that in mind, 

what utility will an LDH-A inhibitor have in a clinical context? 

Firstly, it is important to note that as this thesis has shown, LDH-A is upregulated 

in a broad range of cancers. Not only this but transformed metabolism, specifically 

increased aerobic glycolysis is a feature of many tumours. The points considered, 

LDH-A inhibition looks like an attractive option for killing transformed cells. 

What barriers must be overcome then to develop an inhibitor of LDH-A? What 

strengths has this thesis identified that enhance the chances of designing a highly 

potent LDH-A inhibitor? Firstly, potential inhibitors remain in several structural 

classes; this structural diversity provides a great strength as the potential for 

exhausting possible leads is reduced. Furthermore, a common theme across these 
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structural classes is that the synthesis is pretty non-complex. This in turn allows a 

range of derivates to be quickly synthesised (and tested) and a fuller SAR picture 

to be developed. With the chemical space containing an estimated 1064 possible 

drug-like molecules (Bohacek, R.S., et al, 1996) the search for a high potency 

inhibitor remains much like finding a needle in a haystack. However, the screen is 

robust and easy to perform, permitting a quick feedback in the synthesise-screen-

derivatise- rescreen loop, which in combination with the previous points at least 

makes the haystack smaller and gives the investigator a magnet. Whilst the end 

process might not produce a silver bullet, there is a significant chance of 

generating an agent that either sensitizes cells to other agents or synergises with 

other treatments. 

7.7: A WINNING COMBINATION 

In the end then, LDH-A inhibitors are likely to find the greatest utility when used in 

combination with other agents. This approach could either seek to reinforce a 

single effect, or act at several pressure points in a cell. In either case, the desired 

aim would be to reduce the dosage of any single agent and therefore reduce side-

effects (and any compliance issues). 

Firstly, given that LDH-A inhibition increases oxidative stress (Le. A., et al, 2010), 

co-treating with a DNA-damaging simple cytotoxic might have some use, as might 

radiation. This is because PARP activation and DNA damage depletes sources of 

NAD+(Zong, W., et al, 2004) that are required for glycolysis which in turn will not 

be able to produce the ATP required to perform DNA repair. 
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Secondly, LDH-A inhibition depletes ATP and so co-treating a tumour with an LDH-

A inhibitor and an ATP depleting agent is likely to have a strong combined effect. 

Indeed, this approach has been demonstrated as having some utility with other 

glycolytic inhibitors (Maschek, G., et al, 2004).   

Finally, the possibility of co-administering glycolytic inhibitors with 

antiangiogenics has been mooted (Houston, S.K., et al, 2011). However, extensive 

work would have to be performed on this approach to validate it as it is unclear 

whether there would be a desirable synergy; LDH-A inhibition increase oxidative 

stress whereas an antiangiogenic reduces oxygen supply to the tumour making it 

more hypoxic and potentially able to sidestep the problem of ROS accumulation. 

7.8: THE LAST WORD... 

All told, significant progress has been made towards developing an increased 

understanding of the role LDH-A plays in maintaining tumour cells and the effect 

that inhibiting it has on proliferation and survival. A new role has been found for 

LDH-A in maintaining lactate-fuelled tumour growth and steps have been taken 

towards identifying structural classes of LDH-A inhibitors. The final question 

therefore, bluntly, is so what? 

For many patients, cancer is no longer the death sentence it once was. This is in no 

small part due to the slow, iterative process of understanding the underlying 

biology and then refining treatments to match. Given the painfully slow progress 

on coming up with solutions to diseases where only one gene is defective, the 

reality of treating a disease where over a hundred mutations have occurred will 



200 
 

continue to be constrained by the number and type of agents available to target 

different specific pathways. 

Our knowledge, whilst undoubtedly continuing to improve with each passing year, 

is likely to remain imperfect and incomplete. With this in mind, anything that 

increases or improves the toolkit available to the clinician to tackle individual 

tumours must be considered a worthwhile exercise.  
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APPENDIX B: MITOPROT ANALYSIS ON LDH-

A AND LDH-B SEQUENCES 
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APPENDIX C: BACKGROUND ABSORBANCE OF 

LIBRARY COMPOUNDS 
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APPENDIX D: SMALL MOLECULE LIBRARY 
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