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ABSTRACT

In order to maintain essential cellular metabolic pathways, the availability of required redox
co-factors must remain favourable. For example, several reactions in the oxidative direction
of the tricarboxylic acid (TCA) cycle, such as α-ketoglutarate conversion to succinyl-CoA,
require nicotinamide adenine dinucleotide (NAD+) as an oxidising agent. The redox balance
of the cell can be challenged by outside influences, such as the tumour microenvironment
and oxygen availability. It can also be influenced by cell intrinsic factors, such as genetic
loss or alteration of enzymes involved in redox-heavy pathways.

Hypoxia presents a significant challenge to redox homeostasis and leads to a marked
rewiring of the metabolic network. This thesis will begin by exploring the metabolism of
the non essential amino acid, proline, in cancer cells under low oxygen conditions. Proline
metabolism is closely linked to redox state due to the requirement of NAD(P)H in multiple
reactions. Use of stable isotope tracing reveals that the synthesis of proline from glutamine
through pyrroline-5-carboxylate reductase 1 (PYCR1) is increased in hypoxia. The implica-
tions of loss of this isozyme, particularly the impact on the cellular redox balance, on the
phenotype of breast cancer cells in 2D culture is then investigated. This reveals a reduced
NAD+:NADH ratio, reduced oxidative incorporation of glutamine carbons into the TCA
cycle and a slowed proliferative rate.

Leading on from these observations, a spheroid culture model is employed to more
closely recapitulate the oxygen and nutrient gradients present in solid tumours. Again,
stable isotope tracing suggests dysregulated redox balance with PYCR1 loss, leading to
apoptosis and expression of hypoxic markers. Finally, this is explored in vivo, using a
doxycyline-inducible shPYCR1 xenograft model. Under these conditions, chronic knockdown
of PYCR1 results in slowed tumour growth, while acute knockdown results in increased
hypoxia, apoptosis and necrosis.
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Additionally, a suspected inborn error of metabolism is investigated, initially hypoth-
esised to be caused by a mutation in decaprenyl phosphate synthase subunit 1 (PDSS1), a
key step in the synthesis of coenzyme Q10. The mRNA and protein expression of this enzyme
are not found to be altered, but a change in function cannot be ruled out. The metabolism
of primary fibroblasts from this patient is investigated, and phenotype consistent with a
dysregulated redox balance is discovered.
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Chapter One

Introduction

1.1 Metabolism

Metabolism encompasses the complex network of biochemical reactions which occur within
cells to produce the energy needed for survival and growth. Broadly, metabolic reactions can
be categorised as the breakdown and synthesis of macromolecules, described as catabolism
and anabolism respectively, and the elimination of waste products. Catabolic reactions
involve the degradation of molecules to produce simpler molecules, such as water and carbon
dioxide. Conversely, anabolism produces complex molecules including proteins, nucleic acids
and lipids. Catabolic reactions will often yield energy, whilst anabolic reactions require
energy to progress. The metabolic network is dynamic, and the balance of anabolism and
catabolism is responsive to factors such as nutrient availability and the energy requirements
of cellular processes. Many metabolic reactions are reversible; the direction and rate of these
reactions is dependent on many factors, including concentrations of substrates, co-factors
and products, enzyme kinetics and energy availability. Metabolic pathways are also often
coupled to other pathways, forming a complex network of reactions which depend on the
outputs of other reactions.

All cellular processes are intrinsically linked to metabolism, whether they require en-
ergy, anabolic products or influence the availability of substrates and co-factors. In this way,
most disease phenotypes have an associated cellular metabolic phenotype as this network
adapts. This also means that changes to metabolism caused by genetic alterations to key
enzymes can cause a wide array of diseases. When these occur in the germline, such disor-

1



Introduction

ders are known as inborn errors of metabolism (IEM), after Archibald Garrod introduced
the term in 19081, to describe alkaptonuria, albinism, cystinuria and pentosuria which he
had observed had a pattern of heritability. There are now over 400 known IEMs2, involving
a huge number of metabolic pathways. The care of patients who have an IEM, the study of
their clinical presentation and discovery of treatment options has contributed hugely to the
understanding of many aspects of metabolism3.

Investigation into the metabolic consequences and causes of disease aims to discover
new targets for disease treatment, which may have been overlooked when studying the cellular
processes which define the disease phenotype alone.

1.1.1 Cancer Metabolism

Reprogrammed energy metabolism was included as a hallmark of cancer for the first time in
20114, based on an increasing body of evidence that metabolic alterations are a fundamental
part of the cancer cell phenotype. The first studies showing a distinct metabolic switch in
cancer cells were performed almost 90 years prior to this by Otto Warburg5. Warburg found
that tumour slices consumed more glucose and produced more lactate than normal tissue,
showing an alteration in glucose usage which became known as the Warburg effect6.

Since this observation, many other metabolic changes have been associated with trans-
formed cells. Most frequently, cancer cells metabolise glutamine7 and synthesise fatty acids8

at higher rates than normal cells. These metabolic changes are necessary to support an
increased proliferative rate, but are also required in order to survive under conditions of in-
creased stress often experienced by cancer cells. As a result, somatic mutations in metabolic
enzymes which support these processes may be selected for during tumour formation. Addi-
tionally, some key metabolic pathways are under the regulation of well-defined oncogenes
or tumour suppressors9. For example, the tumour suppressor p53 acts in a number of
ways, including downregulation of the glucose transporters GLUT1 and GLUT410, to re-
duce glycolysis11.

As well as alterations to the fuel preferences of transformed cells, the rate and route
of usage is also changed, compared to healthy tissues. Tumour cells have been shown to be
dependent on the activity of the TCA cycle, in order to maintain an NAD+:NADH ratio
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which is favourable for the production of aspartate1213 (which will be discussed in more
detail). However, recent data from in vivo stable isotope tracing experiments shows that
the flux of carbons through the TCA cycle is lower than in healthy tissues14, findings which
agree with Warburgs original hypothesis. The published work suggests that this may be due
to either a reduction in fuel availability, or in ATP demand, as they also demonstrate that
dedifferentiation leads to loss of specialist cell functions.

Additionally, there are situations in which transformation is driven by mutations in
metabolic enzymes. Under these circumstances, the metabolic phenotype which results from
a loss or change of expression or function of certain enzymes drives tumourigenesis. For ex-
ample, germline heterozygous loss-of-function mutations in succinate dehydrogenase (SDH)
subunits predispose to hereditary paraganglioma, if the functional gene copy is also lost15.
In cells lacking SDH activity, succinate accumulates, interfering with pleiotropic cellular
processes. Notably it can prevent c-Jun dependant apoptosis, which relies on the activ-
ity of prolyl-hydroxylase 3 (PHD3) an enzyme which is significantly product inhibited by
succinate16. Inhibition of PHDs in this way also leads to constitutive hypoxia inducible
factor (HIF) stabilisation, and related transcriptional activity regardless of oxygen tension17

- a phenotype described as pseudohypoxia. Somatic change-of-function mutations in isoci-
trate dehydrogenase (IDH) 1 and 2 have been identified in a subset of glioma, thought to
occur after formation of a low-grade glioma, and drive progression18. Wild type IDH1 and 2
isozymes catalyse the conversion of isocitrate to α-ketoglutarate, reducing NADP+. Muta-
tions can lead to loss of this activity, with the enzyme instead producing the oncometabolite
2-hydroxyglutarate (2HG) and oxidising NADPH19.

The aim of studying metabolism in cancer is to find opportunities for targeted treat-
ment strategies which exploit metabolic vulnerabilities in cancer cells. Whether these are the
result of mutations in metabolic enzymes, sustained high proliferative rate, or adaptations
to a stressful environment. Metabolic vulnerabilities may include reliance on a particular
nutrient source. One of the most successful examples of targeting metabolism is the use
of asparaginase to treat paediatric acute lymphoblastic leukaemia. Leukaemic cells lose the
ability to synthesis asparagine and rely on extracellular sources, which can be therapeuti-
cally limited through the use of asparaginase20. Metabolic vulnerabilities may also include
an increased reliance on a particular pathway. For example, loss of the tumour suppressor
fumarate hydratase which causes hereditary leiomyomatosis and renal-cell cancer, leads to
reliance on the heme synthesis pathway through haem oxygenase21. It is hoped that in-
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vestigation of metabolic changes such as these will guide treatment strategies which may
selectively target cancer cells, or may synergise with current chemotherapy, to improve pa-
tient outcomes.

1.2 Redox Co-factors

Nicotinamide adenine dinucleotide (NAD+/NADH) and nicotinamide adenine dinucleotide
phosphate (NADP/NADPH), are the two forms of nicotinamide-based co-enzymes required
for biochemical reactions involving the loss or gain of electrons. These reduction and oxida-
tion (redox) reactions require small molecules to receive or donate electrons, in turn becoming
reduced or oxidised themselves. NAD+ most commonly accepts two electrons and a proton
from an oxidation reaction to produce NADH. It is important for cells to maintain a stable
pool of redox co-factors, and for the redox state of these available co-factors to be balanced,
in order for central metabolic reactions to remain favourable.

NAD+ can be synthesised de novo from dietary tryptophan or from nicotinic acid.
Additionally, cells can replenish the pool through recycling of other precursors, termed the
salvage pathway. There are 3 precursors available for this pathway: nicotinamide (pro-
duced through NAD+ consuming enzymes), nicotinamide riboside (vitamin B3 derivative)
and nicotinamide mononucleotide. Finally, phosphorylation of NAD+ via the NAD+ kinases,
either in the cytosol or in the mitochondria, produces NADP. However, these are not neces-
sarily static pools, as interconversion is possible through NAM nucleotide transhydrogenase,
which utilises the inner mitochondrial membrane proton gradient to catalyse the reaction:
NADH +NADP+ ↔ NAD+ +NADPH.

In addition to maintaining the amounts of redox co-factors, the ratios of reduced to
oxidised forms must also be tightly controlled. This work will focus on redox balance; factors
which challenge this balance, the consequences of loss of redox homeostasis and mechanisms
to maintain it.
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1.2.1 NAD+:NADH

NAD+ is required as an electron acceptor for the oxidation of carbon sources such as glucose,
lipid and amino acids. As previously discussed, these catabolic reactions are central to growth
and viability, providing energy to drive ATP production and supplying building blocks for
anabolic reactions22. The ratio of NAD+:NADH is often higher in more proliferative cells,
and lowered in quiescence23. In fact, alteration of the NAD+:NADH balance has been shown
to regulate senescence in mesenchymal stem cells24. Regeneration of the oxidised co-factor is
critical for continued proliferation which means that cells must rely on metabolic pathways
which oxidise NADH to produce NAD+ to support their proliferative drive. One example
of this is through lactate dehydrogenase (LDH), which converts pyruvate to lactate in the
cytosol. High levels of lactate production have been associated with a highly proliferative
phenotype for many years, named the Warburg effect25,26. Amongst other factors, this
activity regenerates cytosolic NAD+ which is then available for catabolic reactions, such as
glycolysis.

Cells are dependent on NAD+ regeneration through other sources, to support further
metabolic processes. Mitochondrial sources of NAD+ are vital; certain cancer cells have
been shown to become dependent on extracellular pyruvate to increase the NADH oxidising
activity of LDH, when they don’t have functional mitochondria13.

In circumstances where electron acceptors are limited, such as in hypoxia, cells can
develop a reliance on metabolic pathways which oxidise NADH, increasing flux through these
pathways - even when the end product is in excess. This is demonstrated by the excretion
of lactate into the microenvironment under hypoxic conditions.

1.2.2 NADP:NADPH

Although very similar, the NADP+:NADPH and NAD+:NADH redox couples have distinct
cellular roles. NADPH is the electron donor for many anabolic reactions, and is important in
antioxidant pathways. The amount of NADP+(H) varies between cell types, however unlike
NAD(H), the NADP+:NADPH ratio is relatively consistent27. The NADP:NADPH couple is
maintained in a more reduced state that the NAD+:NADH couple, due to the activity of the
mitochondrial NAM nucleotide transhydrogenase. The reaction catalysed by this enzyme
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(NADH +NADP+ ↔ NAD+ +NADPH), is primarily in the forward direction27.

Biosynthetic reactions requiring NADPH include: DNA synthesis, de novo fatty acid
synthesis, amino acid synthesis and purine synthesis28. It is also required for cytochrome
P450 reductase activity, which is involved in metabolism of steroid hormones and drugs29.
Additionally, NADPH is a substrate for NADPH oxidases, which generate reactive oxygen
species (ROS), and can transfer electrons out of the cytosol28.

NADPH is an essential part of the cellular antioxidant system, required to protect
the cell against the effects of excessive ROS and oxidative stress. Glutathione is an essential
part of this system. In its reduced form (GSH), it acts as a substrate for GSH peroxidase to
reduce peroxides to water or alcohol. NADPH acts as a cofactor for glutathione reductase
to regenerate the pool of reduced glutathione, available for this reaction30. NADPH is also
the electron donor for thioredoxin reductases (TRXR) which reduce thioredoxins (TRX).
TRX are able to scavenge H2O2 and maintain DNA synthesis by reducing ribonucleotide
reductase31. In a further antioxidant role, NADPH also binds catalases, which can directly
convert H2O2 to oxygen and water. Bound NADPH protects catalases from inactivation
by H2O2

32. An altered NADP:NADPH ratio can therefore result in an altered GSH:GSSG
ratio, and an increased sensitivity to oxidative stress.

1.3 Redox homeostasis

1.3.1 Overview

There is a high degree of compartmentalisation of redox cofactors, facilitating the differing
redox requirements of cellular compartments. Neither dinucleotide is able to cross the mi-
tochondrial inner membrane33, meaning organelle-specific regulatory mechanisms must exist
within the cell. In HEK293 cells, the majority of the intracellular NAD pool has been shown
to be within the mitochondria34. There is also evidence to suggest that the mitochondrial
NAD(H) pool is more tightly regulated, as it shows a decreased sensitivity to challenges such
as nutrient availability, when compared to the cytoplasmic and nuclear pools35.

Mechanisms exist to facilitate the indirect transfer of reducing potential from NADH
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between the cytosol and the mitochondria; a key transfer system being the malate-aspartate
shuttle. The shuttle depends on the activity of the cytosolic and mitochondrial forms of
malate dehydrogenase (MDH) and glutamic-oxaloacetate transaminase (GOT). In the cy-
tosol, MDH catalyses the reduction of malate to oxaloacetate, driven by NADH oxidation.
The malate-α-ketoglutarate antiporter transports malate into the mitochondria, against the
export of α-ketoglutarate into the cytosol. In the mitochondria, malate is oxidised to oxaloac-
etate, to drive reduction of NAD+. Oxaloacetate cannot be transported back into the cytosol
and is aminated to form aspartate by GOT, with glutamate as the amino group donor. The
aspartate-glutamate antiporter brings glutamate for this reaction into the mitochondria, and
exports aspartate into the cytosol (Figure 1.1).

Figure 1.1: The Malate-Aspartate Shuttle

The function of the ETC has also been shown to be crucial in the maintenance of
a favourable redox balance in proliferating cells. Two studies using similar, but differing
techniques concluded that one of the central function of the ETC, aside from ATP generation
is to direct electrons to oxygen, thereby maintaining a pool of electron acceptors (NAD) for
other reactions; in particular, the synthesis of aspartate36,12.

As discussed, cellular redox balance must be maintained to ensure reactions involved
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in nutrient catabolism and biosynthesis are favourable and to protect against oxidative stress.
This work will focus on the NAD:NADH balance and the importance of this in TCA cycle
activity. Several of the most important NAD(H) reducing and oxidising reactions which are
crucial to central carbon metabolism are outlined in Figure 1.2.

Figure 1.2: Schematic demonstrating several NAD(H) reducing and oxidising reactions in
central carbon metabolism.

1.3.2 Redox homeostasis in cancer

Cancer cells face challenges to their redox balance as a result of an increased rate of pro-
liferation, changes to the microenvironment, and from cell intrinsic factors such as genetic
alterations. This section will explore several of these circumstances in detail.
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Isocitrate dehydrogenase 1 mutation

Mutations in two of the three isocitrate dehydrogenase (IDH) isoforms (IDH1 and IDH2),
are prevalent in cancer37. In particular, a common mutation in IDH1 - substitution of argi-
nine 132 (R132X) - causes a redox imbalance38. This mutation results in a loss of isocitrate
oxidation activity, but the enzyme retains the ability to reduce α-ketoglutarate, to the al-
ternative product, (R)-2-hydroxyglutarate (2HG). As a result, instead of oxidising NADP+,
IDH1R132X activity reduces NADPH19. This disrupts the NADP+:NADPH ratio, caus-
ing a dysregulated GSH:GSSG ratio, thereby making these cells more sensitive to oxidative
damage39. IDH1R132-mutated cells therefore have to adapt their metabolism to try to cor-
rect this redox imbalance.

Hypoxia

Cells in solid tumours are often in an environment with a low oxygen tension. This occurs as
a result of the high proliferative rate of cancer cell populations - whose demand is in excess
of the available oxygen supply. Tumours can undergo a pro-angiogenic switch, upregulating
signalling factors which induce new blood vessel formation. However, while normal neovas-
cularisation is a closely regulated process, the continued presence of pro-angiogenic factors
in the tumour microenvironment does not allow normal maturation of the newly formed
vessels. This leads to a tumour vasculature which is poorly organised and hyperpermeable
resulting in areas of continued or intermittent hypoxia40.

The extent of hypoxia in tumours has been measured both directly and indirectly
using a range of techniques. Needle electrodes, which can directly record the partial pressure
of oxygen in tissue were used to demonstrate a link between hypoxia and poor treatment
responses in the first instance41. Methods have since been developed which can be used
to study hypoxia in inaccessible tumours. Pimonidazole, which forms adducts in hypoxic
cells in vivo that can be detected in samples ex vivo using antibody staining42, has been
used extensively. This method has been used to validate the hypoxic expression of several
proteins, including GLUT-1 and CA943. Imaging of hypoxic tumour areas is an alternative
method, which allows regions to be studied in situ and in a non-invasive way. One widely
used method for this is positron emission tomography (PET) imaging using radiotracers
which are retained only in hypoxic cells. This is most useful for establishing the area of a
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tumour which is hypoxic, rather than a measurement of the extent of the hypoxia in a given
area41.

Hypoxia induces phenotypic changes in cells due to hypoxic signalling pathways, direct
effects of insufficient oxygen and damage by ROS. Much of the hypoxic signalling is medi-
ated through the activity of the hypoxia inducible factors (HIFs) - heterodimer transcription
factors. Under normoxic conditions the oxygen-labile subunits of HIFs (either HIF1α or HIF
2α) are hydroxylated by HIF prolyl hydroxylases (PHDs), targeting them for binding and
ubiquitylation by pVHL44,45. PHD activity is dependent on α-ketoglutarate, iron, ascorbate
and oxygen availability. Therefore, under hypoxic conditions HIF subunits are unable to
be targeted for degradation, HIFα is stabilised and can translocate to the nucleus where it
dimerises with HIFβ and functions as a transcription factor46. Through their regulation of
the expression of genes containing a hypoxia-responsive element (HRE)46 HIFs regulate path-
ways involved in a range of cellular processes, including metabolism, angiogenesis, migration
and cell survival47,48,49 ,50.

Hypoxia presents a significant challenge to cellular redox balance, which cancer cells
have to respond to in order to survive in the hypoxic niche. Activity of the ETC has been
found to slow in hypoxia; there are several explanations for this phenomenon. It has been
suggested that this is due to hypoxic cells decreasing their ATP consumption, as a result
of downregulated protein synthesis51 and suppression of ATP dependent plasma membrane
sodium-potassium pumps52,53. This may also be due to inhibition of complex IV by nitric
oxide (NO). Under normoxic conditions, the available oxygen is sufficient to compete with the
NO, but when oxygen is limiting, NO inhibition reduces the function of complex IV54,55,56.
Further to this, HIF mediates complex switching in complex IV, inducing the degradation
of the COX-4-1 subunit, and increasing expression of the COX-4-2 subunit. This switch
is considered to be an adaptation which reduces ROS generation due to inefficient electron
transfer57.

The impact of hypoxia on ROS formation and the impact of this on metabolism is
still not completely clear. Recently, the role of ROS in signalling and regulation of cellular
processes has become more recognised - they are no longer regarded as just a byproduct of
inefficient electron transfer. Production of ROS, however, must be tightly regulated to avoid
toxic levels of oxidative damage58. Mitochondrial ROS are involved in hypoxic signalling
processes, one of which is the stabilisation of HIF159, which is thought to rely on an increase
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in mitochondrial ROS and their release into the cytosol for full activation60. However,
hypoxic cells need to regulate this ROS production to prevent damage. The more reduced
mitochondrial NAD+:NADH ratio may aid this as the mitochondrial NNT can generate
NADPH from NADH that increases regeneration of the mitochondrial antioxidant systems61.

Slowed ETC activity leads to a decrease in the NAD+:NADH ratio, as less NADH
is oxidised by complex IV. This shift means that several reactions through the TCA cycle
become less favourable. Not only does this affect production of biosynthetic intermediates,
reduced mitochondrial NAD+:NADH also reduces the efficiency of the malate-aspartate shut-
tle in regenerating NAD+ in the cytosol. In order to maintain a cytosolic NAD+:NADH ratio
which is favourable for glycolysis, pyruvate is reduced to lactate, oxidising NADH. This lac-
tate is then excreted through monocarboxylate transporters, the expression of which are also
under HIF regulation62. This slowing of ETC activity and altered NAD+:NADH ratio may
also render aspartate a limiting metabolite in hypoxia36,12.

In order to maintain some proton pumping activity of complex I, and the activity of
reactions which require CoQ10 in the mitochondrial membrane as an electron acceptor, the
ETC can be reversed in response to low oxygen conditions. The lack of oxygen as a terminal
electron acceptor for the ETC causes the pool of CoQ10 to become more reduced, and
therefore less able to transfer electrons to complex III. This drives the reversal of succinate
dehydrogenase (SDH) activity, so that it reduces succinate to fumarate. In this way, fumarate
acts as a terminal electron acceptor, allowing continued activity of complex I when oxygen
is lacking63.

Metastasis

Cancer cells which survive metastatic transformation and break away from the primary tu-
mour have to contend with several significant challenges to their redox balance. Detachment
from the extracellular matrix (ECM) causes redox dysregulation, through signalling pathway
activation and metabolic change, which lead to cell death in the majority of cells64. Anchor-
age independent survival relies on the ability of cancer cells to bring the redox balance under
control, or the availability of antioxidants to support this65. It is likely that invading cells
also downregulate anabolism; it has been suggested that cells either infiltrate or proliferate,
but not at the same time (so called "grow or go")66,67, due to the redox implications of trying
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to support both phenotypes.

Cells are exposed to further oxidative stress on entry to the vasculature. The blood is
an oxidative environment, with high levels of oxygen and iron68,69. Once cells have reached
the metastatic niche, they must again restructure their metabolic network to increase their
anabolism. This is another metabolic switch which challenges redox homeostasis. Indeed,
it has been hypothesised that an inability to overcome redox stress could be a cause of
dormancy in some metastatic nodules70.

ROS levels are increased in metastatic cells71, which may in part be due to increased
ETC activity, compared to the primary tumour cells. Genes associated with oxidative phos-
phorylation are upregulated in melanoma metastases71 and in vitro melanoma cells with a
higher metastatic potential consume more oxygen, linked to ATP production72. Addition-
ally, there is now direct, in vivo, evidence that metastatic nodules have a higher flux through
the TCA cycle than primary tumours, as shown by an increased rate of m+2 glutamate
production after infusion of [U13C]-lactate. It is as yet unclear why this is the case. It could
be hypothesised that this is an adaptation to the metastatic niche, or that this is a necessary
adjustment to meet the ATP requirements of the metastatic process. Alternatively, the in-
creased ROS production as a result of ETC activity, likely in the context of reduced oxygen
availability, may contribute to a metastatic phenotype.

The redox requirements of cells are highly dynamic and dependent on a multitude of
concurrent factors. Transformed cells experience further challenges to their redox homeosta-
sis, which must be overcome in order for the cells to survive and the cancer to progress. The
mechanisms by which cancer cells prevail under such conditions are important to study, as
they may expose vulnerabilities and dependencies which could be exploited for therapy.

1.4 Amino acid metabolism and redox in cancer

1.4.1 Overview

The amino acid requirements of highly proliferative cancer cells are significant, in order to
fulfil increased energetic and biosynthetic demands. In addition to an increase in overall
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demand, cancer cells may also have specific amino acid dependencies, due to previously
discussed changes to the metabolic network and redox regulation. One such example is the
dependance on exogenous asparagine seen in several cancer types, due to dysfunction of the
major synthetic enzymes for this amino acids73,74. This dependence has been successfully
exploited in treatment using bacterial asparaginase to reduce the availability of extracellular
asparagine. This is now a routine treatment and cure for paediatric acute lymphoblastic
leukaemia, demonstrating the potential efficacy of targeting amino acid metabolism75.

Cancer cells are often auxotrophic for glutamine. This may be due to cell intrinsic
factors such as downregulation or loss of glutamine synthatase76,77. Additionally, increased
glucose flux through glycolysis and away from the TCA cycle78, increases reliance of can-
cer cells on glutamine to fuel production of anabolic precursors and fatty acid synthesis
through the TCA cycle79. The tumour microenvironment can also contribute to this depen-
dence, particularly under hypoxic conditions, where reductive carboxylation of glutamine is
increased80. Glutamine is also required for the synthesis of glutathione, providing carbons
directly after its conversion to glutamate and indirectly through enhancing the uptake of
cysteine. Reduced glutathione is an antioxidant, required for protection against high lev-
els of oxidative stress in transformed and highly proliferative cells81. It therefore follows
that components of glutamine metabolism are under the regulation of oncogenes and tu-
mour suppressors. c-MYC transcriptionally upregulates the expression of several glutamine
transporters82 while p53 can directly bind glutaminase (GLS2)83 and Retinoblastoma (Rb)
downregulates expression of the glutamine transporter SLC1A84.

In addition to glutamate, the synthesis of glutathione requires cysteine and glycine.
Cysteine can be produced through the uptake and NADPH-dependant reduction of cystine
from the microenvironment. Cells can also produce cysteine via de novo synthesis through
the transsulfuration pathway from homocysteine derived from the methionine cycle85. Cys-
tine uptake is via the cystine/glutamate antiporter (xCT), so influx of cystine occurs along-
side a reduction in the size of the intracellular glutamate pool. Cancer cells may have limited
access to exogenous cystine86, and also have more difficulties utilising the import mechanism,
due to the redox implication of glutamate loss and NADP utilisation87,88, making them more
dependent on the transsulfuration pathway. This raises the possibility of targeting this path-
way as a therapeutic strategy. However, the in vitro data is as yet unclear, as a range of
cell lines respond differently to cystine starvation85. It may be that this process is context
specific, and more work is necessary to unpick this.
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Serine is important for the maintenance of the glutathione pool, both through its
role in the transsulfuration pathway, and in the synthesis of glycine. Serine metabolism is
also important for nucleotide synthesis, DNA methylation and protein synthesis, through
one carbon metabolism89. Some tumours have been found to be dependent on extracellular
serine, and noteably, serine starvation in vivo reduces the growth of colorectal tumours90.

Increased serine synthesis has been identified as a cancer-associated metabolic change
in several studies91. Serine is synthesised de novo from the glycolytic intermediate 3-
phosphoglycerate (3-PG), in a pathway which requires NAD+. Expression levels of one of the
key enzymes of the serine synthesis pathway, phosphoglycerate dehydrogenase (PHGDH), ap-
pear to determine whether a cancer cell is likely to be dependant on extracellular serine92, and
whether tumours will respond to knockdown of small molecule targeting of this protein93,94.
It may be that serine dependence and expression levels of the associated enzymes change at
different stages of tumourigenesis, or in different microenvironments.

One carbon metabolism encompasses both the folate and the methionine cycles. The
single carbon unit is supplied either from the conversion of serine to glycine, or through
the glycine cleavage system. This carbon is transferred to tetrahydrofolate (THF), which
is converted to 5, 10-methylenetetrahydrofolate (meTHF), reduction of meTHF produces
5-methyltetrahydrofolate (mTHF). Demethylation of mTHF donates carbon units to ho-
mocysteine, which can then be converted to methionine, linking the folate and methionine
cycles95. Downstream, one carbon units are important for the biosynthesis of purine and
pyrimidine nucleotides96 and S-adenosylmethionine (SAM) from the methionine cycle is a
methyl donor, notably important in DNA methylation. Additionally, these cycles are redox-
linked. The conversion of methylene-THF to formyl-THF (for purine biosynthesis) reduces
NAD+ or NADP in the mitochondria, and NAD+ only in the cytosol. Mitochondrial NADPH
is also produced by the activity of ALDH1L2 which catalyses the oxidation of formyl-THF
to THF and CO2

97.

Glycine has been linked to growth in cancer cells, with upregulation and reliance on
expression of enzymes of the glycine cleavage system (GCS) shown in lung tumour initiating
cells98 and in glioblastoma99. Conversely, glycine in excess can be detrimental to cancer
cell proliferation. High glycine levels in the context of lower serine levels can reverse the
activity of SHMTs, thereby pulling carbon units away from entry into the folate cycle100.
Additionally, in glioblastoma cells with elevated glycine production, the GCS has been shown
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to be necessary to prevent accumulation of aldehydes and associated toxicity99. Regulation
of intracellular levels of glycine, and the ratio of serine to glycine is important to continued
proliferation.

Other potential sources of carbon for one-carbon metabolism include histidine, which
can decrease the size of the pool of available THF, sensitising cancer cells to anti-folate
treatment101. The essential amino acid tryptophan can also donate a carbon, via the kynure-
nine pathway. Tryptophan is converted to formyl-kynurenine, which spontaneously releases
formate to form kynurenine. In PDAC cells, tryptophan can be used as an alternative source
of carbon when serine levels are low102.

Another amino acid which has recently gained more attention in the context of tumour
metabolism is aspartate, which has been shown to be a limiting metabolite in hypoxia, where
de novo synthesis is impaired due to reduced ETC activity. Under these conditions, aspartate
supplementation can restore growth and is primarily used for synthesis of purines12. In fact,
one of the main functions of the ETC may be to produce aspartate. Blockade of the ETC
can be rescued by addition of aspartate or exogenous electron acceptors103,104, but whether
this rescue is only through the anabolic potential of aspartate, or the redox implications of
its insufficiency is still a matter of debate.

Additionally, the local redox balance; availability of oxidative or reductive cofactors,
within cellular compartments can influence the directionality of amino acid metabolic reac-
tions. An example being the synthesis of proline from glutamine or ornithine, which will be
discussed in depth below.

Proline Metabolism

Proline is a non-essential, proteinogenic amino acid. It has a unique structure, formed of
a pyrrolidine ring with a side chain connected to the amino group, forming a secondary
amine105. It has an important structural role in proteins, notably making up 25% of the
residues of collagen, including hydroxyproline106. Cellular availability of proline is deter-
mined by the rates of proteinolysis, the rate of proline biosynthesis and breakdown and
extracellular availability. Importantly, the synthesis and breakdown of proline are both
redox-active processes, linking the metabolism of proline to the wider redox-state of the cell.
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Proline can be synthesised de novo via the intermediate, pyrroline-5-carboxylate
(P5C) from glutamate or from ornithine. P5C is synthesised from glutamate by pyrroline-5-
carboxylate synthase (P5CS), an ATP-dependant reaction which oxdises NADPH. Ornithine
is first converted to glutamate-5-semialdehyde (GSA) by ornithine amino transferase (OAT),
which then spontaneously cyclises to P5C. The turnover of P5C is rapid, and it is very un-
stable, making it technically challenging to measure directly in cells107. The synthesis of
proline from P5C is catalysed by the pyrroline-5-carboxylate reductases (PYCRs) (Figure
1.3).

There are 3 PYCR isoforms; PYCR1, PYCR2 and PYCRL. PYCR1 and 2 are the
most similar (84% sequence similarity) and are both mitochondrial, with PYCR1 associated
with the mitochondrial membrane and PYCR2 in the matrix108. PYCRL is 40 amino acids
shorter and shares only 45% of its sequences with the other isoforms, it is also spatially
separate from the two other isoforms as it is located in the cytosol108.

The isoforms also have differing substrate preferences, established using stable isotope
tracing techniques in combination with siRNA-mediated knockdown of each of the isozymes.
PYCRL appears to catalyses proline production primarily from P5C which is derived from or-
nithine, whilst PYCR2 preferentially produces proline from glutamate-derived P5C. PYCR1
has also been observed to produce proline mainly from P5C derived from glutamate, but in
conditions of high ornithine and low glutamate it has been shown to use ornithine-derived
P5C as well108.

Additionally, the isozymes have differing affinities for the co-factors NAD and NADP.
Continual monitoring of NAD(P) by absorbance measurement during the conversion of P5C
to proline by recombinant PYCR1, 2 or L suggests that PYCR1 and PYCR2 preferentially
use NADH as an electron acceptor, whilst PYCRL uses NADPH108. These specific roles and
locations imply that there is a separation between P5C formed from glutamate and from
ornithine, and that P5C from ornithine is channelled to the cytosol for proline production.
OAT is a mitochondrial enzyme, which implies there is a mechanism for specific transport
into the cytosol for ornithine-derived P5C. Finally, PYCR2 shows a high levels of product
inhibition (Kiapp = 0.1mM), with PYCR1 also strongly regulated (Kiapp = 0.6mM), both
inhibited by a proline concentration within the physiological range. PYCRL on the other
hand is relatively insensitive to proline concentrations (Kiapp = 8mM).
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The first step of proline catabolism is the conversion of proline to P5C, catalysed
by proline dehydrogenase (PRODH). This enzymes is also referred to elsewhere as proline
oxidase (POX). This reaction also reduces a molecule of FAD to FADH2, which can transfer
electrons to the ETC, contributing to ATP generation. P5C generated through this reaction
is then converted to glutamate by pyrroline-5-carboxylate dehydrogenase (P5CDH)109,110.

Figure 1.3: Proline synthesis from glutamate and from ornithine through the PYCR isoforms.

1.4.2 Proline metabolism as a stress response

Proline metabolism has long been associated with stress in plants, bacteria, protozoa and
algae. In plants, proline is known to accumulate under stress conditions, such as altered
osmotic pressure, drought, low temperature, heavy metal exposure and UV radiation111. In
these conditions, increased proline levels impart stress tolerance via three mechanisms; as a
signalling molecule, metal chelator and oxidative stress protection111.

The role of proline metabolism in stress and links to oxidative stress protection have
been increasingly investigated in mammalian cells, particularly in the context of cancer.
Proline is known to be able to scavenge ROS112,113,114,113. This was demonstrated using a
graft co-polymerisation assay technique, which measures the extent of free radical-dependant
grafting of two materials. Proline addition reduces the grafting in a dose-dependent manner,
suggesting it is able to reduce the availability of reactive species113. It has been further
shown in a system using ascorbate, hydrogen peroxide and iron to generate free radicals,
and measurement of salicylic acid hydroxylation as a surrogate for the amount of radicals
present. The ability of compounds to compete with salicylic acid can therefore be determined,
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and is assumed in this model to suggest free radical scavenging. In this system, proline was
found to reduce salicylic acid hydroxylation, again in a dose-dependant manner114.

In the context of myocardial infarction, proline supplementation is sufficient to reduce
oxidative damage and apoptosis. This affect appears to be transcriptional, increasing expres-
sion of Glutathione peroxidase 1, and decreasing the expression of Thioredoxin-interacting
protein - which acts on thioredoxin to inhibit the antioxidant system115.

The effects of proline itself and the effects of its metabolism appear to be distinct.
For instance, pre-treatment with proline was found to be protective against oxidative stress
induced by H2O2 in a melanoma cell line. However, the protective effects are dependent on
the metabolism of proline, as rescue was lost with siRNA mediated knockdown or inhibition
of PRODH116.

Components of the proline metabolic pathways are downstream of stress-induced sig-
nalling pathways. The expression of PRODH is induced by the tumour suppressor, p53117.
p53 is activated in response to multiple stressors, including; DNA damage, oncogene acti-
vation, hypoxia and ribosomal stress118. Additionally, components of the proline synthetic
pathway are downstream of mTOR signalling pathways119.

PRODH is also regulated by mammalian target of rapamycin (mTOR) signalling, in
response to nutrient stress. Indeed, treatment with rapamycin has been shown to induce
PRODH expression109. ATP levels after rapamycin treatment show a slight initial decline,
and stabilise thereafter. ATP levels are unable to maintained after rapamycin treatment
with siRNA knockdown of PRODH109. PRODH can contribute to ATP generation by direct
transfer of electrons from proline to the ETC via cytochrome C120. ATP generation through
PRODH activity may also be through increased flux through the pentose phosphate pathway,
as blockade of this reverses the PRODH dependant maintenance of ATP after rapamycin
treatment109. It has been suggested that this is driven by NADP+ produced through proline
cycling, although the evidence for this is not yet strong.

Interestingly, it has been suggested that there is a direct interaction between the mi-
tochondrial isoforms of PYCR and the RRMB2 subunit of ribonucleotide reductase (RR)121.
RR catalyses the rate limiting step of deoxyribonucleotide synthesis, essential for DNA syn-
thesis and repair. The RRMB2 subunit is induced by oxidative stress and DNA damage.
Notably, in hypoxia, subunit switching to RRMB2 is essential for hypoxic cell viability122
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Overexpression can reduce ROS accumulation in cancer cells and provide protection against
hydrogen peroxide treatment. Indeed, RRMB2 can catalyse the conversion of hydrogen per-
oxide to water and oxygen123, suggesting it may also have a direct catalase-like function.
Knockdown of PYCR1 and 2 decreases cell survival under oxidative stress and expression of
both isoforms has been shown as important in the maintenance of mitochondrial structure121.
Cells overexpressing RRMB2 lose resistance to oxidative stress when PYCR1 and 2 are si-
lenced, indicating that the oxidative protection of RRMB2 requires expression of the mito-
chondrial PYCRs121. It is not clear whether this coordination requires interaction between
the proteins, or whether downstream effects of the PYCRs can modulate RRMB2 activity.

PYCR1 is further implicated in cellular stress responses due to the phenotype asso-
ciated with germline mutations of this isoform. Fibroblasts from affected individuals have
abnormal mitochondrial morphology, exhibiting altered cristae and a smaller size; a pheno-
type that is exacerbated upon treatment with H202. These cells are more sensitive to H202
than controls, resulting in 5-fold higher rates of cell death after treatment124.

1.4.3 Proline metabolism and redox

The proline metabolic network, or proline cycle110 is closely linked to the redox state of the
cell, or cellular compartment, due to the electron transfer requirements at multiple steps.
Flux through these steps is therefore responsive to the availability of these co-factors. In
this way, it may also act to buffer perturbations in the redox balance.

The close link between proline metabolism and redox co-factor availability is clearly
demonstrated with deletion of NADK2, the enzyme responsible for the mitochondrial phos-
phorylation of NAD to produce NADP. When NADK2 is lost, cells become auxotrophic
for proline for their continued growth and proliferation. As a result of the loss of NADP
production in the mitochondria, cells do not have sufficient levels of mitochondrial NADPH
to maintain production of P5C from glutamate through P5CS activity125.

Conversely, proline synthesis can also be responsive to increased availability of co-
factors. Upon stimulation with growth factor cells increase uptake of nutrients, often ex-
ceeding their metabolic capacity. High levels of oxidation of substrates through the TCA
cycle yields excessive NADH and FADH2. These levels can exceed the electron transfer ca-
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pacity of the ETC, leading to ROS formation126.After treatment with transforming growth
factor beta (TGFβ), glutamine is directed away from the TCA cycle and into proline synthe-
sis. Levels of proline increase in response to the observed increase in mitochondrial oxidative
activity. Additionally, high levels of incorporation of proline into collagen were seen in this
context. Deletion of P5CS results in loss of these responses127.

Proline metabolism has also been identified, alongside lipogenesis, as a mechanism
for maintaining electron transfer when the ETC is limited, using a model of cellular elec-
tron balance. In vitro this translated to an increase in glutamine-derived proline export
in response to ETC inhibition or hypoxia and an increase in glutamine incorporation into
fatty acids. This was shown to be in response to NADH accumulation. Knockdown of P5CS,
which completely ablates glutamine-derived proline synthesis, was seen to be synergistic with
inhibition of lipogenesis in a xenograft model128.

Proline metabolism has been referred to as a “redox valve”129 and a “redox vent”127,
in references to its close links to the redox state of the cell. These terms focus on the loss
of NADH and possibly understate the importance of the regeneration of NAD. Therefore, it
may be more apt to refer to the network as “redox modulating”.

1.4.4 Proline metabolism in cancer

Throughout the development and progression of cancer, the metabolic requirements of the
cell change. The catabolism of proline appears to be particularly important in the process of
metastasis, through PRODH activity. In a comparison of cells grown in 2D vs 3D, a switch
from proline excretion to consumption is seen, with a corresponding increase in expression of
PRODH. Accordingly, knockdown of PRODH reduces spheroid size, suggesting that PRODH
activity is required for maintenance of cell viability when nutrients are restricted. Inhibition
of PRODH in this model caused a marked decrease in ATP levels, supporting the idea
that PRODH activity supports 3D growth by maintaining ATP production. This translates
into a striking effect of PRODH inhibition in vivo, where the weight of the primary breast
tumour remains the same between conditions, but the number of lung metastases is halved130.
Interestingly, in this study the removal of proline from the media of cells grown in 3D did
not affect spheroid size, unless in conjunction with knockdown of PYCR1130. This further
supports the hypothesis that proline itself is not supportive of growth in stress conditions, and
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that both its breakdown and synthesis are required. Interestingly, this is another study which
identifies a role for PYCR1, but does not find any effect of PYCR2 in their model. It also
serves as a reminder of the dynamic nature of metabolism, and that metabolic vulnerabilities
of cancer cells are often context dependant.

Further work has also identified a subset of cancer cell lines which are dependent on
exogenous proline in order to form colonies in culture. These cell lines showed relatively
higher expression of genes associated with oxidative ER (endoplasmic reticulum) stress,
compared with cell lines which are not dependent on exogenous proline. These cells also had
altered expression of signalling pathways downstream of mTOR, and were more sensitive to
its inhibition. Knockdown of PYCRL or c-myc (in order to reduce expression of P5CS) was
able to reduce the clonogenic potential of cell lines which were proline-independent, although
it is not clear if this phenotype can be rescued with the addition of proline. This work again
implicates proline metabolism in the cellular response to stress, further linking it to mTOR
signalling. In vivo this translates into a sensitivity of proline-dependent cell lines to proline
starvation, with a significant reduction in tumour formation in mice on a proline-free diet119.

Proline metabolism and the tumour microenvironment

Proline metabolism is adapted in response to a changing tumour microenvironment and the
metabolic implications of this. It can also be linked more directly to the physical microen-
vironment and the ECM.

Collagen is one of the major components of the ECM, and is strongly linked to proline
metabolism. A significant proportion of the amino acids which make up collagen are proline
and hydroxyproline; only glycine is more abundant.131. Accordingly, collagen can also act as
an extracellular proline reserve alongside its more widely recognised role in ECM structure.
Under nutrient limited conditions, pancreatic ductal adenocarcinoma (PDAC) cells have been
shown to take up collagen fragments and metabolise the proline derived from this through
PRODH132.

Proline synthesis in response to TGFβ stimulation, can also support enhanced colla-
gen production in fibroblasts127. It seems likely that increased proline synthesis in response
to redox stress in cancer cells could contribute to collagen synthesis in a similar way. In-
terestingly, in lung cancer, proline synthesis has been seen to be increased in response to
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ECM stiffness. This occurs through an interaction between Kindlin-2, involved in integrin-
mediated cell-ECM interaction, and PYCR1 in the mitochondria. Loss of kindlin-2 resulted
in decreased proline synthesis and fibrosis133.

PYCR1 in cancer

Use of differential ribosomal codon profiling to screen for tumour-specific amino acid vulnera-
bilities identified proline as limiting in ccRCC, due to decreased availability of proline-tRNA
for protein synthesis. Analysis of the proline metabolic enzymes in this context showed an
increase in PYCR1 expression. Intriguingly, the expression of PYCR1 was found to be in-
creased in response to glutamine deprivation, but not in response to proline depletion134.
This study further showed that proline appears to be limiting in tumourigenesis, and that
loss of PYCR1 in this context is detrimental to tumour growth. This suggests a role for
proline synthesis in the early stages of tumour development, to support protein synthesis.

PYCR1 has been increasingly studied in the context of cancer in the last few years.
Increased expression has been linked to poor prognosis, through publicly available dataset
analysis in bladder135, colorectal136 and gastric cancer137, small cell lung carcinoma138, hepa-
tocellular carcinoma139 and lung adenocarcinoma140. Analysis using microarray gene expres-
sion datasets in conjunction with tissue-array data from breast cancer patients also showed
a significant association between higher PYCR1 mRNA and protein levels and poorer out-
comes in multiple molecular subtypes141.

Recently, a number of papers have investigated the effects of siRNA mediated knock-
down, or small molecule inhibition of PYCR1135,136,137,138,139,140. These have shown it to
reduce proliferation, invasion and migration in several cell lines. So far, the majority of these
investigations have associated PYCR1 expression with downstream processes and pathways
without elucidating a mechanism, and often without consideration of the metabolic implica-
tions of PYCR1 loss. PYCR1 has, for example, been associated with Akt phosphorylation
and activation of the Akt signalling pathway142,135. In this way, increased expression of
PYCR1 in cancer cells is directly linked to signalling leading to increased proliferation, in-
vasion and migration. This, without a mechanism or proven interaction, seems likely to
be an oversimplification, given the likely effects of loss of a source of proline synthesis and
NADH oxidation. Given the body of evidence to suggest that the proline metabolic network

22



Introduction

is involved in oxidative stress, alterations to proliferative and apoptotic signalling pathways
are likely to be in response to metabolic dysregulation.

One study does show a direct interaction via co-immunoprecipitation of PYCR1 with
STAT3, which can mediate p38 mitogen-activated protein kinase (MAPK) and nuclear factor
kappa B signalling136. However, while this may point to an as yet undescribed extramito-
chondrial pool of PYCR1, this interaction has yet to be shown in cellulo.

PYCR1 in IDH1R132 Glioma

As previously discussed, glioma cells with an IDH1R132X mutation have an increased
NADP+:NADPH ratio, altering the GSH:GSSG ratio with implications for their oxidative
stress response. In these cells, proline synthesis from glutamine has been shown to increase.
Knockdown of each of the PYCR isoforms showed that this increase is through the activity of
PYCR1. Further to this, the expression of this enzyme was also found to be higher in patient
IDH1R132X tumour samples, compared to IDH1WT. The levels of 2HG in tumours were
also found to correlate with levels of proline143, suggesting that the degree of 2HG synthesis
is correlated with proline synthesis, further suggesting that proline synthesis is required to
counteract the effects of this reaction. In this system, the loss of PYCR1 was also shown to
increase the cellular oxygen consumption, suggesting that the activity of PYCR1 is oxygen
sparing. This may be due to the NAD+ produced through the reaction allowing bypass of
complex I of the ETC, requiring less oxygen as a terminal electron acceptor. Based on this
observation, it can be hypothesised that this may be a useful mechanism in hypoxia, where
oxygen for the ETC is limited, and the NAD+:NADH ratio is lowered.

1.5 Methods and Models

1.5.1 Inborn Errors of Metabolism

As previously mentioned, IEM encompass a wide range of disorders resulting from genetic
alteration to components of metabolic pathways. IEM have been described as collectively
common, but individually very rare, given the huge diversity of pathways which can be
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impacted and the ways these can be affected. IEM can be due to increased or decreased
activity of a metabolic enzyme, deficiency in a co-factor, or accumulation of metabolites
due to issue with transport or degradation144. Early discovery and intervention is crucial
in patients with IEM as symptoms tend to progress with development. This has led to the
development of widespread screening programs including, most famously, phenylketouria
(PKU) for which newborn babies have been routinely tested in the UK since 1969. Advances
in metabolomic testing and medical genetics have led also to an increase in adult diagnosis,
with 23% of diagnoses in a case study in the UK occurring in adults145.

The study of metabolism, and cancer metabolism in particular, has been hugely in-
fluenced by insights gained from the treatment of individuals with IEM. Once such ex-
ample was the finding that L-2-hydroxyglutaric aciduria, caused by a mutation in the
L-2-hydroxyglutarate dehydrogenase gene, was associated with the development of CNS
tumours146. In combination with studies which uncovered the role of IDH1 mutations,
2-hydroxyglutarate was designated an oncometabolite147. The effects of alterations to a
pathway or an enzyme can inform our understanding of how these pathways function phys-
iologically, and also in the context of other diseases.

Understanding the physiological role of proline metabolism has been furthered by
research involving individuals with germline mutations in the proline biosynthetic enzymes,
PYCR1124 and PYCR2148. Mutations resulting in loss of PYCR1 result in a spectrum of
disorders, with similar features, including: wrinkly skin (cutis laxa), generalised connective
tissue weakness, hernias, ostopenia, hypoplasia of the jaw and intellectual disability. Serum
proline levels in these individuals are in the lower region of the normal range.

Because the organ most affected in these patients is the skin, fibroblasts were isolated
for in vitro analysis. In culture, these cells do not require supplementary proline in the media,
and have an intracellular proline level comparable to that of controls124. This implies that
synthesis of proline through the other PYCR isoforms is sufficient to maintain proline levels,
and cells do not become auxotrophic for proline. No differences were seen in the oxygen
consumption rates, nor in the production of ROS. These cells were, however, much more
sensitive to treatment with hydrogen peroxide124. As ROS production is unchanged, this
sensitivity is not due to a higher burden oxidative stress, but rather a decreased ability to deal
with H2O2. These observation of both the patient symptoms, and corresponding molecular
analysis can inform treatment and further investigations into fundamental metabolism.
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1.5.2 Metabolic tracing

The field of cancer metabolism has rapidly grown in the last few years, and the techniques
and methods have evolved extensively. There are several methods available to measure
specific metabolites, for example lactate and glucose assay kits and meters. These provide
a readout of the concentration of these metabolites, most often only in the media. They
are useful to give an indication of the overall activity of a pathway, or consumption of
a nutrient. For example, increased consumption of glucose and secretion of lactate would
suggest increased glycolysis, although lactate measurement alone is likely an underestimate of
glycolytic activity. In a similar way, but on a larger scale, metabolomics methods give a read
out of levels of a large number of metabolites. This usually uses gas or liquid chromatography
(GC or LC), coupled to a mass spectrometer (MS), which can separate and detect a panel
of metabolites, to give a snapshot of the overall metabolic network. However, from this
information, regulation of pathways can be inferred and not necessarily concluded. For
example, an increase in a TCA cycle metabolite may indicate result from a decrease in
breakdown or increase in synthesis. It also does not provide any information on the nutrient
source used to produce the metabolite, or whether it was produced oxidatively or reductively.

Stable isotope tracing is a technique which can be used to answer these questions,
and to interrogate nutrient usage in more detail. This method uses nutrients which contain
stable isotopes that are most often heavier than those most commonly found naturally149. For
example, carbon 13 in place of carbon 12, nitrogen 15 in place of 14 and deuterium in place of
hydrogen. For this work, glucose or glutamine with all carbons replaced with 13C ([U13C]) was
used. These nutrients are metabolised with the same kinetics as their lighter counterparts,
allowing the heavy atoms to be incorporated into downstream metabolites. Incorporation of
a heavy isotope results in an increase in the fragment mass of that compound. For example,
where the fragment detected by the mass spectrometer of proline has a mass of 286 (n), if
that proline contains one heavy carbon isotope (13C), the detected mass will be 287 (n+1).
This is the same for any number of heavy carbons the metabolite contains, so proline which
is fully comprised of 13C ([U13C]-) has a fragment mass of 291 (n+6).

Using this technique, coupled to GCMS or LCMS, it is possible to determine how
many of the carbons in a metabolite are derived from the labelled nutrient. With this
information, the pathways utilised by the cell can be determined. For example, the majority
of citrate m+2 is produced through the activity of pyruvate dehydrogenase (PDH), while
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citrate m+3 indicates pyruvate carboxylate (PC) activity (Figure 1.4)150. Similarly, tracing
using fully labelled glutamine into citrate can indicate the directionality of the TCA cycle.
M+4 citrate from glutamine is indicative of oxidative TCA cycle activity, as a carbon is lost
in the conversion of α-ketoglutarate to succinyl-CoA. M+5 citrate is a result of reductive
TCA cycle activity, in which all of the carbons are retained (Figure 1.5).

1.5.3 Modelling the Tumour Microenvironment

As previously discussed, the microenvironment; particularly the hypoxic nature of this, af-
fects redox regulation. Several methods have been employed in this work which aim to
recapitulate aspects of this microevironment more closely than standard 2D cell culture.
The study also uses methods to image tumours which generate data relating to the condi-
tions the cancer cells inhabit, as well as the cells themselves. These methods will be discussed
in detail below.

Hypoxia

Hypoxia Chambers

Cells grown in standard cell culture are maintained in incubators at atmospheric oxygen
tensions (21%). In order to study the effect of hypoxia on cells in culture, cells can be
cultured and experiments carried out in hypoxia chambers. The temperature, humidity and
percentage CO2 are kept the same for the purpose of these experiments, but the percentage
of oxygen is altered. For this work, two oxygen tensions are used, and referred to as hypoxia:
1% and 0.3%. These percentages were chosen to reflect a low oxygen environment, where
cellular oxygen availability is sufficiently low to stabilise HIF1α, and lower than physoxic
measurements for most tissues41. 1% is regarded as a mild hypoxia, and 0.3% as more severe.

Spheroid Culture

Spheroid cell culture is another technique which can be used to subject cells to hypoxic
conditions. Spheroids develop a hypoxic core, due to the diffusion gradient of oxygen through
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Figure 1.4: Incorporation of 13C Carbons from glucose into the TCA cycle
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Figure 1.5: Incorporation of 13C Carbons from glutamine into the TCA cycle
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the mass of cells (Figure 1.6). This level of hypoxia is also sufficient to induce HIF1α
stabilisation. Cells in spheroids are exposed to a range of oxygen tensions, as they would
in vivo. In this model the degree of hypoxia can’t be defined in the same way as using a
hypoxia chamber, so the use of both techniques gives a more thorough picture.

Figure 1.6: Cells grown in spheroid models are subject to an oxygen and nutrient diffusion
gradient, which aims to more closely represent the conditions in a solid tumour.

Histology

Staining of sections taken from a tumour allows a snapshot of the cancer cells and the
microenvironment in which they are growing. Staining of proteins not only in cells, but in
the stroma provides information on conditions such as hypoxia.

Hypoxia in solid tissues can be studied both directly and indirectly. Staining for
proteins which are upregulated by HIF1α can show when cells have been subject to a low
enough oxygen tension to cause stabilisation. CA9 is commonly used as a marker for hypoxia
for this reason151.

Detection of hypoxia in tissues through the use of pimonidazole gives a more direct
read out of oxygen availability. Pimonidazole is a 2-nitroimidazole, shown to form adducts
with thiol groups in amino acids, peptides and proteins in cells with a pO2 < 10 mmHg.
Adduct formation is not affected by variations in NADH or NADPH levels. Antibodies have
been raised against pimonidazole protein adducts, allowing immunodetection in samples.
Pimonidazole is administered intravenously, tissues are snap frozen and prepared for analysis.
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The use of pimonidazole for hypoxia detection has been extensively validated152,153, and
immunodetection has been shown to correlate with oxygen electrode measurements42 and
distance from blood vessels. This method also allows visualisation of hypoxic gradients in
tissues and tumours.

1.6 Thesis Aims

This work aims to investigate the role of proline biosynthesis through PYCR1 in hypoxia.
It aims to address the hypothesis that flux through this pathway is increased in low oxygen
conditions, in order to regulate the NAD+:NADH ratio. The impact of loss of PYCR1 in
breast cancer cells in normoxia and hypoxia will be investigated, using a range of molecular
biology techniques. In particular, the metabolism of these cells will be studied using stable
isotope tracing methods. Further to this, it will explore the effect of PYCR1 loss in tumour
cells in vivo, using a xenograft model.

Taking the PYCR1 investigation further, using a bank of slides from breast needle
biopsy samples, the expression of PYCR1, the hypoxia marker, CA9, and collagen will be
studied in biopsy sample from triple negative breast cancer tumours. Using spatial image
analysis software, interactions and associations between these markers will be investigated.

Finally, using the the molecular methods previously discussed, this thesis will charac-
terise dermal fibroblasts from a patient with an inborn error of metabolism, hypothesised to
be caused by a mutation in decaprenyl diphosphate synthase subunit (PDSS-1). This enzyme
catalyses a step of the coenzyme Q synthesis pathway. The mutation will be investigated,
to establish whether it is likely to be causative.
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Chapter Two

Proline Biosynthesis Through PYCR1

Supports Hypoxic Cancer Cell Survival

2.1 Introduction

Cancer cells undergo extensive metabolic reprogramming in order to support uncontrolled
proliferation and to promote cell survival in an often challenging microenvironment. Identi-
fication of metabolic changes which occur in these cells will hopefully lead to the discovery
of new targets for therapy. In particular pathways or nutrients upon which cancer cells
become more reliant, either chronically (often due to (epi)genetic modification/mutation),
in specific microenvironments, or at different stages of progression, may present metabolic
vulnerabilities.

The metabolism of non-essential amino acids (NEAA) is often altered in cancer, with
increased glutamine consumption, sometimes even characterised as glutamine ’addiction’,
being one of the most well-documented metabolic phenotypes154. NEAAs have been in impli-
cated in numerous mechanisms in cancer, including lipid and nucleotide synthesis, epigenetic
regulation and redox homeostasis155. One of the most successful examples of a metabolism-
targeting treatment, asparaginase, targets leukaemic cells that are unable to synthesis the
NEAA asparagine20.

Proline has been studied in this context, with steps of its metabolism now linked to
cancer cell survival and metastasis110. In addition to its role as a proteinogenic amino acid,
both proline synthesis and catabolism are metabolically important processes. Several steps
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of the proline metabolic network are redox-linked and ATP producing/consuming.

2.1.1 Proline biosynthesis

Proline is synthesised from the unstable intermediate, P5C, by the PYCR family of enzymes
(PYCR1, 2 and L). The PYCR1 and PYCR2 isoforms preferentially use P5C derived from
glutamate as a substrate, while PYCRL uses ornithine-derived P5C108. P5C is formed spon-
taneously from glutamate-5-semialdehyde (GSA), which is produced either through ornithine
aminotransferase (OAT) from ornithine or through pyrroline-5-carboxylate synthase (P5CS)
from glutamate. P5CS activity is ATP-dependent and oxidises NADH.

The synthesis of proline is redox-linked, with both routes requiring reducing equiv-
alents. The different isoforms preferentially use different co-factors, with PYCRL mostly oxi-
dising NADPH, and PYCR1 and 2 mostly oxidising NADH in their respective reactions108(Figure
2.1).

Figure 2.1: Diagram to show the possible routes of proline synthesis from glutamate or
ornithine and the co-factors required for this reaction.

32



Proline Biosynthesis Through PYCR1 Supports Hypoxic Cancer Cell Survival

2.1.2 Tumour Hypoxia

Cells in solid tumours often have reduced and unreliable access to sufficient oxygen. Uncon-
trolled cancer cell proliferation often results in a dense mass in which competition for oxygen
in increased, and in which cells are pushed further from the physiological blood supply. Tu-
mour neoangiogenesis is able to compensate to some degree, but the vessels produced in this
way are often disordered and inefficient50,156. Cancer cells must therefore be able to survive
a hypoxia microenvironment, and overcome the metabolic and oxidative stress associated
with this.

There are several clear metabolic changes which occur when cells are in hypoxia.
Glucose metabolism is significantly altered, with increased consumption due to an increased
reliance on glycolysis for ATP production. This is accompanied by an increase in lactate pro-
duction and excretion, in response to a change in the NAD+:NADH ratio. This results from
slowed ETC activity157, as the rate of oxidation of NADH is reduced. TCA cycle reactions
are impacted by the lack of NAD+, meaning the malate-aspartate shuttle is less capable of
moving NADH produced though glycolysis out of the cytosol and into the mitochondria.
The conversion of pyruvate to lactate is increased as this oxidises some of this NADH, and
ensures glycolytic reactions are still favourable61. This overall glucose consumption increase
and lactate excretion phenocopy the classic observations in cancer metabolic research. In
this way, adaptation to hypoxia may not only be a means of survival, but may contribute to
the malignant phenotype.

In hypoxia, the fate of glutamine is also changed. When levels are sufficient, glu-
tamine is primarily oxidised through TCA cycle reactions, to ultimately produce anabolic
precursors, as well as reduce NAD+ to donate high energy electrons to the ETC to generate
the proton gradient required for ATP generation through OXPHOS. In hypoxia however,
the rate of oxidation of glutamine is reduced, and reductive metabolism plays a greater role.
This involves its conversion to citrate through the activity of IDH1/2 and aconitase, using
NADPH61.

Hypoxic cancer cells are associated with a more aggressive and invasive phenotype,
and hypoxic areas are known to be more resistant to chemo- and radiotherapy158. For these
reasons, finding novel ways to target these cells is an important area of research focus.
Additionally, the metabolic alterations which are required for cells to survive in hypoxic
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conditions may present therapeutic targets.

2.1.3 PYCR1 in hypoxia

In light of the evidence demonstrating that PYCR1 activity is oxygen sparing in IDH1
mutated glioma cells143, it was hypothesised that cells could use this pathway when oxygen
is limiting. The NAD+ generated through PYCR1 could allow by-pass of complex 1 of the
ETC, permitting continued oxidative TCA cycle activity, and partially uncoupling these two
processes. If this hypothesis is correct, proline biosynthesis through PYCR1 could represent
a specific metabolic vulnerability in hypoxic cells.

2.1.4 Aims

The aim of this chapter is to investigate proline metabolism in hypoxia, to establish whether
this pathway is altered with decreased oxygen availability, and the impact of its disruption
on cell phenotype. Further to this, the system will be investigated in vivo, using a xenograft
model, to establish whether any vulnerabilities can be translated into reduced tumour cell
viability.

The key findings of this chapter have been published159, and the paper is attached in
Appendix .1.
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2.2 Results

2.2.1 Proline Biosynthesis in Hypoxia

There is now a body of evidence that suggests proline metabolism is altered in response
to redox challenge127,143. Hypoxia represents a significant challenge to redox homeostasis,
therefore it was hypothesised that proline metabolism would be altered under these con-
ditions. This was initially investigated by incubating SUM159PT cells in normoxia (21%
O2) and in two lower oxygen tensions, regarded as hypoxia (1% O2 and 0.3% O2). Both
intracellular and extracellular proline were measured via GCMS. Extracellular ion counts
are first normalised to a sample of cell-free medium to establish, before normalisation in the
same way. This means we can infer whether a metabolite is taken up from, or released into
the medium. In the cells, proline levels were increased consistently at 1% O2 but were lower
again at the lowest oxygen tension (Figure 2.2A). There was a step-wise increase in proline
in the medium with decreasing oxygen tension (Figure 2.2B). This suggests that proline
biosynthesis is increased in response to hypoxia, particularly proline export into the medium
at 0.3% O2.

Stable isotope tracing was then used to determine the route of synthesis for this
excess proline. Based on the observation that synthesis from glutamine was increased in
IDH1 R123H cells143, glutamine contribution to proline was investigated. SUM159PT cells
were incubated in normoxia or hypoxia with [U13-C]-glutamine for 24 hours, before GCMS
analysis. No carbons are lost in the conversion of glutamine to proline, meaning that the
m+5 isotopologue of proline is glutamine-derived. This value is normalised to an internal
standard and to a measurement of protein to account for any alterations in cell number.
The normalised ion count of this isotopologue was seen to increase in 1% O2 intracellularly
(Figure 2.2C). The extracellular m+5 proline was significantly increased in 0.3% (Figure
2.2D).

The protein expression of PYCR1 and PYCR1, the two isoforms which are known to
catalyse the synthesis of proline from glutamine, was investigated by western blotting. No
change in expression in either isoform was seen in either 1% or 0.3% O2. Induction of HIF1α
was seen in hypoxia, as expected (Figure 2.3).

35



Proline Biosynthesis Through PYCR1 Supports Hypoxic Cancer Cell Survival

These findings were investigated in 3 more cell lines: HCC1806, ONS-76 and HS5.
The HCC1806 cell line is epithelial in origin, derived from an acantholytic squamous cell
carcinoma. The ONS-76 cell line is derived from a paediatric medulloblastoma. The HS5
cell line is a fibroblast-like line, derived from the bone marrow stroma.

The extracellular level of proline was significantly increased in 0.3% O2 in each of the
cell lines. The extracellular m+5 proline levels were also increased with hypoxia - in the
HCC1806 cells this was significant in 1% O2 (Figure 2.3), in the ONS-76 and HS5 cells this
was significant at 0.3% O2 (Figure 2.3 B-D). The expression of PYCR1 and PYCR2 was
also checked in these three cell lines and was again found to be unchanged with hypoxia,
representative blots are shown in figures 2.3 E, G, and I. This was also confirmed with
densitometry of n=3 blots, shown in figures 2.3 F, H, and J.

Taken together, these results suggest that proline synthesis from glutamine is indeed
increased in hypoxia and that the proline produced through this reaction is released into
the medium. This increase in synthesis also occurs without an increase in either PYCR1 or
PYCR2.
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Figure 2.2: A. In SUM159PT cells, the total normalised ion count of intracellular proline
is increased significantly in 1% O2, and the levels at 21% and 0.3% are similar. B. Extra-
cellular proline ion counts are variable at 1% O2, and significantly increased at 0.3%. C.
Using [U13]C-glutamine, and measuring [U13]C-proline, shows glutamine-derived proline is
increased intracellularly at 1% O2, and remains the same at 0.3%. D. Total glutamine-
derived extracellular proline is again, variable at 1% O2, and significantly increased at 0.3%.
(n=4 technical replicates, representative of n=3 biological replicates)
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Figure 2.3: A. Western blot of PYCR1 and PYCR2 in 21%, 1% ad 0.3% oxygen in the
SUM159PT cell line, levels of the 2 isoforms remain consistent B-D. Extracellular proline
ion count and total extracellular glutamine-derived proline ion counts are increased with
hypoxia in the HCC1806, ONS-76, and HS5 cell lines.
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Figure 2.3: (n=3-4 technical replicates, representative of n=3 biological replicates) E-J.
Western blots and associated quantification of PYCR1 and PYCR2 in 21%, 1%, and 0.3%
oxygen show no significant alteration in expression. (n=3)

2.2.2 Proline Biosynthesis in Hypoxia is through PYCR1 activity

Proline can be synthesised from glutamine by PYCR1 and PYCR2. Although no changes
were seen in the expression of either of these isoforms, changes in flux through a pathway can
occur independently of protein expression changes160. siRNA-mediated knockdown of these
isoforms was used to investigate which contributed to the observed hypoxia-induced increase
in glutamine-derived proline synthesis. Knockdown of PYCR1 significantly decreased the
intracellular glutamine-derived proline levels (Figure 2.4A), and the increase in glutamine-
derived proline in hypoxia was lost (Figure 2.4B). PYCR2 knockdown did not show a similar
effect, and intracellularly, even seemed to increase the level of glutamine-derived proline
at 1% O2 (Figure 2.4A and B). The knockdown was confirmed by western blotting, with
densitometry of n=3 blots and a representative blot shown in figure 2.4 C. This also shows
that knockdown of either isoform does not induce any compensatory increase in the other.
It also confirms the specificity of the siRNA construct, which is particularly important given
the significant sequence similarity.

The results of the siRNA-mediated knockdown experiments were recapitulated in a
SUM159PT PYCR1 knockout (KO) cell line, previously described in134. In the PYCR1
KO cells, proline synthesis from glutamine was significantly reduced, and the previously
described hypoxic response was lost (Figure 2.4D and E). The loss of PYCR1 in this model
was confirmed by western blotting, as well as confirmation that PYCR2 expression remained
consistent between the non targeting (NT) and PYCR1 KO (Figure 2.4).

This suggests that PYCR1 mediates the increase in proline synthesis from glutamine.
It also seems the proline produced through this activity is in excess of cellular demand, as
the increase (which is lost with PYCR1 loss) is seen most consistently in the medium.

Briefly, this similarity of sequence and structure was explored using BLAST alignment
tool and PyMol software to overlay the structure of the two isoforms. This reveals that the
amino acids which differ between the isoforms are not located in substrate binding regions.
Overlay of the structure shows striking similarity, with the differing amino acids dispersed
throughout the structure, this returns a root means squared deviation of 0.846Å (Figure
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2.5).

Additionally, the tissue expression of both of the isozymes was investigated, using
publicly available relative RNA tissue expression data from the Human Protein Atlas (Fig-
ure 2.5D and E). PYCR1 RNA expression is highest in the salivary glands and stomach,
with relative expression levels approximately twice that of the next highest level. Relative
expression of PYCR1 RNA is lowest in haematological tissues, namely: T-cells, NK-cells,
monocytes, neutrophils and basophils. PYCR2 RNA expression is more consistent across
tissue types, although expression was highest in naive CD4 T-cells, the adrenal glands and
the spinal cord.
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Figure 2.4: A. Intracellular glutamine-derived proline is increased in response to hypoxia in
cells treated with an NT siRNA construct, and not with siPYCR1. siPYCR2 does not result
in loss of glutamine-derived proline production, and this is still responsive to oxygen tension.
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Figure 2.4: B. Extracellular glutamine-derived proline production shows a similar trend to
intracellular levels. (n=3-4 technical replicates, representative of n=3 biological replicates)
C. Western blot to show siRNA mediated knockdown of each isoform, with actin as a loading
control, and densitometry of 3 blots. D. In the PYCR1 KO SUM159PT cell line, intracellular
glutamine-derived proline is decreased. E. Extracellular proline is also decreased in this
system. F. Western blot to show the expression of PYCR1 and PYCR2 in the NT and
PYCR1 KO 159PT cell lines, with actin as a loading control.

2.2.3 PYCR1 activity is redox modulating

As previously discussed, proline metabolism is redox-linked143,127,105. Proline synthesis
through PYCR1 uses NADH as an electron donor, regenerating NAD+. The impact of
loss of PYCR1, and therefore loss of a source of NAD+ on the whole cell NAD+:NADH
ratio was measured in the PYCR1 KO cell line. In this model, PYCR1 loss reduces the
NAD+:NADH ratio (Figure 2.6A). A trend towards a reduction was also seen with siRNA-
mediated knockdown, but this does not reach significance (Figure 2.6B). The GSH:GSSG
ratio was also measured, as a surrogate for the NADP+:NADPH ratio. This was unchanged
between conditions (Figure 2.6D), indicating the NADP+:NADPH ratio is maintained. This
was again measured in the siRNA knockdown model, and was unchanged (Figure 2.6E).

A change in the ratio of NAD+:NADH is expected to affect the conversion of pyruvate
to lactate as the overall direction of the flux is determined by the cytosolic NAD+:NADH
ratio. When the NAD+:NADH ratio is low, production of lactate is often increased161. This
was measured in PYCR1 KO and NT cells, in normoxia and hypoxia. This showed a trend
towards an increase with hypoxia, as expected, although this did not reach significance.
PYCR1 loss exacerbated this effect (Figure 2.6 C).

The effect of a loss of a mitochondrial source of NADH oxidising ability, large enough
to alter the whole cell redox balance, was hypothesised to affect oxidative TCA cycle activity.
Stable isotope tracing was again used to investigate this. The incorporation of glutamine
into glutamate was unchanged between conditions suggesting no difference in the activity of
glutaminase (Figure 2.6F).

Glutamate carbons are incorporated into the TCA by conversion to α-ketoglutarate.
α-ketoglutarate can then be converted to succinyl Co-A by α-ketoglutarate dehydrogenase,
in a reaction which requires NAD+. 4 carbons from glutamate are taken through into the
TCA cycle in this way, termed oxidative TCA cycle activity. Alternatively, α-ketoglutarate
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Figure 2.5: A. BLAST alignment of amino acid sequences for PYCR1 (Query) and PYCR2
(Sbjct). Highlighted areas denote binding regions, as defined by UniProt. B. Full structure
of the PYCR1 complex in pale green, with PYCR2 structure in dark green overlayed on one
subunit. Regions flagged as forming part of the binding site are shown in pink. Differences
in amino acid sequence between PYCR1 and PYCR2 are highlighted in yellow.
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Figure 2.5: C. Alignment of PYCR1 and PYCR2 structures in PyMol returns a root means
squared deviation (RMSD) of 0.846 Å. D. Relative RNA tissue expression of PYCR1. E.
Relative RNA tissue expression of PYCR2. Data taken from Human Protein Atlas.

can be converted to isocitrate via isocitrate dehydrogenase. This reaction takes 5 carbons
from glutamine into the TCA cycle, and is the first reaction in the reductive (or reverse)
TCA cycle162.

Incorporation of glutamine carbons into succinate is almost entirely into the m+4
isotopologue, and is reduced in response to hypoxia, and with PYCR1 KO (Figure 2.6G).
The percentage m+4 was significantly lower in 0.3% compared to 21% in the PYCR1 KO
cells (Figure 2.8D). m+4 and m+3 isotopologues are seen in fumarate. A switch between the
two is seen with hypoxia, with a higher percentage of m+3, and less m+4 at lower oxygen
tensions. With PYCR1 loss there is more m+3 than the NT in normoxia, with reduced overall
incorporation (Figure 2.6H). In malate, total incorporation of glutamine carbons is similar
between conditions (Figure 2.6I). m+4 labelling is reduced with hypoxia, and is reduced
even further with PYCR1 KO in all oxygen tensions (Figure 2.6I, Figure 2.8F). Aspartate
shows the same trend, with the effect more pronounced (Figure 2.6J, Figure 2.8G). Total
incorporation into citrate is lower in 0.3% oxygen in the NT cells. There is also a reduction
in percentage labelling into m+4 (Figure 2.8H), while the m+5 incorporation is increased at
1% O2. The PYCR1 KO cells show less incorporation into citrate in all conditions, with the
majority of label being m+5, even in normoxia (Figure 2.6K). Glucose incorporation into
citrate is also decreased with PYCR1 KO (Figure 2.8I).

The ratio of m+4:m+5 citrate from glutamine can be used as a read-out of the relative
contribution of oxidative TCA cycle activity versus reductive carboxylation of glutamine.
This is reduced with hypoxia, as previously reported61. PYCR1 KO appears to reduce this
further, and in 0.3% O2 this is undetectable (Figure 2.8A). The inverse ratio was increased in
1% O2 compared 21% O2 to the NT cells, while in 0.3% there was too little m+4 to calculate
a ratio for the PYCR1 KO cells (Figure 2.8B).

Overall, these data suggest that PYCR1 loss decreases the NAD+:NADH ratio, re-
sulting in more reductive TCA cycle activity and less oxidative activity than the NT cells.
This is the case in normoxia, and exacerbates a switch which occurs normally in hypoxia.
Reduced incorporation of glutamine into citrate, and into succinate and fumarate, suggest
the TCA cycle is impaired, which is likely to affect production of anabolic precursors.
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Figure 2.6: A. The whole cell NAD+:NADH ratio is lower in the PYCR1 KO SUM159PT
cells, compared to the NT cells. B. siRNA-mediated knockdown of PYCR1 nor PYCR2
significantly reduces the NAD:NADH ratio. C. The ratio of lactate to pyruvate is increased
with hypoxia in both conditions.
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Figure 2.6: D. The GSH:GSSG ratio is not significantly altered with PYCR1 KO. E. The
GSH:GSSG ratio is not significantly altered with siRNA knockdown of PYCR1 or PYCR2.
F. Incorporation of carbons from [U13C]-glutamine into glutamate is not significantly altered
between conditions. G. Incorporation of glutamine carbons into succinate is reduced with
hypoxia. H. Incorporation of carbons from glutamine is also reduced with hypoxia, with
reduction in m+4 labelling, and increase in m+3 labelling. Loss of PYCR1 induces this
change in normoxia, and it is exaggerated in these cells in hypoxia. I. Total carbon incorpo-
ration into malate is not altered between conditions. The percentage incorporation into m+3
malate is increased with hypoxia, while m+4 malate is reduced. This is exaggerated with
PYCR1 KO. J. Aspartate shows a similar trend to malate. K. In hypoxia, fewer carbons are
incorporated into citrate, with the majority of label switching from m+5 to m+4. This is
also true of the PYCR1 KO cells. In 0.3% oxygen, there is almost no label into citrate in
the PYCR1 KO cells.

Figure 2.7: Ion counts, normalised to total protein (ug) for A. Glutamate B. Succinate
C.Fumarate D. Malate E. Aspartate and F. Citrate. (n=4 biological replicates, representative
of 3 technical replicates)
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Figure 2.8: A. The ratio of m+4:m+5 citrate from [U13C]-glutamine is reduced with decreas-
ing oxygen tension and PYCR1 KO.
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Figure 2.8: B. The ratio of m+5:m+4 citrate from [U13C]-glutamine is increased with hypoxia
and PYCR1 KO. C. Incorporation of glutamine carbons into the glutamate m+5 isotopologue
is unchanged with PYCR1 loss or hypoxia. D-H. Incorporation of glutamine carbons into
the m+4 isotopologues of succinate, fumarate, malate, aspartate and citrate is reduced with
PYCR1 loss in normoxia, and this is compounded by hypoxia. I. The total incorporation of
glucose carbons into citrate is reduced with PYCR1 loss, with the largest change seen in the
m+2 isotopologue. This is compounded by hypoxia. J. The intracellular m+5 ion count of
proline increases with the concentration of extracellular [U13C]-proline.

2.2.4 Effects of PYCR1 Loss on Cell Phenotype in vitro

Impaired TCA cycle activity is expected to impact cell proliferation, due to reduced an-
abolism. Proliferation was measured in the PYCR1 KO cells, in both hypoxia and normoxia
by SRB assay. This showed that the proliferative rate was reduced in both conditions, with
a larger difference seen with lower oxygen tension (Figure 2.9A-C). As proline is an im-
portant proteinogenic amino acid, PYCR1 loss may affect the total cellular protein levels.
A comparison was made between SRB and cell count as a method of assessing growth in
this model. No significant difference was found between the growth defect seen in PYCR1
KO cells compared to NT cells using SRB or cell count, validating the use of SRB as an
experimental approach (Figure 2.9 D).

SUM159PT cells are cultured in DMEM/Hams F12, which contains 150µM proline. In
order to assess whether this affects the growth rate of PYCR1 KO cells, growth was assessed
in proline-free conditions. The PYCR1 KO cells were still capable of proliferating, although
the proliferative defect remained compared to the NT cells (Figure 2.9E). The addition of
exogenous proline was unable to rescue the growth defect, in either condition (Figure 2.9A-
C and E). [U-13C]-proline was used to check the additional proline was taken up by the
cells (Figure 2.8J). Labelled proline allowed specific measurement of proline imported from
the medium. This shows that with increasing concentrations of supplemental proline, the
intracellular proline ion count increases, validating the experimental design. This, therefore,
suggests that the PYCR1 KO cells have sufficient intracellular proline, likely due to the
continued activity of PYCR2 and PYCRL.

This may suggest that PYCR1 is not the main enzyme involved in proline production
for proteinogenesis and that one of the other isoforms serves this function. It may also
suggest that the rate of cellular proline synthesis may exceed the proline requirements of the
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cell, in a manner similar to the excretion of lactate under aerobic conditions in the Warberg
Effect.

As PYCR1 cells were observed to synthesise lactate, likely as a result of an imbal-
anced NAD+:NADH ratio, it was hypothesised that pyruvate supplementation may rescue
the growth phenotype by increasing flux through this pathway. SUM159PT cells were sup-
plemented with 2mM sodium pyruvate. The presence of pyruvate led to a moderate increase
in growth in the NT cells, whilst it doubled the growth of the PYCR1 KO cells, rescuing
growth to the same level as the NT cells. In hypoxia, pyruvate did not affect the NT cells,
but significantly increased the growth of PYCR1 KO cells in 0.3% O2 (Figure 2.9F).

Additionally, as PYCR1 activity was shown to be oxygen sparing in IDH1-mutant
cells143, the effect of PYCR1 loss in SUM159PT cells on HIF1α stabilisation and oxygen
consumption. HIF1α was stabilised later in PYCR1 KO cells, seen as a reduced band at 1
hour and 2 hours. At the 4 hour time point, HIF1α is stabilised to the same extent (Figure
2.9G). No difference in basal oxygen consumption was seen in normoxic conditions, as shown
by measurements on intact cells by Oxygraph (experiments carried out by Cristina Escribano
Gonzalez). PYCR1 KO cells show a decreased maximal respiration in response to FCCP
(Figure 2.9H). Due to the alteration in HIF stabilisation, the basal oxygen consumption was
also measured in hypoxia, at 1.7% and 0.3%, where no difference was observed between the
NT and PYCR1 KO cells (experiments carried out by Dr Kattri-Liis Eskla) (Figure 2.9I and
J).

49



Proline Biosynthesis Through PYCR1 Supports Hypoxic Cancer Cell Survival

Figure 2.9: A-C. Growth, as measured by SRB assay, is reduced with PYCR1 loss, in 21%,
1% and 0.3% O2. Supplementation with 1mM proline does not rescue this phenotype. (n=3
biological replicates presented as mean +/- SD.)
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Figure 2.9: D. The growth rate of PYCR1 KO cells, compared to NT cells is reduced and the
effect size is the same when growth is measured by cell count or SRB protein quantification.
E. In media with no proline (DMEM flux) PYCR1 KO cells are still able to proliferate, and
the growth defect remains. (n=3 biological replicates , +/- SD.) E. 2mM sodium pyruvate
supplementation was able to rescue the growth of these cells, with the largest effect in
normoxia. Data shown relative to NT time=0. (n=3 biological replicates, +/- SD). F.
HIF1α stabilisation in the NT and PYCR1 KO cells, over a 4 hour time course. Actin as a
loading control. G. Basal, leak and maximal oxygen consumption of intact NT and PYCR1
KO cells, measured by Oxygraph (n=3 biological replicates, +/- SD). H-I. Basal oxygen
consumption of NT and PYCR1 KO cells in normoxia and at 0.3% oxygen. (n=6 biological
replicates, +/- SD)

2.2.5 PYCR1 activity supports growth in spheroid culture

When cells are grown as spheroids (often referred to as 3D cell culture), as opposed to as
a monolayer (2D), more elements of the tumour microenvironment are recapitulated. Cells
form attachments to one another and to extracellular proteins, creating a 3D structure,
which in turn creates diffusion gradients for both nutrients and oxygen. Cells in the centre
of these structures are in a hypoxic environment, which more closely mimics hypoxic tumour
regions than 2D cell culture in a hypoxia station. Due to the reduced proliferation rate
of PYCR1 KO cells, the spheroid generation method required consideration. A standard
way of forming spheroids involves seeding cells in agar-coated 6 well plates, and allowing
the cells to clump together over 10 days. In this model, the size of PYCR1 spheroids is
markedly reduced, but this may be exaggerated by the growth rate of these cells. Therefore,
an alternative method was used, in which cells are seeded in U-bottom, ultra low adherence
96 well plates, followed by centrifugation. This forces the cells to form a single mass per well
(Figure 2.10A), allowing the assessment of the resulting phenotype over much shorter time
points163. The extent of hypoxia in this model was assessed by GLUT1 and pimonidazole
staining (Figure 2.10B and C).

The most striking difference between NT and PYCR1 KO spheroids is the altered
morphology of the PYCR1 KO, most clearly seen in the H&E staining (Figure 2.11A). This
was accompanied by a stronger and more diffuse pattern of staining of CA9 (Figure 2.11B).
The PYCR1 KO cells were observed to form spheroids which are less compact than then NT
cells, with significant numbers of cell-free regions.

The size of the spheroids formed was similar, as expected by use of the 96 well plate
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Figure 2.10: A. Representative light microscopy images of spheroids formed from NT and
PYCR1 KO cells (scale bar=400µm). B. CA9 staining in NT and PYCR1 KO spheroids.
C. Pimonidazole staining in NT and PYCR1 KO spheroids.

method, allowing experimental comparison at early time points. At 72 hours after spheroid
formation, the PYCR1 KO spheroids were smaller than the NT(Figure 2.11C). Consistent
with the data in 2D growth conditions, the addition of proline to the medium did not affect
the size of spheroids, indicating that proline is not limiting with PYCR1 loss (Figure 2.11C).

The metabolism of these cells in 3D was investigated, again using stable isotope
tracing. This showed the decrease in glutamine-derived proline in the PYCR1 KO cells
was consistent in 3D culture (Figure 2.11D). The increased lactate:pyruvate ratio was also
maintained (Figure 2.11E). Additionally, glutamine labelling into citrate was investigated,
which again showed an overall decrease with PYCR1 KO and a particular loss of m+4
labelling (Figure 2.11F). The ratio of m+4:m+5 citrate was indeed reduced in the PYCR1
KO spheroids (Figure 2.11G).
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Figure 2.11: A. Haematoxylin and eosin staining of NT and PYCR1 KO spheroids shows a
less dense morphology in PYCR1 KO spheroids. B. Cleaved caspase-3 staining. D. Spheroid
volume (µm3) is not significantly altered in any condition at 24 hours. At 72 hours, PYCR1
spheroids have a significantly reduced volume compared to NT spheroids. Proline sup-
plementation does not rescue this phenotype. (n=26-40 technical repliactes, across 3 bi-
ological replicates.) E. Extracellular glutamine-derived proline is reduced in PYCR1 KO
spheroids. (n=4 biological replicates) F. The ratio of lactate:pyruvate is increased in PYCR1
KO spheroids.(n=3 biological replicates) G. Incorporation of glutamine carbons into citrate
is reduced in PYCR1 KO spheroids. H. The ratio of m+4:m+5 citrate is reduced in PYCR1
KO spheroids. (n=3 biological replicates)
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2.2.6 in vivo

To to assess the effect of PYCR1 loss in a model of breast cancer in vivo, a doxycycline (DOX)
inducible short hairpin RNA knockdown cell line model was developed. This cell model
was established in the lab by Cristina Escribano Gonzalez. The inducible knockdown was
validated after selection and cell sorting (Figure 2.12A). This shows a significant reduction
in PYCR1 expression after DOX treatment.

All in vivo work was carried out by Dr Esther Bridges, in the lab of Professor Adrian
Harris (University of Oxford). Mice were treated with one dose of DOX once xenografts
were established. The knockdown of PYCR1 was confirmed by IHC (Figure 2.13A), using
an antibody specific for the human protein (Figure 2.12B).

In this model, knockdown of PYCR1 significantly increased the expression of the
hypoxia-responsive protein CA9. In response to hypoxia, angiogenic signalling is upreg-
ulated, as the cells attempt to restore the blood supply. CD31, also known as platelet
endothelial cell adhesion molecule, is a marker of endothelial cells164 and can be used to
identify and quantify the vasculature165. This would be expected to increase in response
to hypoxic signalling. However, a decrease in CD31-positive cells was seen in the PYCR1
knockdown xenografts. This could suggest that the angiogenic signalling in these cells is
impaired, or that the process of angiogenesis itself is impacted. Despite this, no difference
between conditions was seen in perfusion, as measured by total radiant efficiency (Figure
2.13D).

In addition to hypoxic changes in the xenografts, the effect of reduced PYCR1 expres-
sion on the tumour phenotype. Ki67 expression is seen in cells during all active phases of the
cell cycle (G1, S, G2 and mitosis), but is not seen during G0

166. In response to DOX-induced
knockdown of PYCR1, expression of Ki67 was decreased, suggesting a reduced number of ac-
tively proliferating cells (Figure 2.14A). There was also an increase in apoptotic cell death,
as measured by staining of cleaved caspase-3 (Figure 2.14B). Caspase-3 is an executioner
caspase, which in its active state is a protease involved in apoptotic pathways. Caspase-3 is
itself activated by cleavage, allowing a conformational change to bring together two active
sites167. The presence of cleaved caspase-3 is therefore indicative of a cell in which apoptosis
pathways have been initiated. Furthermore, large areas of histological necrosis are visible in
the H&E stained images, after induction of the PYCR1 knockdown (Figure 2.14C). Taken
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together, these results suggest that as a result of loss of PYCR1, proliferation is impaired,
apoptosis is increased and large scale cell death occurs.

Mice were injected with [U13C]-glutamine, and xenografts were extracted for GCMS
analysis. This shows similar incorporation of labelled carbon of 40-60% into the total pool
of glutamine in both conditions (Supplementary figure 2.12C). Incorporation into glutamate
was significantly increased in shPYCR1 + DOX samples, suggested increased activity of
glutaminase in vivo (Supplementary figure 2.12D). Given this would impact the proportion
of labelled carbons into proline, the ratio of m+5 glutamate to m+5 proline was calculated
to account for this difference between conditions. This is lowered in the shPYCR1 + DOX
samples (Supplementary figure 2.12E), suggesting the loss of PYCR1 is functional. The ratio
of lactate to pyruvate was also calculated, as previous in vitro data showed this was increased
with PYCR1 loss. However, this does not appear to be affected in vivo (Supplementary figure
2.12F).

A different experimental setup was also used, in which mice were chronically dosed
with DOX to induce knockdown of PYCR1 over an extended period of time, to assess the
effect of long-term loss of the protein. In this model, tumour volume was measured daily,
until all tumours in a group reached an average of 500mm3 and mice were culled (Figure
2.15A). At day 29, shPYCR1 dox-treated xenografts were significantly smaller than shNT
and shNT treated with DOX (Figure 2.15B). Non-linear regression analysis was then used
to fit data to an exponential (Malthusian) growth curve. R values, denoting goodness of
fit were recorded (Figure 2.15C). From this, the k value (rate constant) for each curve was
determined, from which the doubling time could be calculated (Figure 2.15D). This shows
a longer doubling time for the shPYCR1 + DOX treatment group, with a 95% confidence
interval which shows no overlap with the other groups.

Taken together, the in vivo data suggest that PYCR1 loss in xenografts causes an in-
crease in hypoxia and hypoxia-responsive protein expression. Cell proliferation is decreased,
while apoptosis is increased, leading to significant cell death, seen as large areas of tumour
necrosis. Chronically, PYCR1 knockdown slows tumour growth.
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Figure 2.12: A. Western blot showing knockdown of PYCR1 when inducible shPYCR1
expressing cells are treated with DOX for 24 hours. B. Western blot showing reactivity of
the PYCR1 antibody with the xenograft samples, and the SUM159PT cell line, but not
with the mouse heart sample. Actin is used as a loading control which reacts with both
human and mouse, while B-tubulin is a loading control which reacts only with the human
protein. C. The percentage of glutamine which is fully labelled in xenografts after in vivo
glutamine tracing is unchanged by PYCR1 loss. D. The incorporation of glutamine into
m+5 glutamate is increased with PYCR1 loss in xenografts. E. The ratio of fully labelled
proline to fully labelled glutamine is decreased in xenografts after PYCR1 knockdown. F.
The ratio or lactate to pyruvate is not significantly different with PYCR1 knockdown in
xenografts. (n=7 xenografts per conditions for all tracing data).
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Figure 2.13: A. Representative images showing staining in xenografts, with quantification
as percentage positive cells A. PYCR1 B. CA9 C. Pimonidazole D. Representative images
showing CD31 staining in xenografts, with quantification of CD31+ cells and total radiant
efficiency. Data presented as mean ± SD. ∗, p < 0.05 p; ∗ ∗ ∗, p < 0.001; ∗ ∗ ∗∗, p< 0.000.1.
All scale bars represent 250µm. n=5 biological replicates, 3 technical for all experiments.
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Figure 2.14: A. Representative images showing Ki67 staining in xenografts, with quantifica-
tion as percentage positive cells. B. Representative images showing cleaved caspase staining
in xenografts, with quantification as percentage positive cells. C. Representative images
showing H&E staining in xenografts to show necrotic tissue area, with quantification as per-
centage necrotic area. Data presented as mean ± SD. ∗ ∗ ∗, p < 0.001; ∗ ∗ ∗∗, p< 0.0001.
All scale bars represent 250µm. n=5 biological replicates, 3 technical for all experiments.
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Figure 2.15: A. Tumour volume over time; shPYCR1 + DOX xenografts take longer to
reach 500mm3 (endpoint) (n=7 biological replicates, presented as mean ± SD). B. Tumour
volume at day 29, shows shPYCR1 + DOx xenografts are significantly smaller than shNT
and shNT + DOX. (n=7 biological replicates, presented as mean ± SD) ∗, p < 0.05. C.
Tumour volume over time fitted to an exponential (Malthusian) growth curve. R2 values
shown on curves.
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Figure 2.15: (n=7 biological replicates, presented as mean ± SD) D. Table to show k values
and corresponding 95% CI and doubling time with corresponding 95% CI from non-linear
regression analysis.)

2.3 Discussion

Proline metabolism has been implicated in the regulation of cellular redox state under certain
conditions143,127, data presented here suggest that hypoxia is one such condition.

Increased proline synthesis in hypoxia was found to be dependent on PYCR1 (Figure
2.4A and B, figure 2.4D and E), although there was no increase in expression of this isoform
seen with decreasing oxygen tension (Figure 2.3). This suggests that there is functional
capacity in the normoxic expression of PYCR1 to increase flux sufficiently in response to
acute challenge to mitochondrial redox homeostasis without a compensatory increase in
expression. Specifically, it also confirms that this system is able to respond very rapidly to
a change in redox balance and that the control of flux is likely through another mechanism,
potentially through modulation of substrate availability or product inhibition.

Knockdown experiments lead to the conclusion that PYCR1 is the isozyme responsible
for the majority of glutamine-derived proline (Figure 2.4). As the isozymes are so similar
in sequence, some redundancy in the system might be expected, therefore the expression of
both isoforms was monitored in experiments using siRNA to target each one. Accordingly,
the use of a SMARTpool system was ruled out, as there was seen to be an effect on PYCR2
expression with PYCR1 knockdown. A single siRNA construct was instead used. In this
model, no change in either isoform was seen with knockdown of the other (Figure 2.4C).
This suggests that there is no compensatory increase in expression when one is lost. This is
particularly interesting given the proportion of glutamine-derived proline production which
is lost with PYCR1 knockdown. PYCR1 KO cells also show PYCR2 expression which is
comparable to the NT cells. These cells are capable of proliferating normally in media that
lacks proline, suggesting that these cells do not need to upregulate PYCR2 to compensate.

The similarity between PYCR1 and PYCR2 is especially interesting given the distinct
role for PYCR1 shown in this work and that of others, and the very distinct phenotypes
associated with germline mutations in each of these isozymes124,168. Again, a brief investi-
gation into the structure and sequence, shows the small differences in sequence do not alter
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the structures to any great extent (Figure 2.5). The different co-factor affinities between
the isoforms, with PYCR1 having a higher affinity for NADH, and PYCR2 preferentially
using NADPH108 may be the reason behind the distinct functions, although the small differ-
ence in their localisation (mitochondrial inner membrane-associated versus matrix soluble)
could also be a factor. The co-regulation of the three PYCR isoforms warrants further in-
vestigation. One explanation for the differing mutational phenotypes may be tissue-specific
expression. PYCR2 mRNA is more highly expressed in neuronal tissues169, while PYCR1
has not been reported to have any distinct tissue expression profile.

The proline synthesised in response to hypoxia appears to be in excess of cellular
demand as seen in the export of glutamine-derived proline into the media (Figure 2.2B and
D). As PYCR1 is highly product inhibited108, proline export may be necessary to allow
continued flux through this pathway. The intracellular proline levels increase at 1% oxygen
but fall to normoxic levels at lower oxygen tension. Extracellular levels, on the other hand,
are consistently highest at the lowest oxygen tension. This suggests that the export of proline
is upregulated as the oxygen tension is lower, maybe in response to the increased proline or
directly in response to hypoxia. This mechanism is likely to include the upregulation of a
mitochondrial proline transporter, which as yet has not been identified. This is worthy of
further investigation, as a potential therapeutic target. If increased proline export in hypoxia
could be blocked, it could be hypothesised that intracellular proline would accumulate and
activity of PYCR1 would decrease due to product inhibition. This may allow modulation of
PYCR1 activity specifically under circumstances where proline production is in excess, such
as hypoxia.

Loss of PYCR1 in vitro increased the synthesis and export of lactate from pyru-
vate, which suggests that PYCR1 activity may support the activity of mitochondrial redox
shuttles. Increased lactate production suggests that the cytosolic NAD+:NADH ratio is de-
creased, making the forward reaction more favourable. When PYCR1 is present, the NAD+

availability in the mitochondria supports the reactions of the malate-aspartate shuttle. Sup-
plying cells with additional pyruvate could rescue the phenotype by allowing more activity
of this reaction, however, in hypoxia the rescue effect was blunted. It is likely that the com-
bined effect of hypoxia and PYCR1 would require more available LDH in order to sufficiently
upregulate the activity of the pathway. This could be investigated using overexpression of
LDH, or expression of lbNOX (Complementation of mitochondrial electron transport chain
by manipulation of the NAD+/NADH ratio). However, the use of the LbNOX enzyme to
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support NAD+ regeneration in hypoxia would have confounding effects due to its consump-
tion of oxygen.

The effect of PYCR1 loss was shown to be specific to the NAD+/NADH pool, with
no effect on the GSH:GSSG ratio which is a surrogate for the NADP+:NADPH ratio. This
is despite the requirement for NADPH in the generation of P5C from glutamate, which
makes proline synthesis dependent on NADP+ availability and renders NADK2 null cells
auxotrophic for proline125. PYCR1 loss increased reductive TCA cycle flux, and thus the
activity of IDH, which consumes NADPH. This may go some way to explaining the apparent
lack of change in this ratio.

In IDHR132H cells, proline synthesis through PYCR1 was shown to partially uncou-
ple the TCA cycle from the ETC through the oxidation of NADH. In this model, loss of
PYCR1 lead to an increase in oxygen consumption143. This observation led to the hypoth-
esis that PYCR1 would be important in hypoxia in the same way, allowing a higher rate of
oxidative TCA cycle activity per oxygen molecule. However, in the PYCR1 KO cells, basal
oxygen consumption is unchanged compared to the NT in both normoxia and hypoxia (Fig-
ure 2.6G and H). This may be explained by the fact that IDH1R132H cells are dependent on
the oxidative TCA cycle, as they have an impaired ability to use the reductive pathway and
are particularly sensitive to inhibition of oxidative TCA170. In the PYCR1 KO SUM159PT
cells, when NAD+ is lacking, reductive carboxylation of glutamine could be used to maintain
proliferation, with no need to increase their oxygen consumption. IDH1R132H rely on in-
creased ETC flux to generate NAD+ when PYCR1 is lost. The reduced maximal respiratory
capacity seen with PYCR1 KO may be a result of altered mitochondrial organisation and
membrane potential, as seen in fibroblasts from patients with PYCR1 mutations124. It may
also result from the shuttling of pyruvate into lactate, resulting in reduced incorporation
into the TCA cycle which is known to decrease the maximal respiratory capacity in hypoxic
cells171. This is likely the case in PYCR1 KO cells, where lactate synthesis is increased
(Figure 2.6C), and glucose entry into the TCA cycle is reduced (as seen in labelling from
glucose into citrate (Figure 2.8I)).

In a spheroid model diffusion gradients of oxygen are generated which more closely
mimic the tumour microenvironment than 2D cell culture. In this model, PYCR1 loss was
again associated with decreased glutamine-derived proline synthesis and export. The ratio
of lactate to pyruvate was also altered to suggest a decreased NAD+:NADH ratio, and
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glutamine tracing into citrate suggests a more reductive phenotype (Figure 2.11E and F).
This affects spheroid morphology; PYCR1 KO spheroids are less dense and, if left for over 72
hours, have a reduced size. This is consistent with the theory that PYCR1 activity supports
growth, particularly when oxygen is limited. Other work has suggested that PYCR1 activity
is important in producing proline for degradation by PRODH in this context, in order to
produce ATP. This study identified a dependency on PYCR1 expression in spheroid growth,
showing a 73% reduction in size, even when proline is available in the media. Notably,
they also show an increase in intracellular proline content with PYCR1 knockdown, which
is unexpected130. Whilst there is undoubted a role for PRODH in spheroid growth, it can
be argued that the role of PYCR1 extends beyond the supply of proline to cycle through
PRODH. Supplementation with proline was not sufficient to rescue spheroid size in this
model (Figure 2.11C), even though it was supplied before spheroid formation, so uptake
was not limited by diffusion gradients. Proline was also shown to be taken up in these cells
(Figure 2.8J).

The in vivo data support the hypothesis that PYCR1 is necessary to support tumour
cell growth, with reduced markers of proliferation, increased apoptosis, and necrosis (Figure
2.14). Chronic loss of this isozyme decreases the growth rate of these xenografts (Figure
2.15). A decrease in proline synthesis from glutamate is seen in PYCR1 loss. Although the
NAD+:NADH ratio could not be measured directly, the lactate to pyruvate was measured,
although it trended towards a decrease with PYCR1 loss, this did not reach significance
(Figure 2.12F), likely due to the influence of infiltrating PYCR1 wild-type cells. Interestingly,
one of the most striking findings was the increase in hypoxia and in hypoxic signalling (Figure
2.13B and C) in the shPYCR1+DOX condition. This decreased oxygen availability does not
appear to be a result of poorer vascularisation, as there is no difference in the total radiant
efficiency. This increasing hypoxia, in combination with the cells reduced ability to survive
under these conditions, leads to tumour cell death.

This suggests that cells in xenografts without PYCR1 consume more oxygen, despite
no change in oxygen consumption seen in vitro. As increased CA9 staining was also seen
in spheroids, it seems that PYCR1 loss increases hypoxia, most likely through increased
consumption of the available oxygen when cells are in 3D or in solid tumours. Under these
conditions, cells are also subject reduced nutrient availability. It may be that in 2D cell
culture, cells are able to use another pathway to compensate for loss of PYCR1 activity, in
order to preserve oxygen, which they are unable to use when other nutrients are limited.
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In order to understand this, nutrient deprivation experiments should be carried out in 2D
culture.

The suitability of PYCR1 as a therapy target is unclear from this work. Several
studies have begun to explore the possibility of PYCR1 inhibition172,173, although the likely
effects on PYCR2 should be investigated, given the similarity in structure (Figure 2.5). Work
presented here shows that PYCR1 loss in vivo can lead to tumour necrosis, but that tumour
hypoxia is increased alongside this. The effect of increased hypoxia on the remaining tumour
cells may lead to therapy resistance, increased invasion, and other phenotypes associated with
hypoxic tumour cells. This warrants further investigation before PYCR1 can be considered
a treatment target.

Overall, these data support the hypothesis that proline synthesis through PYCR1
can modulate the cellular redox balance, and that flux through this pathway is particularly
important in hypoxia for this reason. The NAD+ reduced through the activity of PYCR1
is available to support oxidative TCA cycle activity, which supports proliferation. In low
oxygen conditions, where redox homeostasis is challenged and NAD+ availability is reduced,
the activity of this pathway is increased (Figure 2.16).
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Figure 2.16: Proline synthesis through PYCR1 is increased in hypoxia to support TCA
activity through oxidation of NADH. Creating using BioRender.
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2.4 Materials and Methods

2.4.1 Cell Culture

For routine cell culture, flasks were maintained at 37°C in 5% CO2 and passaged when they
reached 70-80% confluency, using 0.05% Trypsin (Gibco, 15400-054). SUM159PT cells were
grown in DMEM/Hams F12 (Sigma, D8062) with 5% FBS, 5µg/ml hydrocortisone (Sigma,
H0888) and 5mg/ml insulin (Sigma, I6634). ONS-76 cells were also grown in DMEM Hams
F-12 (Sigma, D8062) with 10% FBS. MDA-MB231 and HCC1806 cells were cultured in
RPMI (Sigma-Aldrich, R8758) with 10% FBS. For hypoxia experiments plates were moved
to and maintained in a Don Whitley H35 Hypoxystation. For metabolic tracing experiments,
media was changed to flux (basic formulation with no glucose, glutamine or phenol read)
DMEM or flux RPMI, depending on the cell line.

2.4.2 Inducible shPYCR1 cell line

HCC1806 cells were transfected with shERWOOD UltraMiR Lentiviral inducible pZip target
gene set for PYCR1 (Transomic, TLHSU2300-5831) by Cristina Escribano-Gonzales. For
validation, cells were treated with 1µg/ml doxycyclin for 24 hours.

2.4.3 Spheroid culture

Cells were plated in low-adherence U-bottom 96 well plates and centrifuged for 5 minutes
at 500xg to form a single cell clump in each well. Spheroids were allowed to form for 48
hours before experimentation. For supplementation experiments, cells were instead seeded
in DMEM flux media, as previously described, with or without 1mM proline.

For sectioning and staining, spheroids were first plated and allowed to form. For
pimonidazole staining, spheroids were incubated overnight. Spheroids were collected, media
removed, and washed with 1x PBS. They were then fixed overnight in neutral buffered
formalin, and transferred to 70% ethanol for storage. These prepared spheroids were then
sent for sectioning and staining, carried out by Colin Nixon, at the Beatson Institute in
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Glasgow.

Here, spheroids were transferred to biopsy paper (CellPath, UK), before processing.
Staining was performed on 4µm paraffin-embedded sections. H&E staining was carried
out using a Leica ST5020 autostainer, while all antibodies were stained on a Leica Bond Rx
autostainer. Sections were first loaded and underwent dewaxing (Leica, AR9222) and epitope
retrieval at 95°C for 20 minutes. Sections were then rinsed with wash buffer, before antibody
incubation for 30 minutes, before another wash step and incubation with the appropriate
secondary antibodies for 30 minutes. This was followed by a final wash step and visualisation
using DAB with the Intense R kit. Counterstaining with haematoxylin was carried out before
coverslipping with DPX mountant (CellPath, SEA-1300-00A). Slides were imaged with a
Leica Aperio AT2 slide scanner.

2.4.4 Western Blotting

Cells were plated to be 70-80% confluent for protein collection. After media removal and
washing with PBS (phosphate buffered saline), cells were scraped into Laemmli buffer with
a rubber scraper. Samples were boiled at 100°C for 10 minutes, then briefly centrifuged and
vortexed. Proteins were separated by running samples through a 10 or a 12% SDS (sodium
dodecyl sulfate)-polyacrylamide gel, depending on the target protein, at 120V for 1 hour.
The protein was then transferred to a nitrocellulose membrane using an iBlot 2 dry transfer
system (Thermo Fisher). After blocking in 5% milk for 1 hour, the membrane was incubated
in the primary antibody overnight. The membrane was briefly washed with PBS-T (PBS
with 0.1% Tween), then incubated with the secondary antibody at room temperature (RT)
for 1 hour. Details of antibodies used are included in Table 2.1. After another washing step,
ECL Western Blotting substrate was added to the membrane for imaging using a BioRad
ChemiDoc imaging system.

2.4.5 Oxygen Consumption Measurements

Oxygen consumption measurements in normoxia were carried out by Cristina Escribano-
Gonzales. Measurements were carried out in an Oxygraph-2k (Oroboros instruments) cham-
ber. Basal respiration was recorded, followed by addition of oligomycin (2.5µM). Uncoupled
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ETC activity was measured by stepwise titration of carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazo
(FCCP). Respiration was then inhibited by addition of antimysin A (2.5µM) and rotenone
(0.5µM). Oxygen consumption measurements in hypoxia were carried out by Kattris-Liis
Eskla (University of Tartu). Cells were plated on 100mm dishes on a sterile glass disc (Pilk-
ington Microwhite) 24 hours before experimentation. Media was removed and discs washed
with 1x PBS before being placed in the respiration chamber. 0.5ml medium was added on
top of the cells. Oxygen consumption was recorded at each oxygen tension for 25 minutes
or until recordings stabilised. Values were normalised to cell number.

2.4.6 Sulforhodamine B assay

100µl 20% trichloracetic acid was added to the medium and incubated at 4°C for 30 minutes.
This was then removed and wells were washed 3 x with tap water and left to dry. Once dry,
wells were covered with 0.4% sulforhodamine B (Sigma, 230162) and incubated at 10°C at
RT. This was removed and wells were washed with 1% acetic acid and wells were allowed to
dry again. The stain was dissolved using 50mM pH8.8 Tris, and samples were transferred to
a 96 well plate, to be read on a platereader at 510nm.

2.4.7 GSH:GSSG

Cells were plated for transfection in 6 well plates. siRNA was used at 50nM, using Dharma-
fect 1 (Dharmacon, T-2001-03). Contructs and sequences are detailed in Table 2.2. 24 hours
after transfection, cells were trypsinised and transferred to clear bottom, white 96 well plates
(Corning, 3903), and moved to hypoxia as required. After 24 hours the Promega GSH:GSSG
Glo assay kit (Promega, V6612) was used according to the manufacturer’s protocol.

2.4.8 NAD+:NADH assay

Transfection was carried out as detailed above. Cells were plated in 6 well plates to be
70% confluent, assay was carried out according to the manufacturers protocol (Biovision kit
K337).
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2.4.9 Metabolite Extraction for GCMS

Cells were plated 24 hours prior to the addition of tracing medium, to be 80% confluent at
the time of extraction. Plating medium was removed and wells washed with sterile PBS.
DMEM or RPMI (depending on the cell line) with no glucose, no glutamine or phenol red
was used as a base medium. To this, 5 or 10% (again, depending on the cell line) dialysed
FBS was added, with 10mM glucose and 2mM glutamine, using fully heavy isotope labelled
where required. Branched chain amino acids were also added to RPMI: (CONC) leucine,
(CONC) isoleucine and (CONC) valine.

Metabolite extraction was carried out on ice throughout. Media was removed be-
fore washing twice with 0.9% saline. 500µl pre-chilled methanol was added, with 200µl
pentanedioic-d6 acid (CDN isotopes, D-5227) in LCMS grade water. This was scraped and
collected, before addition of 500µl pre-cooled chloroform. Tubes were vortexed for 10 seconds
and centrifuged at 13,000 rpm for 10 minutes. The top (polar) layer was transferred to a
fresh tube and dried in a vacuum centrifuge.

Spheroids were established in normal growth medium, before collection, washing and
transfer to flux medium with [U13C]-glutamine in agarose-coated 12 well plates, and incu-
bated for 48 hours. These were collected again, washed with ice cold saline, transferred to
MeOH and homogenised (2 x 30 seconds) with a Precellys 24 tissue homogeniser (Bertin
Instuments). Extraction was performed from this point forwards in the same way as the cell
samples. Data were normalised to total ion count.

Samples were derivitised by reconstitution in 40µl 2% methoxamine in pyridine, fol-
lowed by vortexing and heating at 60°C for 1 hour, addition of 50µl N-tert-Butyldimethylsilyl-
N-methyltrifluoroacetamide with 1% tert-Butyldimethylchlorosilane, and another hour at
60°C. 80µl of each sample was then transferred to glass GCMC vials.

2.4.10 Gas Chromatography Mass Spectroscopy

1µl of sample was injected in splitless mode, using helium as a carrier gas at a rate of
1ml/minute. The GC oven temperature was 100°C for 1 minute, before ramping to 160°C
at 10°C/minute, then to 200°C at 5°C/minute and finally to 320 °C at 10°C/minute and a
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5 minute hold. Detection was carried out in scan mode. D6-Glutaric acid was used as an
internal standard. Data was analysed using a MatLab script, kindly shared by the Fendt
Lab.

2.4.11 in vivo work

All mouse work and associated immunohistochemistry was carried out by Dr Esther Bridges,
in the lab of Professor Adrian Harris at the Weatherall Institute of Molecular Medicine in
Oxford. According to UK Animal law (Scientific Procedures Act 1986), with local ethics and
Home Office approval.

Xenografts were induced by injection of 100µl matrigel containing 2 x 106 DOX-
inducible shNT or shPYCR1 HCC1806 cell into the mammary fat pad of 5-6 week old
CD1 nude female mice. For single dose experiments, DOX was administered when tumours
reached an average of 50mm3. At this point, mice were given 25mg/kg DOX by oral gavage.
Adverse effects on animal welfare were seen in the shPYCR1 group, with 1 mortality. The
other animals in the group showed significantly reduced mobility and decreased body tem-
perature. Mice were culled the day after dosing. Xenografts were resected and processed for
both flash freezing and fixation. For chronic dosing, DOX was administered once tumours
reached an average of 75mm3, and given every two days at 10mg/kg. No adverse effects on
welfare were observed. When tumours reached a size of 500mm3, mice were injected with
[U13C]-glutamine (3 x 200µl 36.3mg/ml stock solution at 15 minute intervals), 45 minutes
before cull. Pimonidazole (2 mg/kg) and a 647-Tomato lectin (1 mg/kg) and Hoescht (2
mg/kg) mixture was administered intravenously 5 minutes before visualisation on IVIS sys-
tem for imaging of tumour perfusion. Blood samples were also collected by cardiac puncture
when mice were culled.

2.4.12 Immunohistochemistry

Slides were dewaxed in histoclear, and rehydrated. H&E staining was carried out according
to a standard protocol. Antigen retrieval was performed in pH 6 and staining was carried
out using the FLEX staining protocol (Agilent). Peroxidase activity was blocked before the
addition of primary antibodies and incubation for 2 hours at RT. Slides were then washed
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with Flex buffer, before incubation with Flex secondary antibodies for 30 minutes at RT
and another washing step. Sections were then incubated in diaminobenzidine (Flex-DAB)
for 10 minutes and counterstained with Flex-hematoxylin for 5 minutes before mounting
with mounting medium (Sigma). The Visiopharm Integrator system was used to quantify
the expression of markers and necrotic area. HDAB-DAB colour deconvolution band was
used to detect positive cells. Thresholds were set by checking against control xenografts.
Quantification was based on: intensity of staining (calculated from DAB pixilation, corre-
sponding to stain intensity) and percentage of coverage (calculated from DAB positive total
area relative to the total area of tissue).

2.4.13 Data analysis

Data from GCMS experiments were analysed using Agilent Mass Hunter software, to check
data quality. Files were then converted to .CDF format and analysed using in-house MAT-
LAB scripts for integration and natural abundance corrections. Graphs were plotted and
statistical analysis was carried out with GraphPad Prism 9. Non-parametric tests were used
throughout, Mann-Whitney tests were used for 2-way analysis, while Kruskal-Wallis tests
with Dunn’s multiple comparison post hoc tests were used where there were more than 2
conditions. Sample numbers and statistical significance is shown in figure legends.

Target Protein Molecular Weight Host Dilution Catalogue number
Actin 52kDa Mouse 1:5000 Sigma A4700
HIF1α 120kDa Mouse 1:500 BD Biosciences 610959
PYCR1 30kD Rabbit 1:2000 Proteintech 13108-1-AP
PYCR2 34kD Rabbit 1:2000 Proteintech 17146-1-AP
Anti-Mouse-HRP N/A Goat 1:5000 Cell Signalling 7076S
Anti-Rabbit-HRP N/A Goat 1:5000 Cell Signalling 7074S
Carbonic Anhydrase IX N/A Mouse 1:500 Absolute Antibody M75
Ki67 N/A Mouse 1:1000 Agilent M7240
PYCR1 (Mouse) 30kDa Rabbit 1:1000 Cell Signalling 37635
CD31 N/A Mouse 1:250 Agilent M082301/2
GLUT1 N/A Rabbit 1:500 Abcam ab652

Table 2.1: Antibody Information
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Target Protein Catalogue number
PYCR1 siRNA Dharmacon J-012349-06-0005
PYCR2 siRNA Dharmacon J-016646-06-0005
Non-targeting siRNA Dharmacon D-001810-10-05
PYCR1 inducible shRNA Transomic TLHSU2300-5831

Table 2.2: Oligonucleotide Information
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Chapter Three

PYCR1 in Multiplex Image Analysis of

Breast Cancer Needle Biopsy Samples

3.1 Introduction

Proline biosynthesis has been linked to multiple aspects of cancer cell biology112,110. The
expression of PYCR1, in particular has been linked to a poorer prognosis in multiple cancer
types, including lung adenocarcinoma140, hepatocellular carcinoma174, gastric cancer142 and
colorectal cancer136. Recently, a role for proline synthesis through PYCR1 in regulation
of cellular redox homeostasis has been proposed, in several models143,127. Cancer cells ex-
perience challenges to their redox balance due to many factors, including a sustained high
proliferative rate, signalling pathway activation, and environmental stresses. One such stress
is hypoxia, which occurs frequently in solid tumours, due to the rapid proliferation of cells
and inadequate blood supply. The effect of hypoxia on cellular metabolism is profound, and
involves a substantial decrease in the NAD+:NADH ratio61.

Data outlined in Chapter 1 suggest that under these circumstances, PYCR1 activity
may regenerate the NAD+ pool, thereby allowing continued oxidative activity of the TCA
cycle and supporting cell survival. This increased PYCR1 activity produces proline, the
majority of which appears to be exported into the medium. In vivo, loss of PYCR1 lead to
cell death, associated with an increase in both pimonidazole and CA9 staining. This suggests
that PYCR1 loss leads to an increase in tumour hypoxia, and hypoxic cell death.

In light of this, the relationship between PYCR1 expression and hypoxia was investi-
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gated in human triple negative breast cancer samples. Breast tumours have been shown to
have a high level of variation in the extent of hypoxia between patients175. It was hoped that
this variation would lead to a diverse sample set in terms of expression of hypoxic markers.

Further to this, the proline which is generated through PYCR1 in hypoxia appears to
be in excess of the cellular needs as it is exported into the cell culture medium. In vivo, this
increased extracellular proline is likely to influence the tumour microenvironment. Collagen
deposition is an important factor in breast tumour development, making this tumour type
a good model to investigate the potential effects of exported proline.

3.1.1 Samples

Samples were kindly given to us by Dr Abeer Shabaam at the Queen Elizabeth Hospital
Birmingham. Slides were collected over a number of years from a large cohort of patients
with triple negative breast cancer. The samples are core needle biopsies: small, cylindrical
sections taken from the breast using a needle. One or more cores are taken and mounted on
slides for analysis by a pathologist, and used for diagnosis of a new primary breast tumour.

These slides were stained with antibodies for PYCR1, CA9 and collagen, along with
DAPI.

3.1.2 Collagen

Collagens are the most abundant protein in the extracellular matrix (ECM) and are the main
contributor to the structure176. Collagen plays a central role in the remodelling of the ECM
which occurs during tumour progression. In breast cancer, in particular, an association
between tissue density and cancer risk is well established. As a breast tumour develops,
collagen thickens and stiffens, which assists cell migration, thereby promoting metastasis177.
The importance of collagen and the ECM in breast cancer progression make this a good
model system in which to study this interaction.

Proline and hydroxyproline make up a significant proportion of collagen residues,
with only glycine being more abundant131. The increased activity of PYCR1 produces more
proline, which is exported from cancer cells. The slides were stained with a collagen antibody
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to assess whether there is any relationship between PYCR1 expression patterns and collagen
deposition in tumours. If the proline produced through PYCR1 activity is in excess, as is
predicted to be the case in hypoxia, it would be expected to be exported from the cell into
the matrix. Here it would be available as a substrate for collagen production.

3.1.3 CA9

Carbonic anhydrase 9 is involved in regulation of extracellular pH. At the cell surface
it catalyses the conversion of cellular CO2 to HCO3- and H+, promoting a more acidic
microenvironment178.CA9 expression is induced in hypoxia by HIF1α stabilisation, it is one
of the most uniformly and strongly induced hypoxic genes. This, and its plasma membrane
localisation make it a good histological marker for hypoxia151. Although the in vitro work
in Chapter 2 does not suggest an increase in PYCR1 expression in response to hypoxia, it
does suggest that the expression of PYCR1 promotes survival in these regions. Therefore,
CA9 was used as a marker of hypoxic cells to investigate whether there is an relationship in
this model between PYCR1 expression and hypoxia.

3.1.4 Chapter Aims

This chapter aims to explore the expression of PYCR1, CA9 and collagen in a set of breast
cancer core needle biopsy samples from 41 patients with a diagnosis of triple negative breast
cancer. Analysis will be carried out using spacial image analysis software, which uses machine
learning methods to analyse images based on algorithms developed from a training data set.
This will be used to assess whether there are any associations between PYCR1 expression,
hypoxia and collagen deposition.
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3.2 Methods

3.3 Sample collection, staining and imaging

Samples were collected over several years by Dr Abeer Shabaam, at the point of diagnosis, in
collaboration with the Human Biomaterials Resource Centre (HBRC). Patients consented to
the use of their clinical biopsy in further research at the point of consent for the procedure.
Staining for this study, and imaging of the slides were carried out at the HBRC.

3.3.1 Region selection

After scanning, images were analysed using Phenochart visualisation software. Regions
were selected for further analysis, using the stamp tool. Regions were selected if they were
determined to contain malignant tissue, with no areas of healthy tissue. Areas were excluded
if they contained regions of ductal carcinoma in situ (DCIS), or any areas of sample folding or
ripping. Training for identification of tumour, DCIS and normal tissue regions was provided
by Dr Abeer Shabaam. A selection of these regions, comprising at least 20% of the total, was
reviewed by Dr Shabaam, and she also advised on regions which were unclear. All regions
of each sample which could be used were taken forward. This resulted in at least 10 stamps
per sample. Examples are shown in Figure 3.1.

A set of stamps were also selected to be used as a training data set. At least two
stamps per sample were used for this set. Records were kept of the number of stamps for
each slide, and which of these were included in the training set.

3.3.2 Training

Tissue segmentation

For training of the tissue segmentation algorithm, sections were selected that represented
’tumour’, ’stroma’ and ’other’. These regions were selected by eye, using the H&E view. Dr
Shabaam again advised on this, and example slides were reviewed by her after the tissue
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Figure 3.1: A. Example slide showing two core biopsy samples, with stamp selections. B.
Higher magnification example image.
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segmentation algorithm was applied.

Tumour regions were defined as areas clearly recognisable as tumour. This identifi-
cation was carried out considering increased nuclear size, high cell density, and disordered
architecture. Stroma regions were identified as anything in the core samples which was not
defined as tumour, but that associated with tumour regions and was not defined as healthy
or DCIS, and that contained cells and matrix. Regions defined as other contained no stain-
ing. This included areas outside of the core, and any regions which were missing. Example
segmentation is shown in Figure 3.2.
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Figure 3.2: A. Example of regions selected for tissue category training. Tumour shown in
red, stroma in green. B. Example of tissue segmentation algorithm. Tumour in red, stroma
in green.

The training parameters used were as follows:

• Only DAPI included - in order to avoid bias.

• Pattern scale: medium

• Segment resolution: fine

• Minimum segment size: 1000 pixels

With these parameters and at least 10 training regions per category, tissue training
efficiency was 96%. Several stamps with the tissue training applied were reviewed by Dr
Shabaam.

Cell segmentation

For cell segmentation algorithm training, stamps were viewed using the DAPI fluorescence
view. The DAPI component was used to determine cell nuclei. The final parameters were
as follows:

• Splitting sensitivity: 0.59

• Minimum nuclear size: 30 pixels

• Fill nuclear holes smaller than: 5
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Figure 3.3: A. Example slide section with DAPI staining shown. B. Example cell segmenta-
tion with low splitting sensitivity. C. Example cell segmentation with optimised parameters.

Phenotyping

At this stage, the tissue and cell segmentation algorithm was cloned, and separate cell phe-
notyping branches were created. This meant these could be run in parallel, with consistent
cell and tissue segmentation, but monitoring multiple phenotypes. In each algorithm, two
phenotypes were defined: the phenotype of interest (CA9 or PYCR1), and ’other’. At least
ten cells of each phenotype, with different staining intensities were used for training.

3.3.3 Data analysis

Running the algorithms in InForm produces a series of image files showing tissue, cell and
phenotyping maps for each stamp. The tissue segmentation maps were reviewed to rule out
any stamps where the identification had not worked. The following steps were carried out
using the phenoptrReports R add-in package in RStudio, which uses the functionalities from
phenoptr, developed and maintained by Akoya Biosciences. First, the text files were merged
using the ’merge cel seg files’ function. Files from separate algorithms were then combined,
at this step a third condition was added which collated data from the two algorithms to find
cells which were positive for both PYCR1 and CA9, using the ’Consolidate and summarize’
function. The final reports were collated into an excel file, using ’Analyze consolidated data’.
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Figure 3.4: Summary of workflow. Sample collection, staining and imaging (step 1) were
carried out by Dr Abeer Shabaan and the Human Biomaterials Resource Centre. Created
using BioRender.
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3.4 Results

3.4.1 Localisation of phenotypes

The localisation of the three phenotypes was first investigated. The percentages of cell of
each phenotype which were identified as being in either the tumour or the stroma are shown
in Figure 3.5A. The majority of cells identified as expressing PYCR1 are located in tumour
regions (mean = 93%). CA9 expressing cells were also more likely to be located in tumour
regions (mean = 84%), as were collagen-expressing cells (mean = 77%). This suggests that
most of the PYCR1 expressing cells in these samples were located in the tumour cells, and
not in the stroma. The same is true of CA9 and collagen. However, the variability in these
two markers is much more pronounced than PYCR1.

The percentage of cells from each region which expressed each of the markers was also
investigated (Figure 3.5B). This shows that the majority of tumour cells in these samples
express PYCR1, while it is expressed in a a very small percentage of stromal cells. CA9 is
expressed in a higher percentage of tumour cells than stromal cells. A smaller proportion of
tumour cells were found to express CA9 than PYCR1, with a mean of 10%. This suggests
than in these samples, around 10% of the tumour cells are in regions where the oxygen
tension is low enough to induce a hypoxic signalling response. There is a large amount of
variation in the percentage of tumour cells which associate with collagen staining, with some
samples showing up to 90% of cells, with others having as low as 2%.

These data also suggest that PYCR1 expression is highly linked to tumour cell, rather
than stromal cell identity.
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Figure 3.5: A. Percentage of cells of each phenotype which are located in the tumour or
stroma regions. B. Percentages of cells in each region which are assigned to each phenotype.
(n=36)

3.4.2 Correlation of target protein expression

Due to the association between the expression of target proteins, in particular PYCR1,
and tumour regions, any correlations must be stratified by region. Analysis which does
not take into account the different regions finds weak correlations between PYCR1 and
CA9, and PYCR1 and collagen (Figure 3.6), as the majority of tumour cells express these
markers. Slides which contain more tumour regions will therefore show higher numbers of
cells expressing these targets.

Correlations are not found between any of the target proteins when the analysis strat-
ified, in the tumour (Figure ??A-C), or in the stroma (Figure ??D-F). Previously published
data has shown a correlation between these two markers in the stroma of triple negative
breast tumours, using an available gene expression dataset of microdissected stroma and
epithelium from samples of invasive ductal carcinoma179. In this study, the association be-
tween PYCR1 and collagen in the stroma comes the closest of those investigated, with an R
squared value of 0.3, but this does not reach significance.
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Figure 3.6: A. Graph to show the correlation between PYCR1 and CA9 expression across
all cells. B. Graph to show the correlation between PYCR1 and collagen expression across
all cells. C. Graph to show the correlation between collagen and CA9 expression across all
cells. D. R squared and P values for A, B and C. (n=36)
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3.4.3 Double positive phenotypes

The InForm software assigns each cell in each stamp a phenotype and an x and y coordinate,
meaning that the data generated from multiple algorithms can be consolidated, allowing
double phenotypes to be defined. These phenotypes are shown here as a percentage of the
total cells of one of the single phenotypes, in order to assess the likelihood of a cell which
expresses one of the proteins of interest to express another.

The percentage of PYCR1 expressing cells in the tumour which also express collagen
is highly variable, with a mean of 16.63% and a range of 0-70.92%. This is significantly higher
than the percentage of PYCR1 expressing cells which also express CA9 in the tumour (Figure
3.7A). However, both of these suggest that PYCR1 expressing cells are more likely not to
express these proteins than to express them, in the tumour as a whole. In the stroma, again
collagen co-expression is very variable. The percentage of PYCR1 positive cells expressing
both of the proteins is lower than in the tumour, and CA9 is again lower than collagen
(Figure 3.7B).

CA9 expression is indicative of a cell experiencing hypoxia. The percentage of cells
expressing CA9, which also express PYCR1 and collagen was therefore assessed to determine
whether either of these markers are associated with hypoxic regions. In the tumour, CA9
expressing cells were very likely to also express PYCR1, with a mean percentage expression
of PYCR1 of 87.78% and a range of 46.72-100%. Although from the violin plot it is clear that
the data points are clustered around the top end of the range (Figure 3.7C). The percentage
of CA9 expressing cells which also express collagen is much lower and much more variable,
with a mean of 50.8% and a range of 2.4-98%. However, given the data which shows that
the majority of tumour cells express PYCR1 (Figure 3.5B), it is likely that this association
is artificially inflated.

Therefore, the percentage of CA9 expressing tumour cells which express PYCR1 was
compared to the percentage of non-CA9 expression tumour cells which express PYCR1.
This was calculated as: ((PYCR1)-(PYCR1 and CA9))/((Total cells)-(CA9)). This shows
that hypoxic tumour cells are significantly more likely to express PYCR1 than non-hypoxic
tumour cells (Figure 3.7D).
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Figure 3.7: There is no correlation between expression of A. PYCR1 and CA9 in tumour
regions, B. PYCR1 and collagen in tumour regions, C. CA9 and collagen in tumour regions,
D. PYCR1 and CA9 in stromal regions, E. PYCR1 and collagen in stromal regions, F. CA9
and collagen in stromal regions. (n=36) G. R squared and p values for A, B, C, D, E and F.
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Figure 3.8: A. The percentage of PYCR1 positive cells in the tumour, which also express
collagen is very variable, and significantly higher than the percentage of PYCR1 expressing
cells which also express CA9. B. The same trend can be seen in the stromal cells. C. The
percentage of CA9 expressing cells in the tumour which also express PYCR1 is very high and
does not show much variation. The percentage which also express collagen is very variable.
D. The percentage of hypoxic tumour cells expressing PYCR1 is higher than that of normal
tumour cells. (n=36)
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3.5 Discussion

The use of these core needle biopsy samples, taken from patients at the time of diagnosis,
in combination with high resolution slide scanning and the image analysis software, allows
an in-depth analysis into protein expression in the context of the tumour microenvironment.
Additionally, the ability to train an algorithm using InForm allows for the analysis of multiple
stamps across multiple slides, separated by region, and phenotyping of individual cells in
those regions. This data collection would not be possible manually. In this study, it allows
investigation into the localisation of the three proteins of interest; PYCR1, collagen and
CA9, in the tumour and stroma.

This analysis reveals, firstly, that the majority of tumour cells express PYCR1, while
the majority of cells in the stroma do not (Figure 3.5). This is in agreement with several
studies which have suggested that PYCR1 expression (at the mRNA level) is associated with
the tumour cell phenotype in multiple cancers142,180. However, in this study, the expression
in healthy tissue could not be compared to that of the tumour, given the nature of the
biopsy samples. Therefore, it may be that PYCR1 expression is associated with the cell
type of origin, which in a breast tumour is likely to be epithelial. This is worthy of further
investigation, to establish whether there is a role for PYCR1 in cancer cell transformation.

The low percentage of stromal cells which express PYCR1 suggests that few of the
cells which make up the stroma express PYCR1 (Figure 3.5). This appears to contradict the
findings of a recent publication which shows that cancer associated fibroblasts utilise PYCR1
activity to produce proline for collagen production, for deposition of pro-tumourigenic ex-
tracellular matrix. The study showed PYCR1 expression in the stroma of breast tumours is
increased with tumour progression, and was weakly correlated with collagen expression179.
These observations were made using publicly available gene expression data-sets from micro-
dissected stroma and tumour samples181, these quantify mRNA levels, whereas this work
used protein expression. Additionally, the difference in observation may result from the
sampling used to define the stroma. The publicly available dataset used micro-dissection to
separate "tumor-associated and adjacent normal stromal components", whereas this work
defined any cellular region taken as part of the biopsy, but not identified as tumour as the
stroma. Given the often heterogeneous nature of the stroma182 it was not determined to
be feasible to differentiate any further in these samples. This may mean that presented
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here incorporates more stromal regions which may have been considered "normal stromal
components" in the previously published work.

No correlations were found between any combination of PYCR1, collagen and CA9
in this work, when phenotypes were stratified by region. Given the observation that the ma-
jority of tumour cells express PYCR1, and to a lesser extent CA9 and collagen, any stamps
which contain more tumour regions are likely to have more cells of each phenotype, thereby
artificially creating positive correlations between phenotypes. This is demonstrated in Sup-
plementary figure 3.8, where positive correlations are found between all three phenotypes.
This demonstrates the importance of spacial resolution in analysis of protein expression.

This analysis also allowed for the quantification of double phenotypes - cells expressing
two of the proteins of interest. Calculating the percentage of cells of one phenotype which also
express another allows co-expression of proteins to be investigated. Most notably, this allows
the association of protein expression to regions of tumour hypoxia to be explored, as CA9 is
expressed in hypoxic cells. This finds that the majority (mean = 87.78%) of CA9 expressing
cells in the tumour also express PYCR1 (Figure 3.7C). However, as previously described,
as the majority of tumour cells express PYCR1 this may not be due to an association with
CA9. In order to assess this, the percentage of PYCR1 expressing cells in the tumour cells
expressing CA9 (hypoxic) and tumour cells not expressing CA9 (normoxic) was calculated.
This shows that a significantly higher percentage of hypoxic tumour cells express PYCR1.

In the context of the data in Chapter 2, which suggests that cells in hypoxia rely on
PYCR1 expression and activity to regulate their redox homeostasis, this observation seems
to support the hypothesis that PYCR1 promotes survival in regions of tumour hypoxia. Data
in Chapter 2 also show that loss of PYCR1 in vitro, in a xenograft model, leads to a rapid
increase in hypoxia, leading to cell death and necrosis. Taken together, these two studies
suggest that cells in hypoxic regions may benefit from PYCR1 expression, and that cells
which do not express this protein may be less likely to survive in hypoxic regions. Further
work is required to establish whether there is an association between the degree of hypoxia
and the level of PYCR1 expression.

Further work is also needed to establish whether collagen deposition is associated
with PYCR1 expression, or with tumour hypoxia. This work does not find any association
between collagen deposition and PYCR1 or CA9 expression.
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3.5.1 Future directions

To further this work, it would first be important to work with Akoya to establish a means
by which areas of high collagen expression which were not associated with cells could be
defined. The ability to assign regions and assess the expression of a marker, independently
of cellularity would benefit this work greatly. With this capability, it would be possible to
define areas of high/low collagen deposition, and stratify the microenvironment further.

This work would also benefit from the analysis of healthy breast tissue. Core needle
biopsies are very small samples taken directly from the site of a suspected tumour. Therefore,
by design, comprised of mostly tumour tissue, with very few samples containing areas of
healthy tissue. This means that paired comparisons between tumour and healthy tissue
are not possible. This study could be expanded to include biopsy samples which are not
diagnosed as invasive ductal carcinoma. Biopsies are only carried out if there is a high level
of suspicion that a tumour is present, after examination and ultrasound. This means that
the likelihood of samples containing tissue which is not healthy is high. Inclusion of more
samples could be used to correlate these markers with tumour stage, including pre-cancerous
regions of DCIS.

The analysis of patient outcomes alongside the spacial protein expression data would
make these observations more clinically relevant. This could be used to investigate several
questions which are raised by the work. Firstly, does expression of CA9 correlate with
survival parameters or metastatic progression in these patients? Secondly, does an increased
expression of PYCR1, and particularly PYCR1 in hypoxic regions correlate with prognosis?
This has been investigated using mRNA data from unstratified samples, but there is an
opportunity here to investigate this using protein expression in a more targeted way. Thirdly,
does the extent of collagen deposition correlate with any survival parameters or metastatic
progression? The make-up of the tumour associated stroma is a developing area of research,
particularly in the context of breast tumours where there may be an association between
breast density and the probability of tumour development183.

Finally, it would be important to establish whether the findings from this work trans-
late into other tumour types. In particular, tumours which are known to have a particularly
hypoxic signature; including squamous cell carcinomas of the head and neck (notably glioma
and glioblastoma184), cervical cancers and lung adenocarcinoma175. Comparisons of PYCR1,
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collagen and CA9 expression between tumour types would be beneficial in understanding the
relationship between the markers in the context of different tissue types.
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Chapter Four

Investigation of a Potential Inborn Error

of Ubiquinone Synthesis via PDSS-1

4.1 Introduction

Inborn errors of metabolism (IEM) are a wide range of inherited disorders that mainly arise
from germline monogenic mutations, often resulting in pathogenic alterations to metabolic
pathways. These are often diagnosed in early childhood, with a diverse range of symptoms
and signs that make them difficult to diagnose due to their overlap with other conditions.
The more common IEMs have a defined clinical or biochemical profile. However, given
the number of potentially affected pathways, many IEMs are rare or novel. If a patient
is suspected of having an IEM, for example, if no other definitive diagnosis can be made,
genetic testing can be carried out, although this is based on a panel of selected (and more
commonly mutated) genes, rather than whole genome sequencing. This aims to identify the
cause of the symptoms and guide the management of symptoms.

This chapter will investigate a suspected IEM, the cause of which could not be defini-
tively determined through panel-based sequencing alone. Several potential mutations were
identified, and the aim of this work is to establish whether the top sequencing hit may be
the cause of the patient’s phenotype.
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4.1.1 Clinical Presentation

Patient M is under the care of the Queen Elizabeth hospital, Birmingham. He first presented
shortly after birth with faltering growth, vomiting and a repaired intestinal malrotation. At
5 months old, he was experiencing episodes of hypoglycaemia, with blood glucose concentra-
tions as low as 2.5mM. Under controlled fasting conditions, his blood glucose fell to <3mM
after 4 hours, with poor lipolytic and ketotic responses. He was not found to be hyperin-
sulinaemic, as insulin was undetectable throughout. He had plasma lactate levels slightly
above the normal range, at 0.9-1.2mmol/L. Due to this fasting intolerance, testing for glyco-
gen storage disease was carried out which showed no abnormalities in any known glycogen
storage genes. He also had slight hepatomegaly, and raised TCA cycle metabolites.

A family history of NDUFA10 deficiency was also recorded. The NDUFA10 gene
encodes a subunit of complex I, loss of which leads to a deficiency of this electron transport
chain complex. As a result, oxidative phosporylation (OXPHOS) is impaired. Reduced
efficiency of OXPHOS can lead to a wide range of clinical presentation, primarily affecting
organs with the most significant energies demands, including the heart, skeletal muscle, liver
and the brain (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3061993/).

4.1.2 Genetic Sequencing

Next generation sequencing was performed, at the University of Birmingham, under the su-
pervision of Professor Andrew Beggs, which identified a point deletion mutation in the splice
acceptor site within intron 2 of PDSS1. This also found no likely mutation in NDUFA10.

The sequence from which the thymidine is lost in this mutation forms a part of the
poly-pyrimidine tract preceding exon 3. The poly-pyrimidine tract is important for the
binding of the U2AF65 subunit of the spliceosome and alterations to its compositions and
length have been shown to influence splicing185,186. Several previously identified mutations
in the poly-pyrimidine tract of other genes have been shown to lead to mis-splicing, leading
to inherited disease; affecting Factor IX and mitochondrial acetoacetyl-CoA thiolase187,188.
The single base loss observed in this patient could therefore potentially affect the splicing
efficiency, which could lead to splicing out of exon 3. This could result in the truncation of the
protein product, or nonsense-mediated decay of the whole mRNA. As the active enzyme is a
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Figure 4.1: Schematic to show the synthesis pathway of CoQ10. Creating using BioRender.

heterotetramer, comprising 2 subunits of PDSS1 and PDSS2, any alteration to the subunit
which influences complex formation would likely affect function.

Based on identification through sequencing and downstream analysis, and based on
previously identified mutations in similar regions leading to inherited disease, it was hypoth-
esised that this mutation in PDSS1 could be the cause of Patient M’s symptoms.

4.1.3 PDSS1 Structure and Function

As previously mentioned, PDSS1 forms a part of a heterotetramer comprising 2 PDSS1 and
2 PDSS2 subunits. The active complex is known as COQ1 and is involved in the synthesis
of CoQ (also referred to as ubiquinone or Q), in the mitochondria189. CoQ is comprised
of a benzoquinone, derived from tyrosine or phenylalanine. In the mitochondria, this is
conjugated to an isoprenoid side chain, formed from farnesyl disphosphate derived from
the mevalonate pathway, elongated by the addition of isopentenyl diphosphate molecules.
CoQ10 is the most abundant form of CoQ, the ’10’ denoting the number of isopentenyl
diphosphate units forming the side chain190. The COQ1 complex catalyses the elongation
of this side chain, before condensation to the benzoquinone unit. This is then methylated,
decarboxylated and hydroxylated to form CoQ10 (Figure 4.1).
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CoQ10

The most well-documented role of CoQ10 is as a central part of the mitochondrial electron
transport chain. Here, CoQ10 transfers electrons from complex I (NADH ubiquinone oxi-
doreductase) and II (succinate dehydrogenase) to complex III. It is commonly denoted as
"Q" in diagrams of the ETC. Electron transfer is coupled to the movement of protons across
the membrane and into the intermembrane space, generating a proton gradient which fu-
els ATP synthesis through ATP synthase. Succinate dehydrogenase, (SDH), which reduces
CoQ10 during the oxidation of succinate to fumarate191, therefore directly couples TCA cycle
activity to CoQ10 and the ETC.

It has been hypothesised that there are two physically distinct pools of CoQ10 in the
mitochondria. One is associated with the membrane, as a part of super-complexes in the
ETC, which serves to transfer electrons from complex I only. The second pool is unbound
and is available to transfer electrons from complex II, or from several other mitochondrial
oxidising enzymes, including: choline dehydrogenase, electron transfer flavoprotein dehydro-
genase, sulfide:quinone oxidoreductase, proline dehydrogenase, glycerol phosphate dehydro-
genase and dihydroorotate dehydrogenase192. This implicates CoQ10 in serine and glycine
metabolism, fatty acid oxidation, sulphide detoxification, proline catabolism and pyrimidine
synthesis, as an electron acceptor. It is also hypothesised that CoQ10 can be transferred
between these two spatially separated pools if necessary. For example, when the free pool
is over-reduced - which may occur when fatty acids are used as the main fuel source. This
leads to the reversal of electron flux, reducing NADH via the super-complex associated pool.
Reversal of electron transport increases the possibility of electron escape, which leads to lo-
calised ROS accumulation, resulting in degradation of complex I and the release of complex
II and CoQ from super-complexes193. This CoQ is then available to restore the free pool.

CoQ10 is also essential for the activity of plasma membrane-bound NADH oxidase
(NOX). This is a part of a system at the plasma membrane, comprised of NADH cytochrome
b reductase on the inner membrane, CoQ in the membrane, and a CoQ oxidase on the outer
membrane, as the terminal oxidase. This system can transfer electrons from NADH in the
cytosol, to CoQ in the membrane and finally to an extracellular electron acceptor. The
activity of this complex is regulated by hormones and growth factors194. There are several
suggested functions for this activity, including: control of cell growth194 and regulation of the
cytoplasmic NAD+:NADH ratio195,196. It has also been suggested that lysosomes may also
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contain a NADH-dependant CoQ reductase which could transfer protons into the lysosomal
lumen197.

In its reduced state, CoQH2, it plays an important role in the protection of membrane
lipids from peroxidation. The pool of CoQ in the mitochondrial membrane is maintained
in a highly reduced state198. CoQH2 can prevent the formation of lipid peroxyl radicals,
by reduction of the initiating perferryl radical. In this way, CoQH2 is a highly effective
antioxidant, important in the protection of the mitochondrial membrane199. The redox state
of the pool varies between tissue types, ranging from 20-25% in the brain and lung to 90-
100% in the intestine, liver, and pancreas198. It seems likely that the redox state of the pool
may reflect the need for protection from oxidative stress in different cell types.

Additionally, CoQ is a cofactor for uncoupling proteins (UCPs). UCPs are located
in the inner mitochondrial membrane, and are able to transport H+ into the mitochondria.
This activity uncouples the proton gradient from oxidative phosphorylation. This produces
heat instead of energy200. This reaction requires the presence of oxidised CoQ201.

Finally, another documented role of CoQ in the mitochondria is modulation of the
activity of the mitochondrial permeability transition pore (mPTP). The mPTP is a regulator
of cell death, shown to be responsive to high concentration of mitochondrial Ca(2+), and to
oxidative stress202. Opening of the mPTP increases the permeability of the mitochondrial
membrane, allowing larger macromolecules to cross, thus disrupting the proton gradient,
hydrolysis of ATP, and osmotic shock. Altogether, this leads to a loss of iron regulation, and
cellular integrity, leading to necrotic cell death203,204. This mitochondrial permeability also
results in the release of cytochrome C, an initiator of apoptotic pathways205.

CoQ9

The composition of the CoQ pool, in regards to side chain length, is known to vary between
species and between tissue types. In humans, the main species is CoQ10, with CoQ9 making
up 2-7% of the pool. However, in rats this figure is 80-90% for most tissues, falling to 60-
70% in the brain, spleen and intestine198. It was initially thought that different chain lengths
might impart specialisation, and mean that different CoQ species might be responsible for
performing the various functions associated with CoQ. Although, further observations in rat
brain showed no specificity in brain region or in subcellular compartment206, which suggest
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that there is no separation of the two pools.

There are differences in the ability of membrane-associated ubiquinols to inhibit lipid
peroxidation, with differing chain length. Shorter chains are more potent inhibitors than
those with longer chains, although this difference becomes less and less pronounced between
longer-chain length ubiquinols. The difference between CoQ9 and CoQ10 is therefore very
small207. Any significant difference in the ability of these ubiquinones to oxidise NADH is
also unlikely. Although again, the shorter chain uiquinones exhibit a lower Vmax than longer
chains, the difference between longer chains (CoQ6-10) is minimal208.

4.1.4 PDSS1 in Cancer

There is an emerging role for PDSS1 in cancer, which has yet to be very well understood or
explored. Recently, an association between higher PDSS1 expression and decreased overall
and progression-free survival time was identified in hepatocellular carcinoma (HCC). This
study also linked the expression of PDSS1 to decreased abundance of CD8+ T cells and
increased activity of WNT, TGFβ, VEGF signaling pathways209.

Additionally, it was separately identified as part of a screen for hypoxia-related defer-
entially expressed genes in HCC210. No other mechanistic relationship between PDSS1 and
hypoxia has yet been described. It seems counterintuitive that expression of PDSS1 would
be increased in response to hypoxia, as under these conditions electron transport is slowed.
Although, as previously discussed there is a role for CoQ in cytosolic NAD+:NADH regula-
tion through its contribution to the activity of the plasma membrane NADH oxidoreductase.
Inhibition of CoQ biosynthesis has also been shown to induce HIF1/apha stabilisation, whilst
also leading to an increase in cholesterol levels211. Finally, treatment with oxidised CoQ10

increased ROS levels and leads to apoptotic cell death in pancreatic cancer organoids212.

Given the many roles of CoQ10 throughout the cell, and the key role in the ETC, its
role in metabolic rewiring in cancer remains to be elucidated.
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4.1.5 PDSS1 Mutation Phenotype

There are several papers outlining case studies of patients with CoQ10 deficiencies and dif-
ferent mutations in the PDSS1 gene. The key phenotypic changes will be outlined below,
and discussed in the context of the patient described in this study.

A novel missense mutation; substitution of the guanine at position 735 for thymidine,
resulting in a single amino acid alteration in a highly conserved region, was described in
two sisters. Both siblings presented with mild intellectual disability, sensorineural deafness,
optic atrophy and muscle weakness213. Inherited optic neuropathies are known to be most
commonly caused by mitochondrial dysfunction, and involvement of the visual system has
been previously reported in alterations in the early steps of CoQ10 synthesis214,215,216. This
study does not report any metabolic alterations.

Mollet et al217 identify another patient with a mutation in the PDSS1 gene, this time
a T to G substitution at nucleotide 977 in exon 10. Again, this resulted in a single amino
acid alteration in a highly conserved region. The CoQ10 synthesis pathway was investigated
as cultured skin fibroblasts showed normal activity of complexes II, III and IV, although the
ratios of respiratory complex activity (CIV/CII+CIII, CII+CIII/G3PDH+CIII) revealed
alterations compared to controls, which suggested a deficiency in CoQ. CoQ10 levels were
measured by LCMS, and found to be lower than controls, while CoQ9 levels were unaffected.

The patient presented with deafness, livedo reticularis, and optic atrophy by 3 years
old. With age he also developed valvulopathy and was seen to have mild intellectual dis-
ability. This phenotype is consistent with the patient reported by Nardecchia et al, above.
The patient was also found to have a slightly elevated plasma lactate level and increased
lactate/pyruvate ratio.

Interestingly, this study reports two other patients who were found to have mutations
in CoQ10 synthetic genes, and associated low CoQ10 levels in cultured cells, who both died
within days of birth. It is not clear what influences survival of patients with CoQ10 deficiency,
as the other patient in this study was 14 years old.

The phenotype of Patient M does not involve deafness or optical atrophy, although
due to his young age these cannot yet be ruled out. Faltering growth and intestinal issues
have not previously been reported in patients with PDSS1 mutations. Additionally, neither
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study reported any alterations to glucose metabolism and fasting tolerance, as is seen in
Patient M. Raised plasma lactate levels were seen across several patients, and are associated
with other mutations in early CoQ10 synthetic enzymes215,190. It is clear from previous
studies that there are many phenotypes and symptoms associated with alterations in the
CoQ10 synthesis pathway.

4.1.6 CoQ10 Deficiency

The study of patients with of CoQ10 deficiencies, caused by alterations to parts of the syn-
thetic pathway besides PDSS1, is also relevant in this context. As very few patients with
PDSS1 mutations have been identified, there is as yet very limited in vitro data. As PDSS1
dysfunction reduces CoQ10 abundance, there is likely overlap in the phenotypes of these
disorders.

Clinically, CoQ10 deficiency is associated with a diverse range of symptoms, which
can be categorised into 5 distinct phenotypes: infantile multisystemic disease, nephropathy,
cerebrallar ataxia atrophy, encephalopathy and myopathy218.

As expected, fibroblasts from several patients with inborn errors resulting in a lack
of CoQ10 in vitro show less efficient OXPHOS, and they become more reliant on glycolysis
for ATP generation. Transcriptome analysis shows that these cells upregulated pyruvate
metabolism alongside glycolysis, and show increased lactate dehydrogenase expression. In-
terestingly, they also show a decrease in the expression of proteins involved in cholesterol
and fatty acid metabolism219.

4.1.7 Chapter Aims

The chapter will investigate this PDSS1 mutation, with the aim of determining whether it
may be the causative in this case. First, any effects on the product of transcription will be
investigated, followed by the expression of the PDSS1 protein. The downstream products
of PDSS1 activity will also be measured using LCMS, to assess the function of the protein.
Finally, the effects of this on the metabolic and growth phenotypes will be assessed.
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4.2 Results

4.2.1 mRNA and Protein Expression

For the purposes of this investigation, ’normal human dermal fibroblasts’ purchased from
Promocell will be used as a control model. These cells are derived from a healthy sample of
the dermis, in the same way as the patient cells, taken from a donor.

The mutation identified through Next Generation Sequencing in Patient M, is a single
base pair deletion of a thymidine. This is located in intron 2 of PDSS1, within the slice
acceptor site preceding exon 3 (Figure 4.2A). It was hypothesised that this mutation would
affect the splicing efficiency at intro 2, potentially resulting in loss of exon 3, or nonsense-
mediated decay of the mRNA. As a first step, total mRNA was collected and extracted from
both the fibroblasts from Patient M (hereafter referred to as ?PDSS1), and normal human
dermal fibroblasts (NHDF). A PCR reaction was carried out and the products run on a gel.
The primers were designed to target regions before and after the mutation. Primary pair
1 targeted exon 1, pair 2 targeted exon 2, while pair 3 targeted exon 7 (Figure 4.2A-D).
These reactions showed no difference in any of the products when comparing the NHDF and
?PDSS1 cells. This strongly suggests that there is unlikely to be nonsense mediated decay
of the mRNA in the ?PDSS1 cells. However, loss of exon 3 cannot be ruled out at this stage.

As the mRNA is expressed in ?PDSS1 cells, the expression of the protein was in-
vestigated (Figure 4.2F). There was a trend towards a lower expression of PDSS1, but this
does not reach significance when multiple blots were analysed by densitometry using Image
J (Figure 4.2G). The band also appears at the same molecular weight in both cell samples,
suggesting that no significant truncation of the protein occurs. Loss of exon 3 (which has a
length of 65 base pairs), would be expected to amount to a loss of 21 amino acids, causing a
change in molecular weight of approximately 2.3kDa. This equates to approximately a 6%
change, given PDSS1 has a predicted molecular weight of 46kDa. A change in molecular
weight of this size may not be detectable by Western blotting.
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Figure 4.2: A. Diagram to show the location of T deletion on the PDSS1 gene, taken from
NCBI B. Primer pair 1 target exon 1 of PDSS1. C. Primer pair 2 target exon 2 of PDSS1.
D. Primer pair 3 target exon 6 for PDSS1. E. Electrophoresis gel showing PCR products
from mRNA extraction from NHDF and ?PDSS1 fibroblasts. Lane 1 shows the ladder. Lane
2 is a no DNA control. Lanes 3 and 4 show actin as a loading control. Lanes 5-10 Show
each of the PDSS-1 primer pairs in turn. F. Western blot to show expression of PDSS-1 in
NHDF and ?PDSS1 cells, with B-tubulin as a loading control. G. Densitometry shows no
significant difference in protein expression between the two cell types. (n=3)
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4.2.2 Ubiquinone synthesis investigation by LCMS

LCMS analysis of the CoQ pool in normal and ?PDSS1 fibroblasts suggested a reduction in
CoQ10 in the ?PDSS1 cells, which may suggest a dysfunctional synthesis pathway (Figure
4.3A). Less CoQ9 was also observed (Figure 4.3B), confirming a potential problem with CoQ
synthesis, which is independent of chain length. Notably, this is different from observations
made in another study of a known PDSS1 mutation214, which found that CoQ9 levels were
unaffected by PDSS1 loss. As PDSS1 catalyses the elongation of the prenyl side chain of
CoQ, if the function was altered, it could be hypothesised that the synthesis of shorter chain
CoQ forms might be favoured. As only CoQ10 and CoQ9 could be measured here, a ratio
was calculated of these, which shows no alteration (Figure 4.4).

The percentage of the CoQ10 pool which is reduced is significantly higher in the
?PDSS1 cells, although it is considerably more variable in this condition (Figure 4.3C), the
percentage of CoQ9 which is reduced also appears to be increased, but this did not reach
significance (Figure 4.3D).

The amount of CoQ in the medium of these cells after 24 hours of incubation was mea-
sured in order to account for the potential uptake of CoQ in response to reduced synthesis.
A control media sample was used to determine baseline amounts, from which the normalised
media amounts were subtracted for each of the conditions. These values can then be used
to determine net intake or uptake by cells from the medium. The data suggested a trend
towards decreased extracellular CoQ10 in the ?PDSS1 cells, with several samples showing
uptake, although again there is no significant difference between conditions (Figure 4.3E).
There was also no significant change observed in CoQ9 levels (Figure 4.3F).

Taken together, these data suggest that the CoQ pool is altered in ?PDSS1 fibroblasts,
with a trend towards enhanced uptake reducing the magnitude of the effect of dysfunctional
CoQ synthesis activity within the cells. In addition to a smaller CoQ10 pool, this pool is
also more reduced. CoQ9 levels are also lower, which suggests that any disruption to CoQ
synthesis may be upstream of PDSS1.
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Figure 4.3: A. Total intracellular CoQ10 levels are lower in ?PDSS-1 cells. ∗, p<0.05. B.
Total intracellular CoQ9 levels are lower in ?PDSS-1 cells. ∗, p<0.05. C. The percentage of
the CoQ10 pool which is reduced is higher in ?PDSS-1 cells. ∗, p<0.05. D. The percentage
of the CoQ9 pool which is reduced trends towards being higher in ?PDSS-1 cells, but does
not reach significance. E. The total extracellular CoQ10 normalised peak area, corrected
for amounts in control media sample, is not significantly different between conditions. F.
The total extracellular CoQ9 normalised peak area, corrected for amounts in control media
sample, is not significantly different between conditions.(n=4 for all experiments)

103



Investigation of a Potential Inborn Error of Ubiquinone Synthesis via PDSS-1

Figure 4.4: The ratio of CoQ9 to CoQ10 in ?PDSS1 fibroblasts is not significantly different
to that of the control cells. (n=4)

4.2.3 CoQ10 Supplementation

As the ?PDSS1 fibroblasts had a lower total amount of CoQ10 than the NHDF, it was
hypothesised that they might respond to supplementation with CoQ10. Plasma levels of
CoQ10 range from 0.5µM-1.7µM, after supplementation therapy, levels as high as 10.7µM
are reached220. For this reason, cells were treated with 10µM CoQ10 in culture medium. In
standard FBS (that used routinely in cell culture), no change in cell number was seen at
either 24, 48 or 72 hours (Figure 4.5A). The cell-free media sample taken for LCMS was seen
to contain CoQ10 and to a lesser extent, CoQ9, which was not a component of the medium.
It was hypothesised that the likely source of this exogenous CoQ was the serum component,
so to control for this charcoal-stripped FBS was used, which removes non-polar components.
However, no difference was seen in proliferation rate when CoQ10 was supplemented in these
conditions.
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Figure 4.5: A.C Cell number as measured by SRB, normalised to time=0 and the control
condition. CoQ10 supplementation has no effect on cell growth in normal FBS. (n=6 biolog-
ical replicates) B. Cell number as measured by SRB, normalised to time=0 and the control
condition. CoQ10 supplementation has no effect on cell growth in charcoal stripped FBS.
(n=6 biological replicates)

4.2.4 Metabolic Implications

As alterations to both the total CoQ10 pool and the redox state of the pool are likely to
impact the wider metabolic network, this was investigated using both [U13C]-glucose and
[U13C]-glutamine tracing.

As read-outs of glucose metabolism, indicators of glycolytic flux - the m+3 isotopo-
logues of pyruvate, lactate, and alanine were the most abundant, when using U13C]-glucose
as a tracer. In the ?PDSS1 cells, incorporation in to both pyruvate and lactate was reduced
compared to the NHDF (Figures 4.6A and B), while incorporation into alanine was similar
(Figure 4.6C). In citrate, the most abundant isotopologue was m+2 in both conditions, in-
dicative of high levels of PDH activity. There is very little m+3 in either cell line, which
mainly results from PC activity, although contribution from multiple TCA cycles can also
increase this isotopologue. While the NHDF cells have some m+3, this isotopologue is near
the limit of detection in the ?PDSS1 cells. Total label into citrate, and especially label into
m+2 is reduced in ?PDSS1 cells (Figure 4.6D), suggesting reduced overall incorporation of
glucose carbons into the TCA cycle, but particularly through pyruvate oxidation.

Incorporation of [U13C]-glutamine carbons into glutamate is consistent between con-
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ditions, suggesting conversion of glutamine to glutamate through glutaminase activity is
unaffected (Figure 4.6E). However, incorporation into citrate, through the TCA cycle is al-
tered (Figure 4.6F). In both cell types, the predominant isotopologue is m+4, which is the
result of oxidative TCA cycle activity. In ?PDSS1 cells, this value is approximately halved,
strongly suggestive of a reduced ability to oxidise NADH in the mitochondrion.

As the percentage of reduced CoQ10 is increased, the lactate to pyruvate ratio was
measured as an indication of the redox state of the cytosol. In the ?PDSS-1 cells this
was found to be significantly increased (Figure 4.6G). Furthermore, the ratio of m+4 to
m+5 citrate, an indicator of the relative metabolism of glutamine by either oxidative or
reductive pathways was decreased, confirming that oxidative TCA cycle activity is impaired
in ?PDSS-1 cells (Figure 4.6H). Finally, the incorporation of glucose and glutamine carbons
into citrate was compared to investigate changes in nutrient preference. Both cell types
demonstrated higher rates of incorporation of glutamine compared to glucose under these
conditions. However, the ?PDSS-1 cells showed less incorporation from both sources, with
both reduced by approximately 50% (Figure 4.6I).

106



Investigation of a Potential Inborn Error of Ubiquinone Synthesis via PDSS-1

Figure 4.6: A.[U13C]-glucose tracing into pyruvate, showing reduced incorporation in ?PDSS1
cells. (n=5 technical replicates, representative of 3 biological replicates) B. [U13C]-glucose
tracing into lactate, showing reduced incorporation in ?PDSS1 cells. C. [U13C]-glucose trac-
ing into alanine. (n=5 technical replicates, representative of 3 biological replicates) D. [U13C]-
glucose tracing into citrate, showing a reduction in ?PDSS1 cells. (n=5 technical replicates,
representative of 3 biological replicates) E. [U13C]-glutamine tracing into glutamate, show-
ing similar incorporation in both conditions. (n=5 technical replicates, representative of
3 biological replicates) F. [U13C]-glutamine tracing into citrate, showing reduced label in
?PDSS1 cells, particularly the m+4 isotopologue. (n=5 technical replicates, representative
of 3 biological replicates)
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Figure 4.6: G. The ratio of lactate to pyruvate normalised total ion counts is increased in
?PDSS1 cells. ∗ ∗ ∗∗, p<0.001. (n=10 technical replicates, from 2 biological replicates) H.
The ratio of m+4 to m+5 citrate from [U13C]-glutamine tracing is lower in the ?PDSS1
cells. ∗∗, p<0.01. (n=5 technical replicates, representative of 3 biological replicates) I. Total
incorporation of carbons into citrate from glucose and glutamine. Incorporation from both
sources is reduced in ?PDSS1 cells. (n=5 technical replicates, representative of 3 biological
replicates)

4.3 Discussion

In order to explore whether the identified mutation in the PDSS1 gene contributes to the
patient phenotype, the gene products were first investigated. Analysis of PDSS1 mRNA
in the patient fibroblasts and the normal human dermal fibroblasts revealed no significant
changes, in any of the three target regions. It was hypothesised that there may be total loss
of the protein due to nonsense-mediated decay of the RNA, but this is not the case. This
analysis still leaves the possibility of a mis-splicing event.

Analysis at the protein level by Western blotting also shows no significant changes
between the two conditions. This implies that the mutation has no effect on the total expres-
sion of the protein. However, these data cannot assess whether this protein is structurally
or functionally the same. Based on the type and location of the mutation, it was hypothe-
sised that it could lead to mis-splicing and loss of exon 3. The change in molecular weight
which would result from this would not be large enough to see by clearly Western blot. A
conformational change in the protein, or a change in ability to form the COQ2 complex with
PDSS2 cannot, therefore, be ruled out.

4.3.1 Alteration to the CoQ pool

In order to investigate the functionality of PDSS1 in these cells, the CoQ10 synthesis pathway
was investigated using LCMS methods. This revealed reduced total CoQ10 levels in the
patient fibroblasts, suggesting a defect in the synthesis pathway. The levels of CoQ9 were
also significantly lower in these cells. Loss or impaired function of PDSS1 would be expected
to reduce the CoQ10 level, with minimal or no effect on CoQ9, as seen in the literature217.
It would be interesting to investigate the abundance of shorter chain lengths, as it is likely
that reduced function of PDSS1 would favour the production of these.
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4.3.2 Central carbon metabolism

The effect of a lower level of CoQ10 would be expected to include upregulation of genes asso-
ciated with glycolysis and pyruvate metabolism221, according to studies of CoQ10 deficiency.
As CoQ10 is a central part of the ETC, these cells likely rely on glycolysis to compensate for
the loss of ATP production through OXPHOS.

In this model, a decrease in the flux of glucose carbons into pyruvate was observed
(Figure 4.6A), which suggests that these cells are in fact less efficient at metabolising glucose.
This trend is also seen in labelling from glucose into lactate; this is also unexpected, based
on previously published transcriptome analysis of CoQ10 deficient cells219.

Entry of glucose-derived carbons into the TCA cycle through pyruvate is also de-
creased in ?PDSS1 cells. However, the percentage of alanine which is labeled from glucose is
much less affected. This may suggest some degree of pool separation in pyruvate, with the
pool available for alanine synthesis being unchanged in the patient fibroblasts, and therefore
a highly reduced pool of pyruvate available for oxidation in the TCA cycle, or reduction to
lactate.

The CoQ10 pool was also significantly more reduced in the patient fibroblasts, com-
pared to controls (Figure 4.3C and D). A more reduced pool of CoQ10 would also be expected
to reduce the efficiency of OXPHOS, again reducing ATP production via this mechanism.
This is also likely to lead to an increase in the NADH:NAD+ ratio, as the regeneration of
NAD+ by the ETC is slowed222. Conversely, a more reduced CoQ10 pool could be caused by
an altered NADH:NAD+ ratio. When more NADH is available, the flux of electrons to the
ETC can increase, saturating the CoQ10 pool. It is not possible to establish from these data
whether the more reduced pool of CoQ10 is a direct result of the mutation, or whether this
is secondary to an altered NAD:NADH ratio.

In addition, the more reduced state of the CoQ10 pool in ?PDSS1 cells may mean
that the NOX system at the plasma membrane is likely to be less efficient, as the CoQ10

is more likely to be saturated and unable to transfer the electrons across the membrane.
This may further dysregulate the NADP+:NADPH balance in the cytosol, which is likely to
affect systems including the glutathione antioxidant system. This may make these cells more
vulnerable to oxidative stress, compounding the loss of CoQ10 and its antioxidant protection.
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The metabolic tracing data further supports a perturbed redox balance in these cells.
The ratio of lactate to pyruvate is increased, which is indicative of a more reduced cytosolic
NAD pool. Additionally, the ratio of m+4 to m+5 citrate is decreased, suggesting that
the citrate pool is relatively more reliant on incorporation of glutamine carbons through
reductive TCA cycle activity, than oxidative (Figure 4.6H). Several of the reactions which
form the oxidative TCA cycle require NAD+ as a cofactor (Figure 1.2. This is less favourable
when the NAD+:NADH ratio is lower, which in this case may also be due to reduced function
of SDH, due to the smaller CoQ10 pool size, which is worthy of further investigation.

A more reduced CoQ10 pool may offer more protection against membrane lipid perox-
idation, as in its reduced form CoQ10 can prevent the formation of lipid peroxyl radicals199.
Again, this may be a direct consequence of the mutation, or it may be a protective response
due to increased oxidative stress. The sensitivity of these cells to treatment with oxidative
stress inducer, such as H2O2 would be interesting to investigate.

Supplementation of CoQ10 in the cell culture medium had no effect on the growth
of these cells under the conditions used. Here, cells were treated for 72 hours. However,
it may be that a longer period of treatment may be necessary, to reverse any epigenetic
adaptations to low CoQ10

219. It is interesting to note that, the patient was started on CoQ10

supplementation in response to the genetic analysis. We understand that no changes were
observed clinically in response to treatment, although, the patient’s mother reported that
he seemed more alert.

4.3.3 Relation to patient phenotype

IEMs often present as a diverse range of phenotypes in different individuals, and through
developmental stages. There are, however, several common phenotypes (seen in at least 2
patients) associated with previously reported cases of PDSS1 mutations. These are: intel-
lectual disability, deafness, optic atrophy, and increased plasma lactate levels213,217. Patient
M has a much more metabolic phenotype, sharing only the increased plasma lactate levels.
There may be other shared phenotypes, which have not been investigated in either the pre-
viously described cases or in Patient M, or which Patient M has not yet experienced due to
their young age.
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Several aspects of Patient M’s phenotype are common with several inborn errors
of fatty acid oxidation. These include, hypoglycaemia in the absence of insulin, falter-
ing growth, fasting intolerance associated with a poor lipolytic and ketonic response, and
hepatomegaly223. Changes seen in the CoQ pool of these cells could be hypothesised to
interfere with fatty acid oxidation, as the overall pool is smaller and more reduced - meaning
less is available to accept electrons from this pathway.

Metabolic tracing experiments in the patient fibroblasts in culture suggest a perturbed
redox balance. Whether this is caused by, or itself results in alterations to the CoQ10 and
CoQ9 pools cannot be established from these data. It may be that the increased plasma
lactate levels seen in this patient and in those with a known PDSS1 mutation are a result of
a dysregulated NAD+:NADH ratio under both conditions.

Further investigations are needed to establish whether the identified mutation is the
cause of the patient’s phenotype. Alterations to the CoQ pools are seen, but the cause of
these cannot be determined. Based on previous studies of patients with PDSS1 mutations,
and work in models of CoQ10 deficiency, the phenotype seen here does not appear to suggest
total loss or severe loss of function of PDSS1. It may be that the mutation seen in PDSS1
occurs in conjunction with another mutation and compounds this phenotype.

4.3.4 Future directions

In order to establish whether the PDSS1 protein expressed in the patient cells was functional,
it should be purified and investigated biochemically. Cell lines could also be generated which
express the mutation, allowing continued continued experimentation. Use of this model
would allow a direct comparison between a control cell line, and a cell line of the same
origin expressing the mutation. This would act as a more relevant control than the NHDF
cells used in this study, as the generated cell lines would have the same genetic background,
reducing confounding variables. Additionally, a pool or bank of NHDF cells from a range
of different donors would be useful to account for natural variation in PDSS1 activity, and
potentially investigate any interacting genes.

Measurement of the patients plasma CoQ10 levels would also be important in deter-
mining whether the lower levels seen in cultured fibroblasts are clinically relevant.
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If the alteration in the PDSS1 gene was found to affect the function of the protein,
CoQ10 supplementation is the only treatment option suggested by the available literature217,189,
alongside symptom management. Supplementation has thus far shown no clinical benefit in
this case, although the patients mother reported he was more alert. Supplementation should
be implemented as early in life as possible, in order to support healthy development224. High
doses are given orally in the case of a primary deficiency (5-50mg per kg per day)224. It may
take longer than the current supplementation period for any clinical affects to be measurable.

Given the data suggesting an altered redox balance, this should be assessed directly.
The whole cell ratio could be measured by LCMS. The effects of long-term treatment with
CoQ10 could then be assessed. If this does rescue the NAD+:NADH ratio then it would
suggest that the CoQ10 level is the cause of the redox alteration, rather than a result of it.

It is likely that these cells will respond differently to certain stress conditions, com-
pared to the control fibroblasts. Altered NAD+:NADH and a more reduced CoQ pool may
affect how effectively the cell can respond to oxidative or hypoxic stress. Investigating this,
in conjunction with determining the mutational cause of the phenotype could shed light on
cellular processes which extend beyond the model used here. Recently, the possibility of a
role for PDSS1 in hypoxic cancer cells has been proposed209. If this mutation was determined
to be functional, this research could inform studies into this relationship.

The metabolism of fatty acids should also be investigated, considering the likely effects
of loss of CoQ reducing potential in the mitochondria for fatty acid oxidation, and the
considerable overlap in phenotype with fatty acid oxidation disorders. It would also be
important to investigate the substrates and products of the other mitochondrial reactions
which require CoQ as an electron acceptor. For example, supplementation with pyrimidines.

In conclusion, further research is needed to establish the role of this PDSS1 mutation
in the patient phenotype, with the aim of informing treatment strategies.
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4.4 Materials and Methods

4.4.1 Cell Culture

Fibroblasts from the patient with a suspected inborn error of metabolism were received in
culture from the Human Biomaterials Resource Centre at the University of Birmingham.
Fibroblasts were released under the Research Tissue Bank ethical approval (NRES Commit-
tee North West Haydock 20/NW/0001), under project reference 19-346 Tennant. NHDFs
(C-12302) were purchased from PromoCell. Both were maintained in RPMI with 10% FBS,
and 1% Penicillin-streptomycin, at 37°C in 5% CO2 and passaged when they reached 70-80%
confluency. Cells were used for experiments until no later than passage 10.

4.4.2 RNA Extraction and PCR

Cells were plated 24 hours before, to be 80% confluent for processing. Cells were lysed in
350µl buffer RLT (Qiagen). Samples were then homogenised to maximise RNA yield using
the QIAshredder kit (Qiagen, 79656). RNA was then extracted with the RNeasy mini kit
(Qiagen, 74104), RNA concentration were checked using a NanoDrop (Thermo Scientific,
ND-2000). RNA was then converted to cDNA using the Promega Reverse Transcription M-
MLV system (Promega, A3500), according to the manufacturers protocol. The PCR reaction
was carried out using the Q5 high-fidelity DNA polymerase kit from New England Biolabs
(E0555S/L), again according to included instructions.

Primer number Forward Reverse
Pair 1 GACTCCGACCATGGCCTC AGTCCCTTCCGCCTATGAAC
Pair 2 GTTCATAGGCGGAAGGGAC CGAGTTTGAAAGGATCGGTGT
Pair 3 ACTGCTAGTCTGGTTCACGA CACCACGCACCAAATCTTCA

Table 4.1: Primer Information

Samples were then run through a 2% agarose gel with Gel Red at 100V for 45 minutes.
The gel was then imaged with a ChemiDoc-MP system (BioRad).
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4.4.3 Western Blotting

Cells were plated in a 6 well plate, to be 70-80% confluent for protein collection after 24
hours. The media was first removed, and wells were washed with 1x PBS, before scraping into
Laemmli buffer. Samples were then boiled for ten minutes, before vortexing and centrifuging.
Samples were run through a 10% SDS-polyacrylamide gel at 120V for 1 hour. Proteins
were then transferred to a nitrocellulose membrane via an iBlot 2 transfer system (Thermo
Fisher). Membranes were then blocked in 5% bovine serum albumin (BSA) for 1 hour. The
primary antibody was then incubated overnight, before washing with PBS-T and 1 hour
incubation with the secondary antibody. Antibody details are including in Table 4.2. After
more washing, ECL Western Blotting substate was added to the membrane before imaging
with a ChemiDoc-MP system (BioRad).

Target Protein Molecular Weight Host Dilution Catalogue number
B-Tubulin 55kDa Rabbit 1:5000 Cell Signalling 2146
PDSS1 46 Rabbit 1:100 Sigma-Aldrich HPA038032

Table 4.2: Antibody Information

4.4.4 Metabolite Extraction for GCMS

Cells were plated 24 hours prior to the addition of the tracing medium, to be 80% confluent
at the time of extraction. The plating medium was removed and wells were washed with
sterile PBS. DMEM with no glucose, no glutamine or phenol red was used as a base medium.
To this, 5 or 10% (again, depending on the cell line) dialysed FBS was added, with 10mM
glucose and 2mM glutamine, using fully heavy isotope labeled where required.

Metabolite extraction was carried out on ice throughout. Media was removed be-
fore washing twice with 0.9% saline. 500µl pre-chilled methanol was added, with 200µl
pentanedioic-d6 acid (CDN isotopes, D-5227) in LCMS grade water. This was scraped and
collected, before the addition of 500µl pre-cooled chloroform. Tubes were vortexed for 10
seconds and centrifuged at 13,000 rpm for 10 minutes. The top (polar) layer was transferred
to a fresh tube and dried in a vacuum centrifuge.

Samples were derivatized by reconstitution in 40µl 2% methoxamine in pyridine, fol-
lowed by vortexing and heating at 60°C for 1 hour, addition of 50µl N-tert-Butyldimethylsilyl-
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N-methyltrifluoroacetamide with 1% tert-Butyldimethylchlorosilane, and another hour at
60°C. 80µl of each sample was then transferred to glass GCMC vials.

4.4.5 Gas Chromatography Mass Spectroscopy

1µl of sample was injected in splitless mode, using helium as a carrier gas at a rate of
1ml/minute. The GC oven temperature was 100°C for 1 minute, before ramping to 160°C
at 10°C/minute, then to 200°C at 5°C/minute and finally to 320 °C at 10°C/minute and a
5 minute hold. Detection was carried out in scan mode. D6-Glutaric acid was used as an
internal standard. Data were analysed using a MatLab script, kindly shared by the Fendt
Lab.

4.4.6 CoQ Extraction for Liquid Chromatography Mass Spectroscopy

(LCMS)

Cells were plated in 6 well plates to be 80-90% confluent on the day of extraction. Media
was removed and cells were washed with x1 PBS. All following steps were carried out on
ice. 250µl acidified methanol (UHPLC (ultra high performance liquid chromatography)-
grade methanol with 0.1% w/v hydrochloric acid and 1nM CoQ4-one) was added to the well
before scraping and transfer to an eppendorf tube. 250µl ice cold UHPLC-grade water and
500µl hexane were added to the tube before vortexing for 10 second, 3 times. Samples were
then centrifuged at 4C for 5 minutes. The top (hexane) layer was transferred to a glass tube
and dried under nitrogen without heating. The dried extract was re-suspended in 100µl
methanol and running buffer (methanol and 2mM ammonium formate). Samples were then
transferred to glass vials and run immediately on the LCMS.

4.4.7 Liquid Chromatography Mass Spectroscopy

Samples were run on a Waters Xevo TQ-XS instrument by Dr Adam Boufersaoui. CoQ4

was used as an internal standard, values were normalised to this and to cell number.
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4.4.8 Sulforhodamine B assay

100µl 20% trichloracetic acid was added to the medium and incubated at 4°C for 30 minutes.
This was then removed and wells were washed 3 x with tap water and left to dry. Once dry,
wells were covered with 0.4% sulforhodamine B (Sigma, 230162) and incubated at 10°C at
RT. This was removed and well were washed with 1% acetic acid and wells were allowed to
dry again. The stain was dissolved using 50mM pH8.8 Tris, and samples were transferred to
a 96 well plate, to be read on a platereader at 510nm.
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Chapter Five

Conclusions

5.1 Introduction

The ways in which cells maintain their mitochondrial redox homeostasis are integral to con-
tinued proliferation and cell survival when this balance is challenged. This work aims to
investigate mitochondrial redox in several contexts. Firstly, it sets out to address the hy-
pothesis that proline synthesis is increased in hypoxia in order to regenerate NAD+, thereby
maintaining an NAD+:NADH ratio which is more favourable for TCA cycle activity. The
role of PYCR1 in this context is also investigated in vivo using core needle biopsy samples
and machine learning driven analysis of spatially resolved protein expression. Finally, a po-
tential inborn error of metabolism: suspected loss of function one of the enzymes involved
in the synthesis of the redox-active compound, CoQ10, is investigated.

5.2 Summary of Key Findings

The data presented in Chapter 2 support the hypothesis that PYCR1 activity is increased
in hypoxic cells, and that this activity supports the continued activity of the TCA cycle
under these conditions. Furthermore, this work shows that the proline produced through
PYCR1 in hypoxia is in excess of cellular demands and is exported into the medium of cells
in culture. The induction of loss of PYCR1 in established xenografts leads to significant
cell death and necrosis, with an increase in hypoxia and hypoxic signalling. Taken together,
these data suggest the PYCR1 activity is redox modulatory, and supports the survival of
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cells in tumours, particularly in response to hypoxia.

Investigations using a set of core needle biopsy samples, detailed in Chapter 3, show
the majority of tumour cells express PYCR1, while the majority of cells in the stroma do not.
This work also find that CA9 and collagen are more likely to be expressed by tumour cells
than by stromal cells. Furthermore, PYCR1 expression is more likely to be seen in hypoxic
tumour regions than in tumour cells which do not express CA9. This supports the findings
from Chapter 2, further suggesting that PYCR1 expression confers a survival advantage in
hypoxic tumour cells.

Finally, Chapter 3 covers an investigation into the phenotype of fibroblasts from a
patient with a suspected inborn error of CoQ10 synthesis, and the potential redox implications
of this. From this data, is is still unclear whether the structure or function of PDSS1 are
affected in this patient. However, alterations to the CoQ10 and CoQ9 pools are detected,
and metabolic tracing suggests a perturbed mitochondrial redox balance.

5.3 Discussion

The data presented in Chapters 2 and 3 add to the wealth of literature which presents a role
for amino acid metabolism which goes beyond their use as a fuel source or as building blocks
for protein synthesis.

The role of proline metabolism in cancer cell biology has been increasingly researched
over the last few years, with associations made to anchorage independant growth130, ECM
interaction127,133, signalling pathways135,225 and redox127,159. Accordingly, this has lead to
interest in targeting proline synthetic enzymes as a potential therapeutic strategy. Work
presented here demonstrates a further role for proline biosynthesis through PYCR1 in redox
regulation, which is particularly important in hypoxia. Additionally, the in vivo work shows
that loss of PYCR1 in established xenografts leads to a significant increase in the necrotic
tumour area of establish xenografts. This may suggest that inhibition of PYCR1 could be an
option to reduce tumour volume in hypoxic tumours, perhaps in combination with current
chemotherapy.

However, the regions which remain after PYCR1 knockdown in xenografts show an
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increase in hypoxia and hypoxic signalling. This residual population of cells is therefore
likely to exhibit the features of hypoxic tumour cells which are the reason they are such
an important research focus, including increased metastatic potential and radio-resistance.
This is an important consideration for any potential future studies investigating PYCR1
inhibition.

Furthermore, the additional burden of a large increase in necrotic area should be
considered. In this study, after 24 hours of knockdown, the percentage of the xenograft which
was necrotic was approximately doubled. Although small-molecule inhibition of PYCR1 is
not likely to illicit such as large change, care should be taken to avoid potential toxicity from
large-scale cell lysis.

Additionally, the lack of sufficient vascularisation which occurs in and contributes to
tumour hypoxia, may hamper delivery of a small-molecule inhibitor of PYCR1 to the cells
of the tumour which are most likely to be sensitive.

Notably, this work describes a role for PYCR1, but not PYCR2 in this system. Sim-
ilarly, PYCR1 is implicated in the response to redox stress upon TGFβ stimulation127, with
PYCR2 not shown to affect this. Given the similarity in structure, function and cellular
location of these two isozymes, the specificity of their roles is particularly interesting. Given
that proline supplementation does not rescue the growth defect in PYCR1 KO cells, it may
be that PYCR2 or PYCRL is the main isozyme responsible for proline synthesis for proteins.
More research into the regulation of flux through either of these branches of the proline syn-
thesis pathway is worth of further investigation. Additionally, this should be considered as
inhibitors of PYCR1 are beginning to be developed and tested.

The regulation of proline export mechanisms in hypoxia is also highlighted here, as
the majority of proline synthesised in hypoxia is exported to the media. Across most samples
in most cell lines, an increase in intracellular proline is seen at 1% O2, which drops off at
0.3%. In the medium, at 1% the proline level is often very variable, but consistently increased
at 0.3%. This may suggest an export mechanism which is responsive, either to high levels
of intracellular proline, or in fact to the oxygen tension. It would be interesting to assess
proline levels in the mitochondria, the cytosol and the medium at differing oxygen tensions,
with the hope of determining if either a mitochondrial or plasma membrane transported is
responsive to oxygen tension. The plasma membrane proline transporter are known, however
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there is as yet no established mitochondrial proline transporter.

The increased export of proline is likely to affect the microenvironment surrounding
hypoxic cells. In Chapter 3, the expression of PYCR1 could not be correlated with collagen.
However, we cannot infer anything about the activity of PYCR1 in these cells from this data.
In light of recently published data which defines a role for PYCR1 in collagen production by
CAFs179, it would be interesting to assess the effect of hypoxia in this model. It also seems
likely that increased proline availability in the ECM could be up-taken by CAFs and used to
produce collagen. Co-culture experiments with tumour cells and CAFs in differing oxygen
tensions, using fully labelled glutamine and monitoring labelling into collagen, could begin
to explore this relationship.

Recently, the possibility of selectively removing amino acids from the diet as a ther-
apeutic strategy has started to be explored. Serine starvation has been shown to reduce the
growth of xenografts90, and to sensitise them to radiotherapy226. Indeed, selective proline
starvation has been found to impact tumourigenesis in one study119. Data presented in this
thesis appears to suggest that a lack of dietary proline is unlikely to affect the redox regula-
tory effect of proline synthesis in hypoxia, where it appears that cells synthesise proline in
excess of their requirements. It may be that the importance of systemic proline levels vary
at different stages of tumour progression, depending on genetic and microenvironmental fac-
tors. Additionally, it is interesting to note that in patients with germline mutations in both
PYCR1 and PYCR2 have blood proline levels which fall within the normal range, despite
having lost a significant source of proline synthesis124,148. This may suggest that blood pro-
line levels are kept under tighter regulation that we yet appreciate. PYCR1 loss leads to
significant issue with the connective tissue, which is rich in collagen. Collagen is a source of
proline, which may be available to compensate for a lack of synthesis, or potentially a lack
of intake of proline. The long-term effects of proline starvation are yet to be investigated.

Finally, this work also uncovers a metabolic phenotype associated with a perturbed
NAD+:NADH ratio in fibroblasts from a patient with a potential inborn error of CoQ10

synthesis. Although this work was unable to conclude whether the identified mutation was
the cause of Patient Ms symptoms, this dysregulated redox balance is a starting point for
further investigations. This work predicts that there may be issues with fatty acid oxidation,
which correspond with the patients symptoms. It is hoped that further investigations can
inform the management of Patient Ms symptoms. If the PDSS1 mutation is shown to
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affect the enzyme function, definitively, these cells will also be a useful model in further
understanding the relationship between CoQ10, redox regulation and fatty acid oxidation.
This is a relationship which seems likely to be important in cancer cells.

5.4 Concluding Remarks

Work presented here further demonstrates the importance of redox regulation. Metabolites
often considered as the main products of metabolic reactions may not, in some circumstances,
be as important as the co-factors which the reaction generates. This is the case for proline
synthesis in hypoxia, which produces proline at a level which exceeds the cellular demand.

This work contributes to the current understanding of proline metabolism, and how
this is altered in response to different conditions. It also raises further questions about the
impact of potentially increased extracellular proline levels in the hypoxic niche. Importantly,
it also shows that hypoxia is increased in the residual cells after PYCR1 loss in xenografts,
which is an important consideration for inhibitor development.

Finally, it is hoped that the data shown in Chapter 4 can be built on, to better
understand Patients Ms disorder, with the aim of improving his quality of life.
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results in an increase in lactate production (Eales et al., 2016).

Importantly, hypoxia is a particularly prevalent factor in cancer

growth, during which the rate of cell proliferation is often in

excess of the delivery of oxygen via the dysfunctional tumor

vasculature (Harris, 2002). In such conditions, the NAD+/NADH

ratio can become limiting for cell proliferation (Luengo et al.,

2021), which may increase the activity of other redox-active

pathways as a means of regenerating NAD+.

The metabolism of proline is significantly linked to cellular

redox state (Phang et al., 2008). Proline degradation is cata-

lyzed by proline oxidase (also known as proline dehydrogenase

[PRODH]), which reduces ubiquinone in the mitochondrial inner

membrane via FADH2 (Phang et al., 2010). This facilitates pro-

ton pumping and ATP synthesis, and can also generate reac-

tive oxygen species through electron leakage. Synthesis of

proline utilizes the reducing potential of either NADH or NADPH

(De Ingeniis et al., 2012). This reaction is a two-step process,

the first of these generating the intermediate glutamate 5-semi-

aldehyde (GSA), which spontaneously cyclizes to form pyrroline

5-carboxylate (P5C). GSA can be formed either from glutamate

by the action of P5C synthase (P5CS/ALDH18A1) coupled to

the oxidation of NADPH, or from ornithine, which is coupled

instead to the transamination of a-ketoglutarate (Burke et al.,

2020). The second reaction is catalyzed by one of three iso-

zymes with pyrroline 5-carboxylate reductase activity, known

as PYCR1, PYCR2, and PYCR3/L. Importantly, while PYCR1

and PYCR2 are in the mitochondrial matrix, PYCR3 is known

to be cytosolic, compartmentalizing aspects of this metabolic

network (De Ingeniis et al., 2012). Previous studies have sug-

gested that the activity of PRODH and PYCR enzymes might

act together as a cycle, which could move proline, intermedi-

ates, and, therefore, redox equivalents between the mitochon-

dria and the cytosol (Phang et al., 2012). However, it is likely

that the activity of each of these enzymes is dependent on

the cellular context and microenvironment. As an example,

while metastatic cells have been shown to have an overall pro-

line catabolic activity utilizing the energy generated via proline

degradation to support the invasive process (Elia et al., 2017;

Scott et al., 2019), fibroblasts stimulated with transforming

growth factor b demonstrate increased proline synthesis

(Schworer et al., 2020).

We and others recently suggested that proline biosynthesis

through PYCR1 could be an alternative means by which mito-

chondria could continue to support TCA cycle oxidative activ-

ity while bypassing the need to pass the resulting electrons

into the electron transport chain (Hollinshead et al., 2018;

Schworer et al., 2020). There is some evidence that this could

be true in conditions where oxygen is limiting due to reduction

of the electron transport chain and increase in NADH/NAD+

ratio in the mitochondrial matrix (Liu et al., 2020). In this study,

we show that mitochondrial proline synthesis, specifically

through PYCR1 activity, is essential to support hypoxic meta-

bolism and viability. Loss of PYCR1 in vivo results in an unsus-

tainable compensatory increase in respiration, cell death, and

decreased tumor growth. We therefore propose that inhibition

of PYCR1 is a viable target for killing cancer cells in hypoxic

tumor regions, which are refractory to many conventional

treatment approaches.

RESULTS

Hypoxia increases PYCR1-dependent proline synthesis
and export from glutamine
Our previous research, and that of others, suggested that proline

synthesis is increased in cells when cellular redox homeostasis is

perturbed or when enhanced oxidation of mitochondrial NADH is

required (Hollinshead et al., 2018; McGregor et al., 2020;

Schworer et al., 2020). We previously hypothesized that this

phenotype is likely to occur under conditions where the NADH/

NAD+ ratio becomes limiting for oxidizing TCA cycle activity,

such as in hypoxia (Hollinshead et al., 2018). We therefore inves-

tigated whether this was the case by incubating human cells in

either normoxia (21% O2) or increasing severity of hypoxia (1%

and 0.3% O2). We found that in a number of cell models repre-

senting triple-negative breast cancer (SUM159PT, HCC1806),

medulloblastoma (ONS), and bone marrow stromal cells (HS-

5), hypoxia enhanced proline synthesis and efflux into the me-

dium (Figures 1A and S1A). Importantly, this appeared to occur

without a consistent change in expression of either of the key

biosynthetic enzymes, PYCR1 or PYCR2 (Figures 1B, 1C, and

S1B), suggesting that the normoxic expression of these enzymes

is capable of supporting flux through the pathway in excess of

that observed under normoxic conditions.

We previously showed that PYCR1 is responsible for

enhanced proline biosynthesis from glutamine in cells express-

ing the oncogenic IDH1 R132H mutation (Hollinshead et al.,

2018). We therefore first examined whether glutamine-derived

proline synthesis also underpinned the hypoxia-driven response.

SUM159PT cells were incubated with [U-13C]glutamine in nor-

moxia or hypoxia (1% and 0.3% O2) and demonstrated the ex-

pected hypoxia-induced reductions in glutamine oxidation

(M + 4 isotopomer of aspartate and citrate; Figures S1C and

S1D) as well as a relative increase in the contribution of reductive

carboxylation of glutamine to the citrate pool (M + 5 isotopomer;

Figure S1D). Under the same conditions, we noted that gluta-

mine-derived proline exported into the medium increased signif-

icantly with increasing severity of hypoxia (Figure 1D), indicative

of increased mitochondrial synthesis. We consider the ratio of

fully labeled glutamate to proline a surrogate of the overall activ-

ity of this pathway (Figure 1B). Although this ratio was signifi-

cantly increased in 1% O2, it returned to normoxic levels in

0.3%O2 (Figure 1E). Given that export of proline into themedium

was significantly enhanced in these conditions (Figure 1D), we

concluded that this likely reflected a further adaptation to

increased proline synthesis under severe hypoxia to relieve the

product inhibition on PYCR enzymes that may otherwise be sub-

optimal for continued cell viability (De Ingeniis et al., 2012).

Two constitutively expressedmitochondrial isozymes, PYCR1

and PYCR2, are responsible for the second step in the synthesis

of proline from glutamate (Figure 1B). To elucidate which of these

might demonstrate a hypoxia-mediated induction of activity, we

knocked down PYCR1 or PYCR2 (Figure S1E) and examined the

synthesis of proline in normoxia and hypoxia. We observed that

knockdown of PYCR1 resulted in a significant decrease of intra-

cellular proline in normoxia and an inability to respond to hypoxia

(Figure 1F). Conversely, knockdown of PYCR2 had little effect

(Figure 1F). In light of our previous data suggesting that PYCR1
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was the major determinant of IDH1R132H-driven increased pro-

line synthesis from glutamine in glioma (Hollinshead et al.,

2018), we also assessed glutamine-derived proline and noted

that knockdown of PYCR1 but not PYCR2 led to a decrease in

the proportion of proline derived from glutamine in both nor-

moxia and hypoxia (Figure 1G). To extend these findings to an

alternative cell model, we utilized a previously described

CRISPR-engineered PYCR1�/� SUM159PT cell line (Figure S1F)

with 13C5-glutamine (Loayza-Puch et al., 2016). In the absence of

PYCR1, intracellular proline synthesis from glutamine was

Figure 1. Hypoxia increases PYCR1 dependent proline synthesis and export from glutamine

(A) Intracellular proline abundance in SUM159PT cells is increased with hypoxia (n = 8, presented as mean ± SD). *, p < 0.05

(B) Diagram of proline synthesis from glucose and glutamine. aKG, a ketoglutarate; ALDH18A1, aldehyde dehydrogenase 18 family member A1 (pyrroline 5

carboxylate synthase [P5CS]); PYCR1, pyrroline 5 carboxylate reductase 1; PYCR2, pyrroline 5 carboxylate reductase 2.

(C) Protein expression of proline synthetic enzymes does not change with decreasing oxygen tension in SUM159PT cells.

(D) Extracellular proline abundance is significantly increased in 0.3% O2 in SUM15PT cells (n = 4, presented as mean ± SD). *, p < 0.05

(E) The ratio of [U 13C]proline to [U 13C]glutamate from [U 13C]glutamine tracing is significantly increased in 1% O2 (n = 4, presented as mean ± SD). **, p < 0.01

(F) Extracellular proline concentration in SUM159PT cells transfected with siPYCR1 is significantly decreased in hypoxia (0.3%) compared with siNT. siPYCR2

does not significantly alter the proline concentration (n = 3, presented as mean ± SD). ****, p < 0.0001

(G) The contribution of glutamine to the total proline pool (%) is significantly reduced with siPYCR1 and not with siPYCR2 (n = 3, presented as mean ± SD). ****, p

< 0.0001

(H) In hypoxia (0.3% O2), abundance of [U 13C]proline from [U 13C]glutamine is increased in SUM159PT PYCR1+/+ cells. This increase is not seen in PYCR1 /

cells (n = 3, presented as mean ± SD).

(I) Total extracellular proline is increased in hypoxia (0.3%) in PYCR1+/+ cells. This increase is not seen in PYCR1 / cells (n = 3, presented as mean ± SD). **, p <

0.01. aKG, a ketoglutarate; ALDH18A1, aldehyde dehydrogenase 18 family member A1; GSA, glutamate semialdehyde; P5C, pyrroline 5 carboxylate; PYCR1,

P5C reductase 1; PYCR2, P5C reductase 2.
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Figure 2. PYCR1 activity supports normal TCA cycle activity and proliferation

(A) The NAD/NADH ratio is significantly reduced in PYCR1 / cells (n = 7, presented as mean ± SD). **, p < 0.01

(B) Total extracellular lactate (ion count/protein) is increased in PYCR1 / cells compared with PYCR1+/+. In hypoxia (0.3%) there is no significant change (n = 4,

presented as mean ± SD). *, p < 0.05

(C) Diagram showing glutamate entry into the TCA cycle, highlighting NAD requiring steps.

(D) Percentage incorporation of [U 13C]glutamine into M + 5 glutamate is unchanged between conditions (n = 4, presented as mean ± SD).

(E) Percentage incorporation of [U 13C]glutamine into M + 4 succinate is decreased in the PYCR1 / cells in hypoxia (n = 4, presented as mean ± SD). ***,

p < 0.001

(F) Percentage incorporation of [U 13C]glutamine into M + 4 malate is reduced in both oxygen tensions in the PYCR1 / cells (n = 4, presented as mean ± SD). **,

p < 0.01; ****, p < 0.0001

(legend continued on next page)
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significantly reduced but, importantly, the response to hypoxia

was also blunted (Figures 1H and S1G). This was also observed

in the medium, in which loss of PYCR1 ameliorated the hypoxia-

induced efflux of proline (Figure 1I). Our data therefore shows

that hypoxia leads to an increase in proline synthesis and export,

which is mainly derived from glutamine and is dependent on

PYCR1.

PYCR1 activity supports normal TCA cycle activity and
proliferation
We and others have suggested that mitochondrial proline syn-

thesis may be an important mechanism to buffer changes in

the mitochondrial NAD+/NADH ratio (Hollinshead et al., 2018;

Schworer et al., 2020). We therefore investigated whether loss

of PYCR1 led to a change in the NAD+/NADH ratio in this model,

and found that this was indeed the case (Figure 2A), supporting a

role for PYCR1 as part of an obligate mitochondrial NAD+ regen-

eration system. We also tested whether loss of PYCR1 activity

might affect the NADP+/NADPH ratio, as these enzymes are

also capable of oxidizing this pyridine nucleotide. To this end,

wemeasured the reduced/oxidized glutathione (GSH/GSSG) ra-

tio—a surrogate of the NADP+/NADPH ratio due to the tight

coupling of these systems—and found that it was unchanged

in either the small interfering RNA or knockout cell model (Fig-

ures S2A and S2B). Due to the specific effect of loss of PYCR1

activity on the NAD+/NADH ratio, we hypothesized that this

may elicit a compensatory increase in respiration or perturbation

of the malate-aspartate shuttle, the latter of which could be

observed by increased lactate production and export due to

enhanced cytosolic NAD+ regeneration. We found that while

respiration was not significantly affected (Figures S2C and

S2D), lactate synthesis and efflux was increased in cells deficient

for PYCR1 activity in normoxia (Figure 2B). Due to this incom-

plete compensation, we further examined whether the loss of

PYCR1-mediated NADH-oxidizing activity may reduce oxidative

TCA cycle flux (Figure 2C). We incubated cells with [U-13C]gluta-

mine and observed reduced incorporation into TCA cycle

metabolites in hypoxia after the first NADH-generating steps

(synthesis of succinate; Figures 2D, 2E, S2E, and S2F), which

was further decreased in subsequent steps (Figures 2F, 2G,

S2G, and S2H). Of note, the synthesis of citrate from glutamine,

which is downstream of a further NAD+-dependent step (malate

dehydrogenase), was reduced in normoxia and almost entirely

absent in hypoxia (Figures 2G and S2H). The reduction in TCA

cycle activity after loss of PYCR1 activity could be expected to

reduce cell proliferation (Loayza-Puch et al., 2016), as TCA cycle

activity (and the synthesis of aspartate) is critical for cellular

anabolism (Birsoy et al., 2015; Sullivan et al., 2015). We moni-

tored proliferation in PYCR1�/� cells and noted reduced prolifer-

ation in both normoxia and hypoxia (Figures 2H–2J), consistent

with other recent data (Milne et al., 2019). As reduced prolifera-

tion could be a result of either perturbed redox homeostasis or

deficiency in intracellular proline (Sahu et al., 2016), we tested

both of these hypotheses. First, we cultured the cells in the pres-

ence of exogenous proline and found that despite efficient up-

take (Figure S2I), the proliferative defect remained (Figures 2H–

2J). However, the fact that the PYCR1�/� cells remained capable

of proliferation suggested that the proline normally present in the

medium (150 mM) and/or the activities of PYCR2/3 were suffi-

cient to support proliferation. To test this, we cultured cells in

an alternative medium without proline and found that the relative

proliferative defect between PYCR1+/+ and PYCR1�/� cells was

still observed, and the phenotype was still not rescuedwith addi-

tional proline (Figure 2K). These data therefore suggested that

the remaining PYCR enzymes were capable of synthesizing suf-

ficient proline to support this reduced proliferative rate. To test

whether further metabolic support of cellular redox homeostasis

might rescue the proliferative defect, we cultured the cells in me-

dium containing additional exogenous pyruvate, which could

support increased rates of NADH oxidation. We found that in

contrast to proline supplementation, exogenous pyruvate did

at least partially rescue proliferation in both normoxia and hypox-

ia (Figure 2L). Overall, these data strongly support the hypothesis

that PYCR1 supports proliferation through maintaining efficient

oxidative TCA cycle activity, but in conditions where redox

cannot be buffered, such as when oxygen is diffusion limited,

PYCR1 may become essential.

Loss of PYCR1 in 3D culture leads to redox imbalance
and excessive oxygen consumption
To more accurately recapitulate the multiple metabolite diffusion

gradients present in vivo, most importantly that of oxygen, we

extended our investigation to a three-dimensional (3D) spheroid

model. When these were grown using the soft-agar approach,

we found that loss of PYCR1 led to a substantial reduction in

spheroid size (Figures 3A and 3B). However, due to the duration

of this experiment (10 days), the previously described effect on

cell proliferation (Figures 2H–2J; Loayza-Puch et al., 2016; Sahu

et al., 2016) made it difficult to appropriately interpret the results.

We therefore used an alternative method to generate the spher-

oids, which allows them to rapidly form from a pre-plated number

of cells, rather than proliferating to reach the desired cell number

(Ivascu and Kubbies, 2006). While spheroids formed efficiently,

they remained significantly smaller (Figures 3C and 3D).

Importantly, the spheroids did reach a size at which oxygen diffu-

sion was limiting, resulting in hypoxia (pimonidazole staining;

(G) Percentage incorporation of [U 13C]glutamine into M + 4 citrate is reduced in both oxygen tensions in the PYCR1 / cells and is almost undetectable in 0.3%

oxygen (n = 4, presented as mean ± SD). ***, p < 0.001; ****, p < 0.0001

(H J) Cell growth with PYCR1 loss. Statistical analysis shown compares PYCR1+/+ and PYCR1 / cells without proline. Comparison of growth of either cell type

with or without proline was not significant in 21% O2 (H), p < 0.05 in 1% O2 (I), and p < 0.01 in 0.3% O2 (J) in DMEM/Nutrient Mixture F 12 Ham. Growth was not

altered by the addition of 2 mM exogenous proline in any oxygen tension (n = 3, presented as mean ± SEM).

(K) Cell growth of PYCR1 / cells is maintained in DMEM flux medium without proline and is not rescued with the addition of exogenous proline (n = 3, presented

as mean ± SEM). Statistical analysis shown compares PYCR1+/+ and PYCR1 / cells without proline. *, p < 0.05. Comparison of growth of either cell type with or

without proline was not significant.

(L) Cell growth of PYCR1 / cells can be rescuedwith the addition of 2mMsodium pyruvate (n = 3, presented asmean ±SD).*, p < 0.05; **, p < 0.01; ***, p < 0.0001
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Figure 3. Loss of PYCR1 in 3D culture leads to redox imbalance and excessive oxygen consumption

(A) Volume of PYCR1 / and PYCR1+/+ spheroids grown on agarose coated plates (n = 3, presented with Tukey whiskers).

(B) Representative images of spheroids from (A). Scale bars, 100 mm.

(legend continued on next page)
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FigureS3A)and increasedexpressionof thehypoxia-inducible en-

zymes GLUT1 and carbonic anhydrase 9 (CA9; Figures S3B and

3J). We performed further histological analysis of similarly sized

spheroids and found that the PYCR1�/� spheroids had an altered

morphology, characterized by a less compact center containing

significant numbers of clear inclusions (Figure 3E). We first inves-

tigated whether loss of PYCR1 in spheroids also led to decreased

proline synthesis and export, as observed in two-dimensional (2D)

culture. We incubated spheroids with [U-13C]glutamine and found

that the incorporation of glutamine into proline was decreased

both in the spheroids and the medium (Figures S3C and S3D). In

light of this, we also tested whether exogenous proline could

rescue spheroid growth but, in line with our 2D results, there was

little effect (Figure S3E). We subsequently investigated the meta-

bolicactivityofPYCR1-deficientspheroidsand found that, consis-

tent with the previously observed defect in TCA cycle oxidative

activity, PYCR1-deficient spheroids contained less glutamine-

derived aspartate and citrate (Figures 3F and 3G). We therefore

also investigated whether glycolysis may be increased as a result

of themitochondrial dysfunction in response to loss of PYCR1and

found thatglucoseconsumptionand lactateexport increased (Fig-

ure 3H). Finally, as we showed in 2D that loss of PYCR1 activity

altered the NAD+/NADH ratio, we examined the lactate/pyruvate

ratio, a well-described surrogate for the cytosolic NAD+/NADH ra-

tio, in the medium. Consistent with the reduced oxidative TCA cy-

cle activity, we noted an increase in the ratio in the medium from

spheroids, indicative of an increased need of PYCR1�/� cells to

regenerate NAD+ in the cytosol (Figure 3I). Given the significant

changes in oxidative metabolism observed, we hypothesized

that mitochondrial respiration may be increased as an attempt to

compensate, leading to a steeper oxygen gradient across the

spheroid and greater area of hypoxia. We therefore stained the

spheroids for CA9, a well-characterized hypoxia-responsive pro-

tein (Wykoff et al., 2001). While CA9 was present in the wild-type

spheroids as expected, levels were significantly higher and in

greater cell numbers when PYCR1 was absent (Figure 3J). These

results suggested that PYCR1 is a critical component of the hyp-

oxic response in the metabolic network and that its loss leads to

widespread dysfunction.

PYCR1 is essential for maintenance of viable hypoxic
regions and tumor growth
To investigate the role of PYCR1 in the hypoxic regions of tumors,

we engineered a cell model in which PYCR1 could be inducibly

knocked down, thereby minimizing the effect of PYCR1 on other

cell processes during tumor initiation and initial growth.We found

that in ourmodel, PYCR1expression couldbe rapidly reducedaf-

ter induction of the short hairpin RNA construct with doxycycline

(DOX), with no effect on the control cell model either in vitro or

in vivo (shNT; Figures S4A–S4D). Using this cell model, we first

investigated the effect of short-term PYCR1 knockdown on hyp-

oxia and hypoxic signaling in tumors after a single dose of DOX.

We found that the extent of hypoxia increased significantly

across the tumor in response to knockdown of PYCR1 (Figures

4Aand4E). Thiswas accompanied by significant changes in hyp-

oxia signaling, indicated by increased expression of the HIF1

target genes, CA9 and GLUT1 (Figures 4B, 4C, 4F, 4G, and

S4E). Finally, we assessed the effect of enhanced hypoxic

signaling on tumor angiogenesis (measured by CD31-positive

cells) and observed a surprising relative decrease in CD31-posi-

tive cells, suggesting reduced angiogenic signaling (Figures 4D

and 4H). However, this latter marker was not accompanied by a

reduction in apparent blood flow (Figure S4F), suggesting that

this timepointmaybe insufficient to elicit an angiogenic response

of magnitude sufficient to reduce perfusion. As we had observed

a significant increase in tumoral hypoxia over a relatively short

time frame, we investigated whether this may affect tumor

phenotype. We found again that a single dose of DOX resulted

in reduced tumor cell proliferation (Ki67 staining; Figures 5A

and 5D) only in the shPYCR1 tumors, which also demonstrated

increased apoptotic cell death (cleaved caspase-3; Figures 5B,

5E, and S5A). These significant changes in cell phenotype were

mirrored by extensive areas of histological necrosis indicative

of substantial cell death (Figures 5C and 5F). Given these data,

we examined the effect of chronic dosing of mice with DOX to

provide long-term knockdown of PYCR1 on established tumor

growth.We found that, in agreementwith the acute dosing study,

only the shPYCR1 + DOX-treated tumors showed a significant

change in growth, increasing the time taken to reach an average

of 500 mm3 by over 30% (Figures 5G, 5H, and S5B–S5I).

Overall, our studies show that PYCR1 supports normal mito-

chondrial metabolism by contributing to redox homeostasis. In

hypoxia, PYCR1 becomes an essential oxygen-sparing enzyme,

permitting continued TCA cycle activity and reducing lactate

production. Loss of PYCR1 in cells results in significant meta-

bolic rewiring, and loss of PYCR1 in tumors results in cell death

and reduced tumor growth.

DISCUSSION

There is increasing evidence supporting the hypothesis that ac-

tivity of the proline synthesis and degradation pathways is

(C) Volume of PYCR1 / and PYCR1+/+ spheroids at 72 h grown in U bottomed plates (n = 3, presented with Tukey whiskers).

(D) Representative images of spheroids from (C). Scale bars, 400 mm.

(E) Hematoxylin and eosin (H&E) staining of sectioned spheroids showing that PYCR1 / spheroids have an altered morphology, with less densely packed cells

and more rounded nuclei. Scale bars, 100 mm.

(F) The percentage incorporation of [U 13C]glutamine into M + 4 aspartate is lower in PYCR1 / spheroids, presented as mean ± SD. *, p < 0.05

(G) The percentage incorporation of [U 13C]glutamine into M + 4 citrate is lower in PYCR1 / spheroids (n = 4 [3 24 spheroids], presented as mean ± SD). *,

p < 0.05

(H) Glucose consumption is increased in the PYCR1 / spheroids while lactate export into the medium is increased (n = 3 [3 24 spheroids], presented as mean ±

SD). **, p < 0.01; ****, p < 0.0001

(I) The ratio extracellular lactate to extracellular pyruvate is higher in PYCR1 / spheroids (n = 4 [3 24 spheroids], presented as mean ± SD). *, p < 0.05

(J) PYCR1+/+ and PYCR1 / spheroids stained for carbonic anhydrase IX expression, as amarker of hypoxic cells. More intense and diffuse staining is seen in the

PYCR1 / spheroids. Scale bars, 70 mm.

Cell Reports 38, 110320, February 1, 2022 7

Article
ll

OPEN ACCESS



Figure 4. PYCR1 loss leads to increased tumor hypoxia

(A) Representative images showing pimonidazole staining in xenografts.

(B) Representative images showing CA9 staining in xenografts.

(C) Representative images showing GLUT1 staining in xenografts.

(D) Representative images showing CD31 staining in xenografts.

(E) Quantification of pimonidazole staining as percentage of positive cells, presented as mean ± SD. ****, p < 0.0001. Doxycycline (DOX) induced shPYCR1

xenografts have significantly higher staining positivity, indicating that PYCR1 loss increases hypoxia.

(F) Quantification of CA9 staining as percentage of positive cells, presented as mean ± SD. ****, p < 0.0001. . Doxycycline induced shPYCR1 xenografts have

significantly higher staining positivity.

(legend continued on next page)
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important in certain cellular and environmental conditions to

modulate the redox state in mammalian cells. PYCR1 activity

in particular has been shown to be responsive to the mitochon-

drial NAD/NADH ratio (Hollinshead et al., 2018; Schworer et al.,

2020).

Our data suggest that PYCR1 represents a critical component

of an obligatemitochondrial NADH-oxidizing pathway, which un-

der limiting oxygen conditions becomes essential. We also show

that despite being expressed constitutively alongside PYCR2,

these enzymes are non-redundant (Figures 1F and 1G). Although

both of these isozymes catalyze the same reaction and are local-

ized to the mitochondria, it is thought that PYCR2 has a higher

affinity for NADPH as a co-factor (De Ingeniis et al., 2012). How-

ever, more work is needed to understand the regulation and

distinct roles of these two isozymes. It should also be noted

that the synthesis of proline through PYCR1 is still dependent

on the availability of NADP for reduction of glutamate, as cells

lacking NADK2 have sufficiently impaired proline synthesis to

become proline auxotrophic (Tran et al., 2021; Zhu et al.,

2021). Importantly, expression of PYCR1 was not increased in

hypoxia (Figure 1C). This suggests that PYCR1 is constitutively

expressed at a level that allows it to respond very rapidly to acute

changes in mitochondrial redox homeostasis, providing the abil-

ity to maintain a functional mitochondrial network in the short

termwhile a longer-term transcriptional framework is put in place

through hypoxia-activated signaling mechanisms (such as hyp-

oxia-inducible factor 1).

Proline synthesized through the reduction of glutamate ap-

pears in our models to be in excess of cellular anabolic require-

ments and is exported into the medium, much like the reduction

of pyruvate to lactate in the cytosol. PYCR1 activity therefore ap-

pears to functionally uncouple the TCA cycle from ATP synthe-

sis, a concept previously suggested to be permissive to

enhanced proliferation (Luengo et al., 2021) and which our

data support. In line with this, we find that PYCR1�/� cells pro-

duce increased extracellular lactate in normoxia, suggesting

that PYCR1 supports the normal function of mitochondrial redox

shuttles such as the malate-aspartate shuttle, which is also

important for cellular anabolism. However, our data also suggest

that under conditions of severe hypoxia, further mechanisms to

maintain PYCR1 activity by avoiding previously described prod-

uct inhibition may be in place (De Ingeniis et al., 2012), which

could include the upregulation of an as yet unidentified mito-

chondrial transporter for this amino acid (Figures 1D and 1E).

In 3D culture, which is more representative of the oxygen and

nutrient gradients observed in the tumor microenvironment, we

also found that PYCR1 loss reduced proline export. The

knockout also affected spheroid morphology, increased hypox-

ia, and resulted in ametabolic phenotype indicative of significant

metabolic dysfunction. Finally, we showed in vivo that loss of

PYCR1 significantly decreased growth in a mouse xenograft

model. We found that proliferation was reduced while hypoxia

and cell death were increased. This further suggests that proline

synthesis through PYCR1 is conditionally essential when cellular

redox state is reduced, such as in a hypoxic microenvironment.

In summary, in parallel with the original hypothesis supporting

the use of anti-angiogenic drugs in tumors, our data suggest that

inhibition of PYCR1 may push hypoxic tumor regions into a non-

viable state, making the overall tumormore amenable to conven-

tional therapies whose efficacy suffers in hypoxia. However,

further work is needed to define the roles of other PYCR iso-

zymes in both normoxia and hypoxia, as our data and that of

others clearly show that the metabolic network surrounding pro-

line is complex and remains poorly understood.

Limitations of the study
While we showed much of the downstream biochemical effects

of reduced PYCR1 activity in normoxia and hypoxia in vitro, we

were only able to show some of thesemarkers in the subsequent

in vivo study due to the cross-species, multicellular nature of the

orthotopic xenograft model used. The role of PYCR1 specifically

in redox homeostasis could therefore not be confirmed in vivo. In

terms of translation of these findings, the implications of pharma-

cological inhibition of PYCR1 are not yet entirely clear, as studies

did not address this. AlthoughPYCR1deficiency led to a necrotic

phenotype, it also increased tumoral hypoxia that itself could in-

crease hypoxia-induced phenotypes such as therapy resistance.

Further studies are therefore needed to clarify howPYCR1 inhibi-

tion could contribute to future therapeutic interventions.
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Materials availability
Materials generated in this study are available from the lead contact.

Data and code availability

d Metabolic tracing data have been deposited at Mendeley and are publicly available as of the date of publication. DOIs are listed

in the key resources table.

d This paper does not report any original code

d Any additional information required to reanalyze the data reporting in this paper is available from the lead author on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture
HCC1806, MDA-MB-231 and HS5 cell lines were purchased from ATCC, SUM159-PT from BioIVT and ONS-76 from Accegen. The

SUM159PT PYCR1-/- and paired control were previously reported (Loayza-Puch et al., 2016). All cell lines were passaged when they

reached 70%–80% confluence, using 0.05% Trypsin (Gibco, 15400-054) for dissociation and 1x phosphate buffered saline (PBS) for

washing. MDA-MB-231, HCC1806 and HS5 cells were maintained in RPMI (Sigma-Aldrich, R8758) with 10% FBS. SUM159-PT cells

were growth in Dulbecco’s Modified Eagle’s Medium (DMEM) Nutrient Mixture F-12 Ham (Sigma, D8062), with 5% FBS, 5 mg/ml

insulin (Sigma, I6634) and 1 mg/ml hydrocortisone (Sigma, H0888). ONS-76 cell lines were grown in DMEM Nutrient Mixture F-12

Ham (Sigma, D8062), with 10% FBS. Doxycycline-inducible shPYCR1 expressing HCC1806 cell line was established using shER-

WOOD UltraMiR Lentiviral inducible pZip target gene set for PYCR1 (Transomic, TLHSU2300-5831).

In vivo model
Fresh and sterile doxycycline was used in these experiments. 100 ml of matrigel containing 23 106 HCC-1806 doxycycline –shCon-

trol (shC) or -inducible shPYCR1 cells were established into the mammary fat pad of CD1 nude female mice aged 5–6 weeks. Where

shown, mice were given doxycycline when tumor growth reached average tumor volume 50 mm3 (single dose study) or 75 mm3

(chronic dosing study). Single dose: mice (7mice per group of shNT or shPYCR1) were administered one dose of oral gavage of doxy-

cycline (25 mg/kg). Adverse effects on animal welfare was observed in the shPYCR1 group only, with one mortality and remaining six

mice displayed moderate changes in welfare, including significantly reduced mobility and decreased body temperature. Chronic

dosing: mice were administered oral gavage of doxycycline (10 mg/kg) every two days rota (one day treat and one day rest) until

endpoint. No changes in animal welfare was observed in either group (of shC or shPYCR1). Endpoint procedures: Single dose: an-

imals were culled the day after dosing, and tumors sectioned for both flash-freezing and fixation for downstream analysis.

Chronic dosing: when tumors attained endpoint size permitted mice were injected with 13C5-glutamine (3 3 200 ml [7.2 mg] each

36.2 mg/ml stock solution at 15 min intervals [total = 142 mmol] 45 minutes before cull. Pimonidazole (2 mg/kg) and a 647-Tomato

lectin (1 mg/kg)/Hoescht (2 mg/kg) mix was given intravenous 5 min before visualization on IVIS system for fluorescence imaging

of perfused tumors and mice culled. Tumors were excised, sectioned, and samples flash-frozen and fixed for downstream analysis.

Blood samples were also collected by cardiac puncture when culling mice.

METHOD DETAILS

Spheroids
Cells were trypsinized, counted, and either plated in 6 well plates coated with 0.5% agarose in DMEM or on low adherence U-

bottomed 96 well plates (Thermo, 174925) and then centrifuged for 5 minutes at 5003 g. For proline supplementation experiments,

spheroids were seeded in DMEM fluxmedia (without phenol red, glutamine, and glucose) ((Gibco, A14430), with or without 1mMpro-

line. For all other experiments spheroids were left to form for at least 72 hours before investigation. For staining, spheroids were

grown for 7 days before fixing in neutral buffered formalin overnight, and transfer to 70% ethanol for storage. The solution containing

spheroids was transferred onto the center of a sheet of biopsy paper (CellPath, UK) before processing for histology. All staining was

performed on 4 mm formalin fixed paraffin embedded (FFPE) sections. Sections for Haematoxylin & Eosin staining were stained using

a Leica ST5020 autostainer. Carbonic Anhydrase XI (NB100-417, Novus Biologicals), Caspase 3 (9661, Cell Signaling) and Ki67

(12202, Cell Signaling) antibodies were stained on a Leica Bond Rx autostainer. FFPE sections were loaded onto the autostainer

and underwent dewaxing (Leica, AR9222) and epitope retrieval on board. Carbonic Anhydrase XI, Caspase 3 and Ki67 was retrieved

using ER2 buffer (Leica, AR9640). All sections were retrieved at 95�C for 20 minutes. After retrieval sections were rinsed with wash

buffer (Leica, AR9590) before peroxidase block was performed for 5 minutes using an Intense R kit (Leica, DS9263). Sections were

rinsed with wash buffer. After rinsing with wash buffer the antibodies were applied at previously optimized dilutions (Carbonic Anhy-

drase XI, 1/250; Caspase 3, 1/500; Ki67, 1/1000) for 30 minutes before washing with buffer and then application of appropriate sec-

ondary antibody (Carbonic Anhydrase XI and Ki67 – Rabbit EnVision, Agilent, K4003 ) for 30minutes. Sections were rinsed with wash

buffer before being visualized using DAB in the Intense R kit. The sections were counterstained with Haematoxylin in the Intense R kit
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before coverslipping the sections with DPX mountant (CellPath, SEA-1300-00A). Images were captured from the stained sections

using a Leica Aperio AT2 slide scanner.

Metabolic tracing
For tracing experiments, cells were plated to be 70% confluent after 24 hours. Media was then changed to fluxmedia (without phenol

red, glutamine, and glucose) ((Gibco, A14430)), depending on cell line, with 10mMglucose and 2mMglutamine (either one universally

labelled, depending on experiment). Cells were transferred into hypoxic conditions (DonWhitley H35 Hypoxystation). After 24 hours,

100 ml of media was removed for extraction. The rest of the media was removed and wells were washed twice with ice cold saline,

500 ml MeOH was added, with 200 ml D6-glutaric acid (2.5 mg/ml) (CDN isotopes, D-5227). Cells were scraped and transferred to a

cold Eppendorf with 500ml ice-coldH2Oand the same volumeof chloroform (pre-chilled to 20�C). After shaking on ice for 15minutes

and centrifugation, the polar phase was transferred to another tube for derivatization, which was dried with centrifugation at 45�C.
Spheroids grown in U-bottom96well plateswere collected andwashedwith PBSbefore transfer to fluxmediawith 13C-[U]-glutamine

in agarose-coated 12well plates and incubated for 48 hours. Spheroidswere collected andwashed in ice cold saline, transferred to ice

cold MeOH and homogenized (23 30 seconds) using a Precellys 24 tissue homogenizer (Bertin Instruments). Metabolite extraction

was performed as previously described in cells. Data were normalized to total ion abundance.

Glucose and lactate consumption
Mediawas changed to fluxDMEM (without phenol red, glutamine, and glucose) (Gibco, A14430) with 10mMglucose and 2mMgluta-

mine added. Glucose and lactate measurements were taking using a Nova Biomedical Stat Profile Prime CCS Analyzer and normal-

ized to total protein.

Bicinchoninic acid (BCA) protein assay
Spheroidswere collected andwashedwith PBS, before sonication for 10minutes in 0.2MNaOH, and boiling. The Pierce BCAProtein

Assay Kit (Thermo Scientific, 23225) was used according to the manufacturers protocol.

Derivatization and GCMS
Dried down extracts are derivatized using a two-step protocol. Samples are first treated with 2%methoxamine in pyridine (40 ml, 1 h

at 60�C), followed by addition of N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide, with 1% tert-butyldimethylchlorosilan (50 ml,

1 h at 60�C). Samples are transferred to glass vials for GC-MS analysis using an Agilent 8890 GC and 5977B MSD system. 1 mL of

sample was injected in splitlessmodewith helium carrier gas at a rate of 1.0mL.min�1. Initial GC oven temperature was held at 100�C
for 1 minute before ramping to 160�C at a rate of 10�C.min�1, followed by a ramp to 200�C at a rate of 5�C.min�1 and a final ramp to

320�C at a rate of 10�C.min�1 with a 5 minute hold. Compound detection was carried out in scan mode. Total ion counts of each

metabolite were normalized to the internal standard D6-Glutaric acid.

Western blotting
Cells were washed once with 1 x PBS and scraped into 1x Laemmli buffer (Sigma, 2301-1VL). Samples were heated for 10 minutes at

100�Candbrieflycentrifuged, then vortexed.Sampleswere runat 150V through a10%polyacrylamidegel. Proteinwas transferred toa

nitrocellulosemembrane using an Invitrogen iBlot. Membraneswere blockedwith 5%milk (Marvel) in PBS for 1 hour, before overnight

incubation at 4�C with the primary antibody in 1% milk; actin (1:4000 dilution, Sigma, A4700), PYCR1 (1:5000 dilution, Proteintech,

13108-1-AP), PYCR2 (1:2000 dilution, Proteintech, 17146-1-AP), HIF1a (1:500 dilution, BD Biosciences, 610959). PBS-Tween was

used formembranewashingbefore incubationwith the secondary antibody at room temperature for 1 hour: Anti-Rabbit-HRP (Cell Sig-

nalling, 7074S) or Anti-Mouse-HRP (Cell Signalling, 7076S). After another washing step, EZ-ECL (Biological Industries, 20-500-120)

was added to the membrane before imaging using a BioRed ChemiDoc Imaging System. Densitometry was performed using Im-

ageJ-Fiji, values were normalized to loading controls. For siRNA blots, values were also normalized to the non-target.

Cell number and GCMS data normalization values
To assess cell number, a Sulforhodamine B (SRB) assay was used as previously described. 100 mL of 20% trichloracetic acid was

added to each well and incubated at 4�C for 30 minutes. Wells were washed with tap water three times and allowed to dry. 0.4%

Sulforhodamine B (Sigma, 230162) was added to cover the surface of the wells and incubated for 10 minutes at room temperature.

Wells werewashedwith 1%acetic acid four times and again allowed to dry. The stainwas dissolved in 50mM tris at pH8.8 and absor-

bance was measured at 510 nm.

Oxygen consumption
Trypsinized cells were resuspended in media as above and loaded in an Oxygraph-2k (Oroboros instruments) chamber. After closing

the chambers and recording routine respiration, oligomycin (2.5 mM) was added to inhibit ATP synthase. Measurements of the non-

phosphorylating electron transfer system (ETS) capacity were obtained through stepwise (0.5 mM) titration of the uncoupler, carbonyl

cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP). Respiration was inhibited by addition of rotenone (0.5 mM) and antimycin A

(2.5 mM) at the end of the experiment.
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GSH:GSSG assay
Cells were plated in 6 well plates to be 70% confluent for transfection. Transfection with siRNA at 50nM, either: siNT (Dharmacon,

D-001810-10-05), siPYCR1 (Dharmacon, J-012349-06-0005) or siPYCR2 (Dharmacon, J-016646-06-0005) using Dharmafect 1

(Dharmacon, T-2001-03). After 24 hours, transfected cells were re-plated in white, clear bottom 96 well plates (Corning, 3903),

and transferred to hypoxia. After 24 hours GSH:GSSH was measured using the Promega GSH:GSSG-Glo assay kit (Promega,

V6612) according to manufacturer’s protocol.

NAD+:NADH assay
Cells were plated to be 70%confluent for assay. Cells were harvested and the assay was carried out according to themanufacturer’s

protocol (Biovision kit K337).

Immunohistochemistry
To summarize stainingmethod the slideswere firstly dewaxed in histoclear, rehydrated using decreasing concentrations of ethanol to

tap water. A standard haematoxylin and eosin protocol was followed to assess the morphology and the amount of necrosis on xe-

nografts. For immunohistochemistry staining antigen retrieval performed in pH 6 for all antibodies and, slides were stained using the

FLEX staining protocol and reagents (Agilent). Endogenous peroxidase activity was blocked before slides were stained with primary

antibodies: proliferation marker Ki67 (mouse, MIBI, 1:50 M7240 Agilent), endothelial marker CD31 (rabbit, JC70, Agilent), hypoxia

marker CA9 (mouse, M75, Absolute antibody, 1:100), PYCR1 (rabbit, E7P3I, cell signaling), GLUT1 (rabbit, ab652, Abcam, 1:100).

Slides incubated for 2h at room temperature. Slides were washed in Flex buffer before then being incubated with the Flex anti-rab-

bit/mouse secondary antibody for 30minutes at room temperature andwashed in Flex buffer. 3,30-Diaminobenzidine (Flex-DAB) was

applied to the sections for 10 minutes. The slides were counterstained by immersing in Flex-hematoxylin solution for 5 min, washed,

and air-dried before mounted with mounting medium (Sigma). Secondary-only control staining was done routinely, these were nega-

tive. Expression of markers and viable/necrotic areas was quantified on whole sections quantitatively by using the Visiopharm Inte-

grator System. HDAB-DAB color deconvolution band is used to detect positively stained cells. Threshold classification is used to

identified necrosis and living regions and thus identify number of positive staining within these regions. Appropriate thresholds levels

are checked against control xenografts staining before being set and the xenografts from all groups are then analyzed. Quantification

based on intensity of staining (value calculated from pixilation of DAB, corresponding to stain intensity from no staining, weak to

strong staining) and percentage of coverage (value calculated from DAB positive total area expressed relative to the total area of

tissue).

QUANTIFICATION AND STATISTICAL ANALYSIS

GCMSdatawere analyzed using AgilentMass Hunter software for real time analysis of data quality, before conversion to .CDF format

and analysis with in-house MATLAB scripts. Graphs and statistical analysis were performed using GraphPad Prism 9. Where a 2-

sample analysis is shown, results are from a Mann-Whitney test, while with >2 samples, results of a Kruskal-Wallis test are shown

with Dunn’s multiple comparison post hoc. Sample numbers are included in figure legends. To perform a statistical comparison

of the xenograft growth curves was performed through first fitting a single exponential curve (Figures S5B–S5E), the integral of which

was used to generate a linear regression for each xenograft (Figures S5F–S5I). These equations were then used to apply a Mann-

Whitney test.
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