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Abstract

Hypoxia is a common feature of solid tumours and is associated with poor prognosis and
resistance to therapy. Attempts to therapeutically target hypoxic tumour cells have shown
limited clinical success. This thesis investigates the role of phosphoglycerate dehydrogenase
(PHGDH), the rate-limiting enzyme of the serine synthesis pathway (SSP), in hypoxic
adaptation and response to radiotherapy. PHGDH expression is induced under severe hypoxia
(<0.1% O). This induction is driven by combined HIF-1 and PERK-ATF4 signalling, linking
oxygen sensing with cellular stress responses.

Loss of PHGDH was demonstrated to result in substantial metabolic rewiring. Increased
glycolytic flux and lactate production were observed, alongside enhanced HIF-1 signalling.
PHGDH-deficient cells showed improved survival and sustained proliferation under hypoxic
conditions. Targeting PHGDH alone, therefore, did not impair adaptation to hypoxia. We
demonstrated that the effect of PHGDH loss on radiosensitivity depends on extracellular
serine availability. No radiosensitisation was observed under standard or physiological
conditions. In contrast, complete serine deprivation resulted in significant radiosensitisation in
both normoxia and hypoxia. Reduced glutathione (GSH) levels accompanied this effect,
supporting a role for redox imbalance in radiation response. Targeting the SSP is therefore
highly context-dependent and influenced by nutrient availability, which is often overlooked in
experimental design. PHGDH also exhibits non-canonical behaviour in hypoxia, including
nuclear localisation and a potential association with R-loop biology, although this requires
further investigation.

Overall, PHGDH functions as a hypoxia-regulated metabolic enzyme with limited utility as a
standalone therapeutic target. Moreover, our findings highlight the importance of metabolic
context in determining the need to account for tumour microenvironmental conditions in

therapeutic strategies.
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Chapter 1: Introduction

1.1 Cancer

1.1.1 What is cancer?

Cancer is a term encompassing more than 200 different diseases that share fundamental
characteristics: uncontrolled cellular proliferation, evasion of normal growth constraints, and
the capacity to invade and disseminate to distant sites through metastasis. The global burden
of cancer is substantial and increasing. According to the most recent GLOBOCAN estimates
published by the International Agency for Research on Cancer (IARC), around 20 million new
cancer cases and approximately 9.7 million deaths were estimated worldwide in 2022.
Approximately 1 in 5 individuals will develop cancer over the course of their lifetime (Bray et
al., 2024). Demographic projections suggest this burden will rise sharply, reaching an
estimated 35 million annual new cases by 2050. Despite advances in early detection and
targeted therapeutics, cancer remains the second leading cause of death globally after
cardiovascular disease (World Health Organisation, 2024), underlining the urgency of

fundamental research into its biology.

1.1.2 Hallmarks of cancer

The conceptual framework for understanding how normal cells undergo malignant
transformation owes much to the landmark paper by Hanahan and Weinberg, published in
2000. It was proposed that the acquisition of six biological capabilities was sufficient to induce
a tumourigenic phenotype: self-sufficiency in growth signals, insensitivity to anti-growth
signals, evasion of apoptosis, limitless replicative potential, sustained angiogenesis, and
tissue invasion and metastasis (Hanahan & Weinberg, 2000). Importantly, the framework
suggested that cancer develops through a stepwise process, whereby cells progressively
acquire these capabilities through somatic mutation and clonal selection.

In 2011, Hanahan and Weinberg published a major revision of this model, adding two further

hallmark capabilities: the reprogramming of cellular energy metabolism and immune evasion
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(Hanahan & Weinberg, 2011). Crucially, this update also included two enabling characteristics:
genome instability and mutation, and tumour-promoting inflammation, which underpin the
acquisition of hallmark capabilities rather than constituting hallmarks themselves. Alongside
this, the 2011 revision introduced the role of tumour microenvironment (TME), recognising the
importance of recruited stromal and immune cells in tumourigenesis.

The concept of hallmarks was further refined in 2022, when Hanahan published 'Hallmarks of
Cancer: New Dimensions', adding four emerging features (Figure 1.1) (Hanahan, 2022).
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Figure 1.1 Hallmarks of cancer: new dimensions. The figure depicts the expanded framework of
cancer hallmarks. Genome instability and tumour-promoting inflammation were defined as enabling
characteristics in 2011 (Hanahan & Weinberg, 2011). The 2022 update further introduced unlocking
phenotypic plasticity and senescent cells as additional enabling characteristics. Non-mutational
epigenetic reprogramming and polymorphic microbiomes were recognised as emerging hallmarks. The
remaining traits constitute the established core hallmarks of cancer. Reproduced from Hannah D.A.,
Hallmarks of Cancer: New Dimensions. Cancer Discovery. 2022;12(1):31-46. © 2022 American
Association for Cancer Research. License number: 6225851065821. Reprinted with permission.
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One new hallmark capability was proposed: the ability to unlock phenotypic plasticity and
disrupted differentiation, whereby cancer cells de-differentiate to acquire stem-like, therapy-
resistant states. Two new enabling characteristics were also introduced: non-mutational
epigenetic reprogramming and polymorphic microbiomes. Finally, senescent cells were added
to the group of functionally important cell types within the TME (Hanahan, 2022).

Most recently, Hanahan published a comprehensive update that represents the most current
iteration of this framework (Hanahan, 2026). Rather than simply adding new hallmarks, this

update reframes cancer biology as a multidimensional ecosystem, organised into four distinct

Hallmark-
conveying
cells of
the TME

but interconnected conceptual dimensions. (Figure 1.2).
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Figure 1.2 Multidimensional framework of cancer. Conceptual model illustrating the four interacting
dimensions of cancer: acquired hallmark capabilities, enabling phenotypic characteristics, hallmark-
conveying cells of the tumour microenvironment, and systemic host interactions. Adapted from
Hanahan, 2026 and distributed under the Creative Commons Attribution 4.0 International License (CC
BY 4.0) (http://creativecommons.org/licenses/by/4.0/).

The hallmarks defined originally in earlier versions remain central but are now positioned as

one of the dimensions within a broader architecture. These hallmarks are supported by
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enabling phenotypic characteristics that facilitate their emergence and persistence. The
framework also emphasises host cells within the TME, including cancer-associated fibroblasts
(CAFs), endothelial cells, pericytes, innate and adaptive immune cells, adipocytes, and
neurons. In addition, systemic factors, particularly ageing and obesity, were recognised as
shaping tumour behaviour and progression. Together, these dimensions portray cancer as a

dynamic biological system rather than a purely cell-autonomous process (Hanahan, 2026).

1.1.3 The tumour microenvironment

It has long been recognised that a tumour, rather than being an isolated group of cancer cells,
is a complex tissue interacting with a variety of non-cancerous cellular and non-cellular
components, collectively referred to as the TME (Anderson & Simon, 2020). One of the earliest
documented observations of this principle dates back to 1863, when Rudolf Virchow first noted
leukocyte infiltration as a characteristic feature of solid tumours, suggesting a link between

inflammation and cancer (Maman & Witz, 2018; Virchow, 1863). Later, Paget's influential

'seed and soil' hypothesis established that metastatic colonisation depends on the properties
of the host tissue (Paget, 1889). The modern understanding of the TME is significantly more
detailed, encompassing a range of cellular populations and physical parameters that together
influence tumour behaviour, therapy response, and metastasis.

The cellular compartment of the TME includes CAFs, which remodel the extracellular matrix
(ECM), secrete growth-promoting cytokines including TGF-B, and can exert both tumour-
suppressive and tumour-promoting functions depending on context (Calon et al., 2012; Orimo
et al., 2005; Valkenburg et al., 2018). Endothelial cells form the tumour vasculature,
characterised by leaky and chaotic vessel architecture, creating heterogeneous gradients of
oxygen, nutrients, and pH throughout the tumour mass. Immune cells constitute a particularly
complex and context-dependent TME component: tumour-associated macrophages (TAMs),
myeloid-derived suppressor cells (MDSCs), and regulatory T cells (Tregs) are frequently

polarised towards immunosuppressive phenotypes that facilitate immune evasion. Cytotoxic
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CD8+ T cells and natural killer (NK) cells, however, retain tumouricidal potential, the efficacy
of which is determined by the TME (Anderson & Simon, 2020; Tumeh et al., 2014). The
balance between these populations determines whether a tumour is immunologically ‘hot’ or
‘cold’, with profound implications for the response to immunotherapy (Galon et al., 2006). The
non-cellular TME encompasses the ECM, a dynamic scaffold that can be remodelled,
promoting tumour invasion (Levental et al., 2009). Secreted soluble factors such as cytokines,
chemokines, and growth factors further mediate signalling between cellular TME populations,

leading to maintained tumour growth and immune evasion (Orimo et al., 2005) (Figure 1.3).
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Figure 1.3 Cellular and stromal interactions driving tumour progression within the
microenvironment. Schematic representation of tumour progression highlighting reciprocal
interactions between cancer cells and components of the tumour microenvironment. Hypoxia promotes
angiogenesis and metabolic reprogramming, while activated fibroblasts, stellate cells, adipocytes, and
endothelial cells contribute to matrix modification and protease-mediated ECM degradation via matrix
metalloproteinases (MMPs). These coordinated interactions facilitate invasion, vascularisation, and
metastatic dissemination. Reproduced from Anderson N.M. and Simon M.C., The Tumor
Microenvironment. Current Biology. 2020;30(16). © 2020 Elsevier. License number: 6225940379422.
Reprinted with permission.
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Two emerging TME constituents have received growing attention in recent years. Intratumoral
microbial communities (i.e. the microbiome) have been shown to modulate immune activation
and influence chemotherapy metabolism. For example, Fusobacterium nucleatum enrichment
in colorectal tumours promotes chemoresistance and immune evasion through direct
interaction with cancer cells (Rubinstein et al., 2013; T. Yu et al., 2017). Separately, senescent
cells were shown to accumulate within the TME. Through their pro-inflammatory senescence-
associated secretory phenotype (SASP), these cells can promote tumour invasion and
metastasis despite being proliferatively arrested (Coppé et al., 2008).

Particularly relevant to this thesis is the physical microenvironment generated by aberrant
vasculature and elevated metabolic demand. Elevated interstitial pressure, acidic pH, and
most importantly hypoxia, a state of insufficient oxygen, arise in almost all solid tumours.
Hypoxia has been recognised as a negative prognostic factor since the 1950s and is now
established as a potent driver of therapeutic resistance, genomic instability, and immune

evasion (Gray et al., 1953; Thomlinson & Gray, 1955).

1.2 Hypoxia

1.2.1 Defining hypoxia

Hypoxia is described as a state of insufficient tissue oxygenation, arising in both normal
physiological contexts and in pathologies including tumours (Hammond et al., 2014). Different
terms are used in the field to describe distinct oxygenation states. Normoxia refers to the
atmospheric oxygen concentration of 21% O, used as the standard condition in experimental
design in vitro. Physoxia denotes the tissue-specific oxygen concentration in healthy tissue,
which varies considerably by organ: approximately 4.6% O- in the brain versus 8.0% O- in the
intestine (Carreau et al., 2011; Dings et al., 1998). Consequently, what is considered hypoxic
is relative to the tissue of interest.

Hypoxia broadly describes oxygen concentrations sufficient to stabilise the transcription factor
hypoxia-inducible factor (HIF), the master regulator of the cellular response to low oxygen (G.

L. Wang et al., 1995). Radiobiological hypoxia is a term defining oxygen concentrations below

27



0.13% O, at which maximal radioresistance is observed (Hall & Giaccia, 2006). Hypoxia can
be classified into mild (0.5-3% O-) or severe (<0.1% Oy) categories, where each activates
unique stress responses as well as common adaptive pathways (M. Olcina et al., 2010).
Anoxia (0% O.) is defined as the complete absence of oxygen, associated with the necrotic

cores within the tumour regions, largely lacking any vascularisation (Vaupel et al., 1989).

1.2.2 Origins of tumour hypoxia

Hypoxia is a near-universal feature of solid tumours and occurs through two mechanistically
distinct processes. The first is diffusion-limited or chronic hypoxia, arising when rapidly
proliferating tumour cells outgrow their oxygen supply. Molecular oxygen diffuses from
functional capillaries but is progressively consumed by metabolically active cells before
reaching distances beyond ~150-180 um. Cells at this threshold become progressively

hypoxic and, at greater distances, anoxic (Thomlinson & Gray, 1955) (Figure 1.4).

Necrosis

Radiobiological
Hypoxia

Physoxia

Blood vessel

Figure 1.4 Spatial gradients of oxygenation within solid tumours. Schematic illustrating the
formation of oxygen gradients within tumour tissue as the distance from the blood vessel increases.
Cells located near functional vasculature experience physiological oxygen levels (physoxia). With
increasing distance from the vessel, oxygen availability progressively decreases, producing regions of
hypoxia. At the greatest distance from the oxygen supply, sustained oxygen deprivation results in
necrotic cell death. These gradients generate heterogeneous microenvironments that influence tumour
cell metabolism, gene expression, and therapeutic response. Created in https://BioRender.com.
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Secondly, perfusion-limited or acute hypoxia results from the transient collapse or blockage of
structurally abnormal tumour blood vessels (Chaplin et al., 1987). Tumour vasculature, formed
under the influence of HIF-driven pro-angiogenic signalling, is chaotically organised, with
blind-ended vessels, arterio-venous shunts and incomplete endothelial coverage (Baluk et al.,
2005). These structural defects transiently deprive the tumour cells of oxygen (Dewhirst et al.,
1998).

A third subtype, cycling hypoxia, can be described as regular oscillations between severe
oxygen deprivation and reoxygenation (Cardenas-Navia et al., 2008; Lanzen et al., 2006).
Reoxygenation generates bursts of reactive oxygen species (ROS) through mitochondrial
electron transport chain dysfunction, causing oxidative DNA damage and promoting
replication catastrophe (Bader et al., 2021; Chouchani et al., 2014). The vascular dysfunction
driving these hypoxic subtypes is itself sustained by a HIF-mediated feed-forward loop: HIF-
induced VEGF promotes new vessel formation, but the resulting chaotic vasculature

perpetuates rather than resolves tumour hypoxia (Baluk et al., 2005).

1.2.3 Clinical significance of tumour hypoxia

Direct measurements of intratumoral pO. using polarographic electrodes established that
hypoxic tumours are associated with significantly worse clinical outcomes independently of
stage and treatment (Nordsmark et al., 1994). In head and neck squamous cell carcinoma
(HNSCC), a tumour pO; below 10 mmHg (~1.4% O2) was associated with a 3-year
locoregional control rate of 28% vs 71% in tumours with higher oxygenation levels (Nordsmark
& Overgaard, 2000). This prognostic effect has been confirmed across cervical, prostate,
breast, soft tissue sarcoma and lung cancers (McKeown, 2014; Walsh et al., 2014).
Additionally, hypoxia selectively pressures tumour evolution. p53 mutations arise preferentially
in severely hypoxic regions due to p53-dependent apoptosis being the fate of hypoxic cells in
a wild-type setting. This means p53 loss provides a survival advantage under oxygen
deprivation (Graeber et al., 1996). Hypoxic tumours also exhibit significantly elevated rates of

distant metastasis. In soft tissue sarcoma, tumour median pO2 was 7.5 mmHg (~1% O.) in
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patients who developed metastases versus 20 mmHg (~2.6% O.) in those who did not (Brizel

et al., 1996).

1.2.4 Hypoxia and therapy resistance

1.2.4.1 Hypoxia and radioresistance

Radiotherapy is indicated for approximately 50% of all cancer patients, spanning curative,
combined modality and palliative settings (H. Zhu et al., 2024). lonising radiation generates
hydroxyl radicals from water molecules, which react with DNA to produce strand breaks. The
predominant lethal lesion is the DNA double-strand break (DSB). Under aerobic conditions,
molecular oxygen reacts with radiation-induced DNA radicals to form stable, irreversible DNA
peroxyl radicals. In hypoxia, endogenous thiols reduce these radicals to their original state
before fixation can occur, chemically reversing the damage (Hall & Giaccia, 2018). This is
known as the oxygen fixation hypothesis (Gray et al., 1953).

The oxygen enhancement ratio (OER) measures this effect. A dose 2-3.5 times higher is
needed at <0.13% O, to produce the same cell death levels compared to normoxic conditions,
with the OER decreasing sharply as pO. exceeds ~3 mmHg (~0.4% O>) (Gray et al., 1953;
Wouters & Brown, 1997). Both acutely and chronically hypoxic cells exhibit similar
radioresistance at equivalent pO,, indicating that even transiently hypoxic cells form a clinically
relevant radioresistant subgroup (Higgins & Hammond, 2022; Wadsworth et al., 2022).
Strategies to overcome hypoxic radioresistance have faced a challenging clinical history.
Oxygen delivery methods, including hyperbaric oxygen (usually pO, ~3 atm) and ARCON
(accelerated radiotherapy plus carbogen inhalation and nicotinamide), have failed to show
consistent benefits outside limited subgroups (Horsman & Overgaard, 2016; Janssens et al.,
2012). An alternative approach for targeting hypoxic tumours is to reduce tumour oxygen
consumption. Atovaquone, a mitochondrial complex Il inhibitor, significantly decreased the
hypoxic fraction in non-small cell lung carcinoma (NSCLC) patients in the phase Il ATOM trial
(Skwarski et al., 2021). Nimorazole mimics oxygen by fixing radiation-induced radical damage

and remains the only hypoxia-targeting radiosensitiser in routine clinical use, administered
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with primary radiotherapy for HNSCC in Denmark (Overgaard, 2011; Overgaard et al., 1998).
However, the UK-based phase Il NIMRAD trial tested nimorazole with biomarker-selected
HNSCC patients but failed to demonstrate a significant benefit (Thomson et al., 2024).
Together, these highlight a major challenge in translating hypoxia-targeting strategies to the
clinic.

Hypoxia-activated prodrugs (HAPs) were designed with a dual rationale: selective cytotoxicity
under hypoxia and potential radiosensitisation by targeting hypoxic tumour cells that are
otherwise protected from radiation (Mistry et al., 2017). Despite this, HAPs have consistently
failed phase lll trials owing to inadequate patient stratification by hypoxic fraction and variable
tumour reductase expression (Spiegelberg et al., 2019). The failure of oxygen delivery
approaches and HAPs to consistently deliver clinical benefit may in part reflect limitations in
the potency, selectivity, or tumour penetration of the compounds tested. It also suggests that,
potentially, restoring tumour oxygenation alone may be insufficient to resolve hypoxic

radioresistance.

1.2.4.2 Hypoxia and chemoresistance

Chemotherapy resistance in hypoxic tumours reflects both impaired drug delivery and
hypoxia-induced cellular adaptation. Structurally abnormal and poorly perfused vasculature
restricts the penetration of agents such as doxorubicin and 5-fluorouracil (5-FU), limiting
diffusion beyond approximately 100 yum from functional vessels (Tannock, 1998). Hypoxia-
associated reductions in proliferation further impair the activity of cell cycle-dependent
chemotherapeutics, including antimetabolites and taxanes (Kyle et al., 2007; Tannock, 1968).
At the molecular level, HIF-1a promotes resistance through transcriptional induction of
multidrug transporters, including MDR1/ABCB1, alongside activation of pro-survival and anti-
apoptotic signalling pathways (Jing et al., 2019; Q. Zhao et al., 2015). Hypoxia also enhances
autophagy, contributing to drug sequestration and reduced cytotoxic efficacy (Bellot et al.,
2009). Efforts to therapeutically target HIF-1a have been hindered by limited selectivity and

systemic toxicity, and no HIF-1a-directed agents are currently clinically approved (McAleese
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et al., 2021; Semenza, 2012; Q. Zhao et al., 2015). Belzutifan (Welireg), a selective inhibitor
for HIF-2aq, is the only clinically approved, HIF-directed therapeutic agent used to treat VHL-

mutant clear cell renal cell carcinoma (Jonasch et al., 2021).

1.2.4.3 Other therapeutic modalities

Hypoxia was shown to undermine surgery by increasing rates of locoregional recurrence and
distant metastasis. In cervical carcinoma, hypoxic tumours showed significantly more
extensive parametrial infiltration at resection (Hockel et al., 1996). Similarly, response to
immunotherapy was also suggested to be compromised. HIF-1a promotes immune evasion
by recruiting immunosuppressive myeloid and regulatory cell populations that suppress
cytotoxic T cell infiltration, while also directly upregulating PD-L1 on tumour cells, thereby

contributing to T cell exclusion (Abou Khouzam et al., 2022; Graham & Unger, 2018).

Recently, it has been demonstrated that tumour hypoxia contributes directly to acquired
resistance to anti-PD-1/PD-L1 checkpoint blockade in lung cancer. In murine models, selective
targeting of hypoxic tumour regions using HAPs delayed the emergence of immunotherapy
resistance and prolonged treatment response (Robles-Oteiza et al., 2025). Another study
demonstrated that hypoxia reduces antigen presentation via MHC-I by inducing autophagy,
which leads to reduced infiltration of cytotoxic T-cells and immune evasion. Inhibiting
autophagy or alleviating tumour hypoxia restored antigen presentation and resulted in
increased T-cell recognition, opening new therapeutic avenues to target hypoxic cancer cells

(Estephan et al., 2025).

1.2.5 Measuring hypoxia

Robust measurement of tumour oxygenation is critical for patient stratification in hypoxia-
targeted trials and for validating preclinical models. The historical gold standard is the
polarographic oxygen electrode, which provides direct pO, readings within tumour tissue and

was used in the landmark studies linking hypoxia to clinical prognosis (Brizel et al., 1996).
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However, electrode measurements are invasive, spatially limited, and cannot distinguish
viable from necrotic tissue, restricting their current clinical use (Vaupel et al., 1989).

In laboratory and clinical biopsy settings, exogenous hypoxia markers offer an
immunohistochemical alternative. Pimonidazole and EF5 are 2-nitroimidazole-based
compounds that undergo enzymatic bio-reduction in cells at pO. below ~10 mmHg (<1% O),
covalently adducting to intracellular thiol-containing proteins and enabling detection with
specific antibodies (Kaanders et al., 2002; Koch, 2002; Varia et al., 1998). Endogenous
markers such as CAIX and GLUT-1 are directly transcribed by HIF-1a and provide proxy
readouts of hypoxia from biopsy material without exogenous compound administration.
However, these reflect HIF signalling activation rather than direct pO; levels (Airley et al.,
2003).

For non-invasive clinical imaging, positron emission tomography (PET) with nitroimidazole
radiotracers is the current gold standard. ['®F]-fluoromisonidazole (FMISO) and ['®F]-FAZA
undergo selective reduction and intracellular retention in hypoxic viable cells. Moreover, the
['®F]-HX4 and copper-complexed dithiosemicarbazone (Cu-ATSM) derivatives represent
newer alternatives with improved pharmacokinetics (Dubois et al., 2011; Y. Huang et al., 2021;
Z. Xu et al., 2017). PET enables three-dimensional spatial mapping of tumour oxygenation
and has informed dose-painting radiotherapy strategies. MRI-based methods are emerging
as radiation-free alternatives. Oxygen-enhanced MRI (OE-MRI), which exploits the
paramagnetic properties of dissolved O, to generate contrast, was recently demonstrated to
be clinically feasible and well-tolerated in HNSCC patients, generating hypoxic fraction
estimates within ten minutes in a standard clinical workflow (McCabe et al., 2024).

Hypoxia gene expression signatures are an alternative, indirect approach to measuring
tumour hypoxia. Each signature consists of a set of genes whose transcription is modulated
under hypoxic conditions and can be used to generate a hypoxia score from bulk tumour RNA
(Buffa et al., 2010; Chi et al., 2006; Winter et al., 2007). The rationale behind this approach is
the induction of transcriptional programmes under low oxygen conditions, including

upregulation of HIF-1 targets, glycolytic enzymes, and angiogenic factors. The resulting mRNA
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profile can therefore serve as a surrogate measure of the hypoxic phenotype. Signatures have
been derived through two broad approaches: identifying genes differentially expressed in
hypoxic versus normoxic cells, or selecting genes whose expression correlates with direct
hypoxia measurements such as electrode-measured pO; or pimonidazole binding in tumour
samples (Harris et al., 2015; L. Yang & West, 2018). Among those most widely used are the
signatures of Buffa et al., Winter et al., Ragnum et al. and others. Over 30 such gene sets
have now been published, with considerable heterogeneity in their derivation and performance

across tumour types (Di Giovannantonio et al., 2025; Harris et al., 2015).

1.3 Biological response to hypoxia

1.3.1 HIF-signalling

Prolyl hydroxylase domain proteins (PHD1/2/3) belong to the Fe(ll)/a-ketoglutarate-dependent
dioxygenase superfamily. These enzymes exert their catalytic function by consuming one
atom of molecular oxygen and simultaneously decarboxylating a-KG to succinate and CO

(Epstein et al., 2001; Kaelin & Ratcliffe, 2008). The need for these two substrates, combined

with relatively high Km values, makes PHDs extremely sensitive to small changes in oxygen
level. PHD2 is the dominant isoform responsible for HIF-1a suppression under normoxia. This
was demonstrated in mice with PHD2 loss, where constitutive HIF-1a activity resulted in
cardiomyopathy (Takeda et al., 2006).

Under normoxia, PHDs hydroxylate HIF-1a at proline 402 and 564 residues within the oxygen-
dependent degradation domain (ODDD). This gives rise to a binding interface for the von
Hippel-Lindau (VHL) tumour suppressor protein, which operates within an E3 ubiquitin ligase
complex comprised of elongin B and C, Cullin 2, and RBX1 (lvan et al., 2001; Kamura, Conrad,
et al., 1999; Kamura, Koepp, et al., 1999). VHL-mediated polyubiquitination targets HIF-1a to
the 26S proteasome, maintaining its half-life at approximately five minutes in normoxia
(Lonergan et al., 1998). Factor inhibiting HIF (FIH) provides a second, independent regulatory

layer. FIH hydroxylates the asparagine 803 residue within the C-terminal transactivation
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domain (CTAD), physically obstructing the binding of p300/CBP coactivator even when HIF-
1a avoids proteasomal degradation (Lando et al., 2002; Mahon et al., 2001). Because FIH has
a lower Km for oxygen than PHDs, it retains its activity partially under milder hypoxia, making
its activity oxygen-dependent (Koivunen et al., 2007).

Lack or reduced oxygen levels inhibit PHD and FIH activity, enabling HIF-1a stability,
accumulation and heterodimerisation with the constitutively expressed ARNT/HIF-1 subunit
(Figure 1.5). The heterodimer recruits p300/CBP via its N-terminal transactivation domain
(NTAD) and, simultaneously, via the CTAD when FIH is inhibited (Arany et al., 1996). The
assembled transactivation complex binds to R-CGTG motif-containing hypoxia response

elements (HREs), acting as a transcription factor.
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Figure 1.5 Regulation of HIF signalling under normoxic and hypoxic conditions. Schematic
illustrating oxygen-dependent regulation of HIF. Under normoxia, oxygen-dependent PHDs and FIH
hydroxylate HIF-1a, enabling recognition by the VHL ubiquitin ligase complex and subsequent
proteasomal degradation. Under hypoxia, hydroxylation is inhibited, allowing HIF1a to stabilise and
dimerise with HIF-1B. The HIF complex translocates to the nucleus, binds HREs, and activates
transcription of genes involved in angiogenesis, metabolism, and pH regulation. Created in
https://BioRender.com.
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This interaction results in the induction of target genes encoding proteins for angiogenesis,
glycolysis, pH regulation, and survival, including VEGF, GLUT1, LDHA, PDK1, and CAIX
(Semenza, 2012; Wenger et al., 1998).

Three HIF-a isoforms occupy distinct biological niches. HIF-1a broadly controls the glycolytic
and angiogenic transcriptional programme. HIF-2a (EPAS1) was shown to selectively induce
the pluripotency transcription factors such as OCT4, coupling hypoxia to cancer stem cell
maintenance and resistance to cytotoxic therapy (Covello et al., 2006). Additionally, HIF-2a
promotes cell proliferation by upregulating c-myc pathway signalling (Gordan et al., 2007).
HIF-3a lacks a functional CTAD and acts as a dominant-negative regulator by competing with
HIF-1a and HIF-2a for ARNT dimerisation. Moreover, HIF-3a transcription is HIF-1a-
dependent, forming a negative feedback loop that limits the magnitude of the hypoxic
response (Maynard et al., 2005).

In addition to oxygen depletion, HIF-1a is stabilised under normoxia by oncometabolites that
competitively inhibit PHD catalytic activity. Succinate and fumarate accumulation in succinate
dehydrogenase- and fumarate hydratase-deficient tumours, respectively, each displaces the
required cofactor a-KG from the PHD active site, leading to HIF-1a stabilisation. Together,
these states are termed pseudo-hypoxia (Isaacs et al., 2005; Selak et al., 2005). More
recently, serine deprivation was also shown to stabilise HIF-1a under normoxia in an AMPK-
dependent manner (Yun et al., 2023). Together, these mechanisms show that the oxygen-
sensing system also responds to metabolic cues. Loss of VHL, occurring in approximately
90% of clear cell renal cell carcinoma, represents a genetic form of pseudo-hypoxia. Lack of
this tumour suppressor leads to reduced recognition and degradation of hydroxylated HIF-1a
or HIF-2a, which results in increased transcriptional activity of HIF (Gnarra et al., 1994;
Maxwell et al., 1999).

The immunological consequences of HIF-1a activation extend beyond pro-tumourigenic
transcriptional reprogramming. HIF-1a directly transactivates PD-L1 (CD274) via a canonical
HRE within its promoter, enabling hypoxic tumour cells to engage PD-1 on infiltrating cytotoxic

T-lymphocytes and suppress anti-tumour immunity within the hypoxic niche (Noman et al.,
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2014). This mechanistic connection between oxygen-sensing machinery and immune
checkpoint expression has major implications for the design of combined radiotherapy and
immunotherapy strategies in hypoxic tumours.

Recently, a non-canonical role of HIF-1a has been described in the nucleolus. Here, it was
reported to engage with RNA polymerase | (RNA Pol I) machinery at ribosomal DNA (rDNA)
and lead to increased ribosomal RNA transcription and ribosome biogenesis under hypoxic

(1% O,) stress (Elhamamsy et al., 2025).

1.3.2 Replication stress and DNA damage response

Severe hypoxia, (<0.1% O.), results in replication stress and activates the DNA damage
response (DDR) without direct genotoxic insult, through depletion of deoxyribonucleotide
triphosphate (dNTP) pools (Hammond et al., 2002; Olcina et al., 2010). Ribonucleotide
reductase (RNR) is the rate-limiting enzyme for dNTP synthesis. Its catalytic mechanism
requires a tyrosyl radical maintained by a di-iron-oxo centre in the RRM2 small subunit, a step
strictly dependent on molecular oxygen (Foskolou et al., 2017; Nordlund & Reichard, 2006;
Zou & Elledge, 2003). Under <0.1% O- conditions, RNR function is disrupted, leading to the
reduction of the dNTP pool. Such reduced nucleotide availability underpins the induction of
replication stress in hypoxia (Pires et al., 2010).

ATR is the primary response enzyme to replication stress (Zeman & Cimprich, 2014). Stress
signals, such as reduced nucleotide pool and replication-transcription conflict, can stall the
progression of the replication fork and act as factors initiating the ATR response. A stalled
replication fork is coated by RPA, which stabilises the exposed ssDNA and prevents its
cleavage by endonucleases (Michel et al., 2018; Zou & Elledge, 2003). The RPA-ssDNA
complex is then recognised by ATRIP, which subsequently recruits ATR to the lesion site.
Following TopBP1-dependent activation, ATR phosphorylates downstream targets such as
CHKA1, which leads to activation of nucleotide synthesis pathways, reduced origin firing, and
reduced G2 phase entry (Achuthankutty et al., 2019; Saxena & Zou, 2022). ATR also

phosphorylates RPA at Ser-33 to limit further ssDNA accumulation under stress (Vassin et al.,
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2009). Downstream of ATR, p53 is phosphorylated at Ser-15 and accumulates specifically in
S-phase cells undergoing replication stress. ATR inhibition substantially reduces both p53 Ser-
15 phosphorylation and protein accumulation, establishing p53 as a downstream effector of
the hypoxic replication arrest (Hammond et al., 2002).

Critically, in hypoxia the DDR is induced without detectable DSBs. yH2AX and 53BP1 foci are
absent under severe hypoxia, mechanistically distinguishing it from radiation-induced damage
(Bencokova et al., 2009). ATM is additionally activated through a DSB-independent
mechanism driven by replication stress and altered chromatin context rather than strand break
recognition (Olcina et al., 2013).

Replication stress induced under radiobiological hypoxia (<0.1% O) is associated with R-loop
accumulation (Hamperl et al., 2017; Ramachandran et al., 2021). R-loops are three-stranded
co-transcriptional structures comprised of an RNA:DNA hybrid and a displaced non-template
ssDNA strand, first characterised by Thomas, White and Davis in 1976 (Thomas et al., 1976).
Their formation is promoted by G-rich non-template sequences, negative supercoiling behind
the transcription complex, and template strand discontinuities (Aguilera & Garcia-Muse,
2012). Physiologically, R-loops regulate transcription termination via SETX and XRNZ2,
immunoglobulin class switch recombination, and other functions (Skourti-Stathaki et al., 2011;
Wagschal et al., 2012; K. Yu et al., 2003).

At severe hypoxia below 0.1% O, consistent with the threshold for DDR and UPR activation,
R-loops accumulate at rDNA repeats, stalling RNAPol | (T. S. Ma et al., 2023). ROS generated
in hypoxia promote R-loop accumulation, likely through oxidative modification of chromatin-
associated proteins or the RNA strand itself. SETX, an R-loop-resolving helicase, is induced
in hypoxia via the PERK-ATF4 axis, directly coupling UPR signalling to genome stability
through R-loop resolution. SETX depletion amplifies R-loop burden, accelerates fork collapse,
and generates widespread DNA damage under hypoxic replication stress (T. S. Ma et al.,
2023; Ramachandran et al., 2021).

Persistent R-loops are a primary source of transcription-replication conflicts (TRCs).

Specifically, head-on collisions between the replisome and the transcription machinery are
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more genotoxic than co-directional encounters, as they promote fork stalling and collapse.
This stress primarily activates the ATR-CHK1 signalling pathway, while subsequent double-
strand breaks (DSBs) at collapsed forks secondarily trigger the ATM-CHK2 DNA damage
response (Hamperl et al., 2017; M. M. Olcina et al., 2013). The displaced ssDNA within R-
loops serves as a substrate for APOBEC3B, a cytidine deaminase that facilitates C to T
transitions. In the peritumoural vasculature, cycling hypoxia induces APOBEC3B through
replication catastrophe, resulting in the localised kataegis-pattern hypermutation often
observed in hypoxic tumour regions (Bader et al., 2021). This mechanistic chain, from
intermittent hypoxia, through replication stress driven by R-loops, to increased mutational
burden, directly links the hypoxic microenvironment to the genomic instability underpinning

therapeutic resistance.
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1.3.3 Unfolded protein response

Like the DDR, the UPR is robustly activated only under severe hypoxia, with O, levels below
0.1% (Koritzinsky et al., 2013). The mechanistic trigger is the oxygen dependency of
disulphide bond formation in the ER lumen. Protein disulphide isomerase (PDI) catalyses
oxidative protein folding through its active-site CXXC motifs. This is coupled to the Ero1
flavooxidase, which uses oxygen as its terminal electron acceptor to re-oxidise PDI. Under
severe hypoxia, Ero1 function is impaired, leading to reduced PDI oxidative capacity and
misfolded protein accumulation (Frand & Kaiser, 1998; Mezghrani et al., 2001). PERK, IRE1aq,
and ATF6 are three ER sensors, kept inactive by BiP/GRP78 association under homeostasis

and released upon accumulation of misloaded proteins (A. S. Lee, 2005) (Figure 1.6).
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Figure 1.6 Unfolded protein response (UPR) signalling pathways. Schematic illustrating the three
principal branches of the UPR activated during ER stress. ATF6 is transported to the Golgi, where
proteolytic cleavage generates an active transcription factor that induces ER chaperones and XBP1
expression. PERK phosphorylates elF2a, attenuating global protein translation while promoting
selective translation of ATF4, which regulates genes involved in amino acid metabolism, redox
homeostasis, and autophagy. IRE1 mediates unconventional splicing of XBP1 mRNA to produce the
active transcription factor XBP1s, which induces ER chaperones, ER-associated degradation
components, and lipid synthesis genes. Together, these pathways coordinate adaptive responses that
restore ER proteostasis. Created in https:/BioRender.com.
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Following trans-autophosphorylation, PERK phosphorylates elF2a at Ser-51, globally
suppressing cap-dependent translation while enabling ATF4 synthesis (Harding et al., 2000).
Emerging data implicate chronic ATF4 signalling under hypoxia in CD8" T cell exhaustion,
positioning the PERK-elF2a-ATF4 axis as a mediator of immune evasion in addition to its cell-
intrinsic role (Pauneto et al., 2025). This finding places UPR alongside HIF-1a/PD-L1 as a
convergent mechanism of hypoxia-driven immune suppression.

IRE1a splices XBP1 mRNA to generate XBP1s, a transcription factor that induces genes
involved in ER-associated degradation (ERAD) and ER expansion. Under prolonged ER
stress, IRE1a also promotes the degradation of ER-localised mRNAs through regulated IRE1-
dependent decay (RIDD) (Hollien & Weissman, 2006). In parallel, ATF6 translocates to the
Golgi apparatus, where sequential cleavage by site-1 and site-2 proteases releases the active
ATF6 fragment (ATF6f), which induces ER chaperones including BiP/GRP78, GRP94 and
calreticulin (Haze et al., 1999). Collectively, the three UPR arms convert localised ER folding
stress into a coordinated programme of translational reprogramming and expanded folding

capacity.

1.3.4 Reactive Oxygen Species

Reactive oxygen species (ROS) are generated principally at complexes | and Ill of the
mitochondrial electron transport chain through univalent oxygen reduction, yielding superoxide
(O27*) and hydrogen peroxide (H202) (Murphy, 2009). Although the mechanism by which
hypoxia influences cellular ROS is still highly contested, it is suggested that the exposure to
1-3% O:leads to an increase in ROS (Bell et al., 2007; Chandel et al., 2000; Sen et al., 2024;
Twigger et al., 2024).

Under limited oxygen availability, reduced electron flux through complex Il increases
semiquinone residence time at the Qo site, elevating univalent superoxide generation into the
intermembrane space. Resulting H.O, then oxidises the PHD2 Fe?* cofactor to inactive Fe**,

amplifying HIF-1a stabilisation in a feedforward loop (Chandel et al., 2000; Schroed! et al.,
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2002). This requires intact mitochondrial function: p° cells, lacking mtDNA, fail to exhibit
hypoxic ROS elevation, confirming the ETC as the primary source and the crucial need for
proper mitochondrial function (Brunelle et al., 2005; Guzy et al., 2005). HIF-1a induces NOX4,
providing a constitutively active non-mitochondrial H.O» source that sustains this feedforward
signal (Diebold et al., 2010)

ROS accumulation in hypoxia activates the KEAP1-NRF2 antioxidant axis (Bae et al., 2024).
Oxidation of reactive cysteine residues on KEAP1 disrupts CUL3-mediated NRF2
degradation, enabling NRF2 to transactivate genes encoding GCLC/GCLM, NQO1, HMOX1,
and the mitochondria-localised peroxiredoxin PRDX3 (ltoh et al., 1997; Reczek & Chandel,
2017). GSH, one of the two main thiol-based redox buffers, is significantly upregulated in
hypoxia, whereas Thioredoxin (TRX) activity remains relatively stable under the same hypoxic
conditions (Twigger et al., 2024). When these systems become overwhelmed, peroxidation of
polyunsaturated fatty acids (PUFAs) drives ferroptosis, a process normally suppressed by the
phospholipid hydroperoxide reductase GPX4 in a GSH-dependent manner (Bersuker et al.,

2019).

1.4 Metabolic adaptations to hypoxia

1.4.1 Hypoxia and Glycolysis

Deregulation of cellular metabolism is one of the hallmarks of cancer (Hanahan, 2022). A
defining feature of this reprogramming is the Warburg effect, characterised by a shift towards
glycolysis-based glucose metabolism even in the presence of sufficient oxygen (Warburg,
1925, 1956). While this metabolic configuration is further amplified under hypoxic conditions
through the stabilisation of HIF-1a, the constitutive preference for aerobic glycolysis allows
cancer cells to prioritise biomass production and redox balance to support tumour growth. The
cellular response to acute hypoxia is two-staged, with a rapid metabolic phase preceding
transcriptional reprogramming. As oxidative phosphorylation declines and ATP levels fall,
allosteric inhibition of phosphofructokinase-1 (PFK1) and pyruvate kinase is relieved, leading

to an immediate increase in glycolytic flux (Marsin et al., 2002; Mor et al., 2011). This rapid
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metabolic adjustment sustains ATP production before gene expression changes occur. Over
subsequent hours, HIF-1a-dependent transcriptional reprogramming reinforces and stabilises
this glycolytic phenotype.

Another way cancer cells maintain high levels of glycolysis in hypoxia is by increasing glucose
uptake. This enhanced import of glucose is mainly mediated by a HIF-1-dependent increase
in glucose transporter GLUT1 (Behrooz & Ismail-Beigi, 1997; Ebert et al., 1995; Hayashi et
al., 2004; Wood et al., 1998). While less efficient in terms of ATP yield per molecule of glucose,
this metabolic configuration supports rapid ATP generation and facilitates the diversion of
glycolytic intermediates into biosynthetic pathways required for proliferation (Eales et al.,
2016).

In addition to GLUT1, HIF-1a induces hexokinase 2 (HK2), which phosphorylates glucose to
glucose-6-phosphate at the entry point of glycolysis. The HK2 promoter contains functional
hypoxia response elements that are directly bound by HIF-1a (Mathupala et al., 2001; Riddle
et al., 2000). HIF-1a further enhances glycolytic flux by upregulating PFKFB3, a bifunctional
enzyme with a markedly higher kinase-to-phosphatase activity ratio. This promotes
accumulation of fructose-2,6-bisphosphate, a potent allosteric activator of PFK1 (Minchenko
et al., 2002; Obach et al., 2004). The expression of other glycolytic enzymes, including
aldolase A (ALDA), enolase 1 (ENO1), phosphoglycerate kinase 1 (PGK1), pyruvate kinase M
(PKM), lactate dehydrogenase A (LDHA), lactate dehydrogenase C (LDHC), and lactate
dehydrogenase 5 (LDH-5), was also upregulated through HIF-1 signalling via HREs in their
respective promoters (Z. Chen et al., 2023; Firth et al., 1994; Koukourakis et al., 2003;
Semenza et al., 1994, 1996). To facilitate lactate efflux and prevent intracellular acidification,
HIF-1a also induces monocarboxylate transporter 4 (MCT4), enabling the export of lactate
produced by enhanced glycolysis and sustaining continued glycolytic flux (Ullah et al., 2006)

(Figure 1.7).
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Figure 1.7 HIF-1-mediated metabolic reprogramming under hypoxia. Under hypoxic conditions,
HIF-1a enhances glucose uptake and upregulates glycolytic enzymes, promoting increased conversion
of glucose to lactate. Glycolytic intermediates are diverted into the pentose phosphate pathway (PPP)
to generate NADPH and ribose-5-phosphate for nucleotide synthesis. 3-phosphoglycerate is redirected
into the serine synthesis pathway (SSP), supporting serine, glutathione (GSH), and nucleotide
production. HIF-1a induces PDK1, which inhibits pyruvate dehydrogenase (PDH), limiting mitochondrial
acetyl-CoA generation and TCA cycle flux. Green arrows indicate HIF-1-dependent upregulation,
whereas red bars denote HIF-1-mediated inhibition. Created in https://BioRender.com.

Together, these mechanisms demonstrate how HIF-1a coordinates metabolic shift towards
glycolysis, essential for cancer cell survival and proliferation within the hypoxic TME.

In hypoxia, stabilised HIF-1a leads to the induction of pyruvate dehydrogenase kinase 1
(PDK1), which subsequently leads to the inhibition of pyruvate dehydrogenase (PDH). PDH
catalyses the irreversible conversion of pyruvate into acetyl-CoA, linking glycolysis with the
tricarboxylic acid (TCA) cycle (Dupuy et al., 2015; Kim et al., 2006). By inhibiting TCA initiation
and increasing glycolysis, levels of lactate increase, and production of ROS from oxidative
phosphorylation decreases. Cumulatively, these lead to reduced levels of hypoxia-induced
apoptosis in cells (Papandreou et al., 2006).

Additionally, the HIF-1a-driven glycolytic programme is counterbalanced by the tumour

suppressor p53, which induces expression of TIGAR (TP53-induced glycolysis and apoptosis
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regulator). TIGAR functions as a fructose-2,6-bisphosphatase, lowering intracellular fructose-
2,6-bisphosphate levels and thereby attenuating PFK1 activity and glycolytic flux (Bensaad et
al., 2006). Through this mechanism, p53 shifts metabolism away from rapid glycolysis and
toward pathways that favour redox homeostasis. Consequently, loss of p53 function, which is
common in malignancies, removes an important constraint on HIF-1a-mediated metabolic
reprogramming. In other words, loss of p53 removes an important metabolic checkpoint,
permitting greater glycolytic flux in response to hypoxic signalling. These opposing regulatory
influences highlight that glycolysis in cancer is dynamically controlled, and that tumour
progression reflects disruption of this metabolic balance rather than simple constitutive
activation.

One of the consequences of reduced flux through the TCAis the redirection of glucose-derived
carbons into alternative biosynthetic pathways. Glucose can be shunted into the pentose
phosphate pathway (PPP) to generate NADPH and ribose-5-phosphate for reductive
biosynthesis and nucleotide production (Anastasiou et al., 2011; L. Gao et al., 2004; Gumaa
et al., 1969; Racker, 1954). 3-phosphoglycerate (3-PG) can be diverted into the serine
biosynthesis pathway via PHGDH, fuelling one-carbon (1C) metabolism (serine-glycine-1C
pathway) that supplies one-carbon units for nucleotide synthesis, methylation reactions and
NADPH production (Locasale et al., 2011a). Under hypoxic conditions, when oxidative
metabolism is constrained, cells further compensate through glutamine-dependent
anaplerosis and reductive carboxylation of a-ketoglutarate to generate citrate for lipid
biosynthesis (DeBerardinis et al., 2007; Wise et al., 2011). Together, these metabolic changes
enable proliferating cancer cells to meet anabolic demands (nucleotides, amino acids, lipids)

and to maintain redox homeostasis under oxygen-restricted conditions.

1.4.2 Lipid metabolism in hypoxia
Under normoxic conditions, acetyl-CoA generated from glycolysis-derived pyruvate serves as
the principal carbon source for de novo fatty acid synthesis. In hypoxia, however, pyruvate

entry into the TCA cycle is suppressed, limiting mitochondrial acetyl-CoA production and
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consequently reducing lipid biosynthesis (Papandreou et al., 2006). To compensate, hypoxic
cells reprogram their metabolism to utilise alternative carbon sources, such as glutamine or
acetate, to sustain acetyl-CoA pools and maintain lipid synthesis (Kamphorst et al., 2014; Wise
et al., 2011).

Cancer cells rely on acetate as a crucial nutrient to maintain cell growth, especially under
metabolic stress. Hypoxic conditions promote increased acetate uptake across several tumour
types, including breast, cervical, colon, lung, and prostate cancers (Kamphorst et al., 2014;
Munir et al., 2019; Schug et al., 2015; Yoshii et al., 2009). Alternatively, the removal of acetyl
groups from histones by histone deacetylases acts as an alternative source of acetate (Inoue

& Fujimoto, 1969) (Figure 1.8).
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Figure 1.8 Metabolic pathways sustaining fatty acid synthesis under hypoxia. Under hypoxic
conditions, HIF-1a suppresses pyruvate dehydrogenase (PDH), limiting glucose-derived acetyl-CoA
entry into the TCA cycle. Glutamine uptake is enhanced and metabolised via glutaminase (GLS) to
glutamate and subsequently to a-ketoglutarate (aKG). Through reductive carboxylation mediated by
IDH1/2 and ACO2, aKG is converted to citrate, which is exported to the cytosol and cleaved by ATP-
citrate lyase (ACLY) to generate acetyl-CoA for fatty acid synthesis. Acetate provides an additional
carbon source via ACSS2-dependent conversion to acetyl-CoA, including acetate released through
histone deacetylation. HIF-1 also promotes fatty acid uptake through upregulation of FABP3/7. Green
arrows indicate HIF-1-dependent upregulation, whereas red bars denote inhibition. Created in
https://BioRender.com
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Moreover, fatty acids can be directly imported. To compensate for reduced levels of fatty acid
synthesis from glucose-derived acetyl-CoA, hypoxic cancer cells upregulate the exogenous
uptake. Specifically, breast and ovarian cancer cells, as well as glioblastomas, have shown
HIF-1a-dependent increase in fatty acid binding proteins (FABP3 and FABP7), which are
responsible for the uptake and the intracellular trafficking of these macromolecules (Bensaad
et al., 2014).

Beyond acetate utilisation and lipid scavenging, glutamine represents a predominant
alternative carbon source in hypoxia, to which many cancer cells become metabolically
dependent. Under low oxygen conditions, glutamine supports lipid synthesis via reductive
carboxylation of glutamine-derived a-ketoglutarate to generate citrate (Metallo et al., 2012;
Mullen et al., 2012). In this pathway, glutamine is converted to glutamate and subsequently to
a-ketoglutarate, which undergoes reductive carboxylation by isocitrate dehydrogenase
(IDH1/IDH2) operating in the reverse direction, producing isocitrate and then citrate. The
resulting citrate is exported to the cytosol and cleaved by ATP-citrate lyase (ACLY) to
regenerate acetyl-CoA for fatty acid and cholesterol synthesis (Metallo et al., 2012). Isotopic
tracing studies using '*C-labelled glutamine have demonstrated that, under hypoxic
conditions, glutamine becomes a dominant lipogenic carbon source, contributing more
substantially to the acetyl-CoA pool than acetate (Kamphorst et al., 2014; Metallo et al., 2012).
This metabolic shift is driven in part by HIF-1a, which suppresses pyruvate dehydrogenase
activity through upregulation of PDK1, thereby diverting carbon flux away from glucose
oxidation and toward glutamine-dependent reductive metabolism (Kim et al., 2006;
Papandreou et al., 2006). Consequently, glutamine deprivation or inhibition of glutaminase
markedly impairs lipid synthesis and proliferation in hypoxic cancer cells, underscoring their

dependence on glutamine as a lipogenic substrate (Wise et al., 2011).
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1.5 The serine synthesis pathway

1.5.1 Overview of SSP

Amino acids are essential building blocks necessary for maintaining the normal physiological
function of the cell. Serine is a non-essential amino acid playing a central role in several
metabolic pathways. Given its importance, cells have evolved multiple mechanisms to ensure
sufficient serine availability to support cell homeostasis. The de novo serine synthesis pathway
(SSP) is central in maintaining this homeostasis. In healthy, fasting adults, around 73% of
intracellular serine is produced via the SSP (Gregory et al., 2000; Kalhan et al., 2003). Similar
contributions have also been reported in other animal models, such as rats, in which
approximately 69% of the serine is newly synthesised (Kalhan et al., 2011). The SSP was first
characterised in the 1950s by radiobiological tracer experiments, which demonstrated the
conversion of glycolytic intermediate 3-phosphoglycerate (3-PG) into serine via O-
phosphoserine (i.e. phosphorylation pathway) (Ilchihara & Greenberg, 1955). The SSP
comprises of 3 reaction steps, all of which take place in the cytoplasm of the cell (Figure 1.9).

Extracellular space R
Glucose Serine Glycine

- J

Serine Glycine

Transporter
GLUT Transporter 4 Extracellular

Proteins

Ve
. \
{
\ Intracellular
-‘.". A Proteins
Protein V\".'\ /
Degradation

=

Glucose m

[ 3-Phosphoglycerate ] — | 3-PHP —»[O-Phosphoserine} —»[ Serine J. - Glycine

Pyruvate
Glycine

Mitochondria

l Cytoplasm

Lactate

Figure 1.9 Serine metabolism: de novo biosynthesis and other mechanisms. Serine is derived
from glucose via the serine synthesis pathway (PHGDH, PSAT1, PSPH), imported from the extracellular
space, or generated through protein degradation. Serine and glycine interconversion occurs in the
cytosol (SHMT1) and mitochondria (SHMT2). Created in htips://BioRender.com
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First, 3-PG is oxidised, giving rise to 3-phosphohydroxypyruvate (3-PHP). The first reaction of
the pathway is the rate-limiting step catalysed by 3-phosphoglycerate dehydrogenase
(PHGDH). PHGDH requires nicotinamide adenine dinucleotide (NAD+), which it converts into
reduced nicotinamide adenine dinucleotide (NADH) following the 3-PG oxidation. Next, 3-PHP
undergoes transamination with glutamate, mediated by phosphoserine aminotransferase 1
(PSAT1), generating O-phosphoserine. Phosphoserine, as a direct intermediate of the
phosphorylated SSP, has been identified in metabolomic studies as a reliable surrogate
marker of de novo pathway activity (Locasale et al., 2011a; Possemato et al., 2011). As a
result of this reaction, glutamate is converted into alpha-ketoglutarate (aKG). Lastly, O-
phosphoserine is dephosphorylated by phosphoserine phosphatase (PSPH) to generate L-
serine. This newly produced serine can then be used to reversibly make glycine, which is
catalysed by serine hydroxymethyl transferase 1/2 (SHMT1/2) (Geeraerts et al., 2021;
Locasale & Cantley, 2011). The difference between SHMT1 and SHMT2 is their subcellular
localisation. SHMT1 is predominantly found in the cytoplasm, whereas SHMT2 is
mitochondrial. The de novo SSP utilises approximately 10% of 3-PG generated during

glycolysis (Locasale et al., 2011a).

1.5.2 Alternative sources of serine

Due to high serine demand, cells can acquire this amino acid via mechanisms beyond the
SSP. Major SSP-independent sources of serine include import from the extracellular
environment, protein catabolism, and glycine. Alanine serine cysteine threonine transporter
1/2 (ASCT1/2), sodium coupled neutral amino acid transporter 1/2/4 (SNAT1/2/4), and L-type
amino acid transporter 1/2 (LAT1/2) have been shown to transport extracellular serine into the
cell (Arriza et al., 1993; Broer, 2022; Kanai et al., 1998; Mackenzie et al., 2003; Oppedisano
et al., 2004; Segawa et al., 1999). Lastly, ASC1 (SLC7A10) has been identified as the principal
serine transporter in the central nervous system, illustrating potential cell-type-specificity in
serine demand and transport (Ehmsen et al., 2016; Fukasawa et al., 2000; Rosenberg et al.,

2013). ASC1, ASCT1/2 and SNAT1/2/4 are sodium-dependent transporters, whereas LAT1/2
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and SFXN1 are sodium-independent. ASCT2 (SLC1AS5), although primarily a glutamine
transporter, was recently found to be the main serine importer in breast and many other cancer
cell lines (Conger et al., 2023). A recent study identified SLC6A14 and SLC25A15 as major
serine transporters in the cytoplasm and mitochondria, respectively, dual targeting of which
leads to reduced proliferation in colorectal cancer (Papalazarou et al., 2023). The same study
found SLC12A4, an ion cotransporter, to also facilitate serine uptake by replenishing CI" levels
necessary for the proper SLC6A14 function. Additionally, sideroxflexin 1 (SFXN1) was also
found to contribute to the mitochondrial transport of serine, while not affecting the overall
cellular import (Kory et al., 2018).

Other sources of serine include the degradation of both intra- and extracellular proteins.
Endogenous proteins can serve as a source of serine following autophagic degradation under
nutrient stress; however, this route was determined insufficient for maintaining cell proliferation
(Galluzzi et al., 2015). Extracellular proteins were suggested as a more reliable source of
serine (Q. Wu et al., 2020). Specifically, pancreatic ductal carcinoma cells (PDAC) can import
proteins via micropinocytosis, which are subsequently degraded, providing serine to meet
cellular demand for the amino acid (Kamphorst et al., 2015). Other cancer types can scavenge
albumin, which is rich in serine residues, and replenish its levels (Finicle et al., 2018).
Moreover, in conditions of limited availability, serine can also be synthesised from glycine
mediated by its interconversion via the SHMT1 and SHMT2 enzymes (Ye et al., 2014).

Once synthesised or acquired through other means, serine feeds into multiple pathways that
are central to cell survival and proliferation. These pathways are involved in redox
homeostasis, one-carbon (1C) metabolism, synthesis of sphingolipids and phospholipids

(Mattaini et al., 2016).

1.5.3 The role of SSP in 1C metabolism
The interconversion of serine into glycine is the primary source of 1C units necessary for the
folate and methionine cycles. Although other pathways exist that supply these groups, cancer

cells have a bias towards serine-derived 1C units (T. W. M. Fan et al., 2019).
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1C metabolism is especially crucial for the synthesis of purines and pyrimidines, which are
key to cell growth and proliferation. In a reaction catalysed by SHMT1/2 enzymes, serine
donates a 1C unit to tetrahydrofolate (THF), generating glycine and 5,10-methylene-THF
(5,10-mTHF) (Figure 1.10). 5,10-mTHF mediates the conversion of deoxyuridine
monophosphate (dUMP) to deoxythymidine monophosphate (dTMP), a pyrimidine nucleotide
(Labuschagne et al., 2014). Additionally, 5,10-mTHF acts as a precursor for inosine
monophosphate (IMP), which is then converted into adenosine monophosphate (AMP) and
guanosine monophosphate (GMP). This de novo purine synthesis is mediated through the

oxidation of 5,10-mTHF into 10-formyl-THF (10-fTHF).
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Figure 1.10 Integration of serine metabolism with 1C, nucleotide, and methylation pathways.
Serine is converted to glycine by SHMT1 in the cytoplasm and SHMT2 in the mitochondria, donating
one-carbon units to tetrahydrofolate (THF) and generating 5,10-methylene-THF (5,10-mTHF). Folate
cycle intermediates support de novo purine (IMP, AMP, GMP) and thymidylate (dTMP) synthesis. One-
carbon units are also transferred to the methionine cycle via methionine synthase (MS), enabling
production of methionine (Met) and S-adenosylmethionine (SAM) for cellular methylation reactions. S-
adenosylhomocysteine (SAH) is recycled to homocysteine (HCys). In mitochondria, serine catabolism
contributes to formate production, which fuels cytosolic one-carbon metabolism. FC, folate cycle; MC,
methionine cycle. Created in https://BioRender.com
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In addition to oxidation into 10-fTHF, 5,10-mTHF can also be reduced into 5-methyl-THF (5-
mTHF). The methyl group from 5-mTHF is then transferred to homocysteine (re-methylation),
giving rise to methionine, another important cellular building block. Generation of methionine,
catalysed by methionine synthase (MS), requires a vitamin B12 cofactor and acts as the step
linking the folate cycle with the methionine cycle. As a result of this reaction, THF is generated,
restarting the folate cycle. Methionine is then adenylated, yielding S-adenosylmethionine
(SAM). This reaction is crucial because SAM affects epigenetic regulation, biosynthesis of
creatine and polyamine, sulphur metabolism and others (Mentch et al., 2015). SAM is then
demethylated into S-adenosylhomocysteine (SAH). The ratio between SAM and SAH is crucial
for the synthesis of pro-inflammatory cytokines such as IL-1, broadening the influence of 1C
metabolism and serine (Maddocks et al., 2016). As the last step of the methionine cycle, SAH
is deadenylated back to homocysteine. Homocysteine is a precursor for another amino acid
residue, cysteine (Quéré et al., 1999). Overall, SSP is indispensable for maintaining the

physiological levels of crucial biomolecules, including amino acids, nucleotides and others.

1.5.3.1 Compartmentalisation of 1C metabolism

Another important consideration when discussing 1C metabolites is the subcellular
localisation. Studies initially conducted in Saccharomyces cerevisiae suggested that the 1C
metabolic pathways described above occur simultaneously in the cytoplasm and mitochondria

(Appling, 1991; Barlowe & Appling, 1988), 1991; Barlowe & Appling, 1988). Serine

interconversion into glycine is the key difference between these compartments. SHMT1 is the
enzyme catalysing the reaction in the cytoplasm, whereas in mitochondria it is mediated by
SHMT2. Clinical studies showed that SHMT2 specifically is overexpressed in various tumour
vs normal tissues, indicating a bias towards the mitochondrial arm of the pathway in cancer
cells (M. Jin et al., 2021; Y. Jin et al., 2022; Yin, 2015). These two compartments, however, do
not act in isolation and in fact are highly interconnected. THF cofactor derivatives, such as

5,10-mTHF and 10-fTHF, cannot cross the mitochondrial membrane; however, following the
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cleavage of the fTHF, free formate and THF are generated, which can enter the mitochondria
without any need for transporters (Ducker et al., 2016). Serine and glycine can also translocate
into the mitochondria, acting as 1C donors to the formate cycle there (Cybulski & Fisher, 1976,

1977) (Figure 1.11).
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Figure 1.11 Coupling of serine-driven 1C metabolism to NADPH production and glutathione-
dependent redox control. In the cytoplasm, SHMT1 converts serine to glycine, generating 5,10-mTHF
that enters the folate cycle. MTHFD1 and ALDH1L1 contribute to NADPH production and formate
generation, linking 1C flux to redox balance. One-carbon units support the methionine cycle, enabling
S-adenosylmethionine synthesis and homocysteine recycling. Homocysteine can enter the trans-
sulfuration pathway to produce cysteine, a precursor for glutathione (GSH) synthesis. In mitochondria,
SHMT2-driven serine catabolism and MTHFD2/ALDH1L2 activity generate NADPH and formate, which
is exported to the cytosol. FC, folate cycle; Met, methionine; SAM, S-adenosylmethionine; SAH, S-
adenosylhomocysteine. Created in https://BioRender.com

Although serine and glycine are interconvertible, it is serine and not glycine that is the
functionally dominant 1C donor in cancer cells. It was suggested that exogenous glycine
cannot substitute for serine in supporting cancer cell proliferation (Labuschagne et al., 2014).
Instead, serine is selectively consumed and converted to intracellular glycine and 1C units for
nucleotide synthesis. This selectivity highlights the importance of maintaining serine
production through the SSP, as disruption of this pathway compromises 1C-dependent

biosynthesis and impairs cell growth.
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1.5.4 The role of the SSP in redox homeostasis

Serine and glycine metabolism is important for maintaining physiological redox homeostasis.
Fine-tuning the levels of intracellular ROS is key to proper cell function. A major mechanism
through which serine and glycine metabolism supports redox balance is by sustaining the
synthesis of glutathione (GSH), the principal antioxidant defence system in cells (Maddocks
et al., 2013).

GSH, a tripeptide antioxidant composed of glutamate, cysteine and glycine, plays a central
role in buffering cellular redox stress by scavenging ROS. GSH is synthesised in two steps: y-
glutamylcysteine ligase (GCL) first joins glutamate and cysteine to form y-glutamylcysteine,

and glutathione synthetase (GS) then adds glycine to produce GSH (Figure 1.12).
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Figure 1.12 Serine-glycine metabolism and glutathione (GSH) synthesis. Serine metabolism
through the folate cycle (FC) and methionine cycle (MC) contributes to cellular redox homeostasis by
supporting GSH production. Serine is converted to glycine by SHMT1/2, providing a key precursor for
GSH synthesis together with cysteine and glutamate via y-glutamylcysteine synthetase (GCL) and
glutathione synthetase (GS). 1C metabolism enzymes (MTHFD1/2 and ALDH1L1/2) generate NADPH,
which maintains GSH in its reduced form through glutathione reductase (GR). Reduced GSH detoxifies
ROS via glutathione peroxidases (GPx), forming oxidised glutathione (GSSG), thereby linking serine
metabolism to antioxidant defence and redox balance.
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Although GSH is synthesised exclusively in the cytoplasm, it is distributed to other cellular
compartments, including the mitochondria and endoplasmic reticulum (Mari et al., 2009). The
maijority of cellular GSH (approximately 80-85%) resides in the cytosol, whereas around 10-
15% is localised within mitochondria (Meredith & Reed, 1982; Yuan & Kaplowitz, 2009). Serine
is a key contributor to the GSH precursor pool. As discussed, glycine can be generated via
direct uptake or conversion from serine and cysteine via the trans-sulfuration pathway linked
to 1C metabolism. Upon neutralisation of ROS, reduced GSH is oxidised into glutathione
disulfide (GSSG) in a reaction catalysed by glutathione peroxidase enzymes (GPXs). GSSG
can be reduced back into GSH by glutathione reductase (GR), in an NADPH-dependent
manner (Franklin et al., 2009; Mills, 1957; Racker, 1955; Thompson & Meister, 1976).
NADPH is an important cofactor that ensures the maintenance of the reduced GSH pool,
ensuring redox homeostasis. Through its integration with 1C metabolism and glutathione
biosynthesis, the SSP plays a central role in sustaining cellular NADPH levels. The conversion
of 5,10-mTHF into 10-fTHF, as part of the folate cycle, requires cofactor NADP+ and generates
NADPH as a result. This reaction takes place in the cytoplasm and mitochondria, catalysed
by methylenetetrahydrofolate dehydrogenase, cyclohydrolase and formyltetrahydrofolate
synthetase (MTHFD) 1 and 2, respectively. Although most of the NADPH in this reaction is
generated in the mitochondria (via MTHFD2), MTHFD1-mediated cytosolic NADPH
production has also been described (Lewis et al., 2014). Another pathway generating NADPH
is the oxidation of 10-fTHF, which produces formate and THF. This reaction is catalysed by
aldehyde dehydrogenase 1 family member L1 (ALDH1L1) in the cytosol and ALDH1L2 in the
mitochondria (Ducker et al., 2016; Krupenko et al., 2020).

Mitochondrial serine catabolism becomes particularly important under hypoxic conditions,
where SHMT2 is induced in a HIF-1a-dependent manner, especially in MYC-amplified
cancers. In this setting, cooperation between HIF-1a signalling and elevated MYC activity
enhances mitochondrial 1C flux and NADPH production, thereby limiting ROS accumulation

and promoting tumour cell survival under hypoxic stress (Ye et al., 2014).
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Importantly, ROS also appear to regulate PHGDH directly, as redox-sensitive cysteine
residues can undergo oxidative modification and alter enzyme oligomerisation and activity.
PHGDH C281 and C18/C19 residues were found to be susceptible to oxidative modification,
with C281 located near the catalytic H293 residue, suggesting potential effects on enzyme
function (Grueso et al., 2019). Oxidative modification of C116, a residue critical for structural
integrity, can promote disulfide bond formation and disrupt PHGDH oligomerisation, leading
to reduced enzymatic activity (Spillier et al., 2019). This link between ROS and PHGDH
suggests the presence of a reciprocal feedback loop. Specifically, ROS can modulate PHGDH

activity, while PHGDH-driven SSP in turn supports redox homeostasis.
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1.5.5 Key mechanisms of SSP regulation

1.5.5.1 Induction of SSP

Due to its important metabolic and physiological role, the SSP is tightly regulated at
transcriptional, post-transcriptional and post-translational levels.

At the epigenetic level, histone H3 methyltransferase G9A, also known as Euchromatic
Histone Lysine Methyltransferase 2 (EHMT2), is required to sustain the SSP gene expression

by H3K9 monomethylation (H3K9me1) (Figure 1.13A).
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Figure 1.13 Epigenetic and transcriptional regulation of the SSP. A. The expression of the SSP
enzymes (PHGDH, PSAT1, PSPH) is controlled at both epigenetic and transcriptional levels.
Epigenetically, G9A-mediated H3K9 monomethylation promotes transcriptional activation, whereas
KDMC4 removes repressive H3K9 trimethylation to facilitate gene expression. B. Transcriptionally, ROS
and serine-glycine deprivation activate NRF2 and ATF4 signalling, with ATF3 enhancing ATF4 stability
and target gene induction. AMPK-dependent stabilisation of HIF-1a, c-MYC, and ANp63a further
contributes to SSP gene upregulation. Together, these regulatory networks coordinate metabolic
adaptation by inducing PHGDH, PSAT1, and PSPH expression under stress conditions. Created in
https://BioRender.com

An increase in this epigenetic mark was also found to induce expression of SSP genes under

serine and glycine deprivation (J. Ding et al., 2013). Lysine demethylase 4C (KDMC4), another
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histone modifier, epigenetically activates the SSP gene expression through the removal of
repressive H3K9 trimethylation (H3K9me3). Increased levels of these mono- and tri-
methylation marks were shown to promote cell survival and proliferation regardless of serine
and glycine availability (E. Zhao et al., 2016).

Multiple transcription factors have been suggested to regulate the expression of SSP genes
directly. ATF4, part of the UPR signalling pathway, has been described as a key regulator of
the SSP (M. Yang & Vousden, 2016). Multiple studies, in different cancer models, have
described ATF4 to interact with the amino acid response elements (AARE) within the promoter
regions of PHGDH, PSAT1 and PSPH genes (R. Xu et al., 2020; Ye et al., 2012). In NSCLC
under increased oxidative stress, nuclear factor erythroid 2-related factor 2 (NRF2), a key
regulator of redox homeostasis, promotes the expression of SSP genes by transcriptionally
activating ATF4 (DeNicola et al., 2015). Upon serine deprivation, Activating Transcription
Factor 3 (ATF3) is induced in an ATF4-dependent manner, which then binds and increases
the stability of ATF4, leading to the induction of SSP genes. Additionally, ATF3 is also capable
of inducing the SSP, independently of ATF4 (X. Li et al., 2021). Together, these studies indicate
the importance, and the central role played by ATF3/4 in regulating serine synthesis (Figure
1.13B).

A recent study in glioblastoma cells has also linked the SSP regulation with HIF-signalling.
Specifically, under serine-glycine deprivation, increased ROS levels lead to the stabilisation of
HIF-1a in an AMP-activated protein kinase (AMPK)-dependent manner. Activated HIF-1a
signalling was shown to lead to increased expression of all three SSP genes. CHIP-gPCR
analysis identified hypoxia response elements (HREs) in the promoter regions of PHGDH,
PSAT1 and PSPH. This HIF-dependent induction of SSP was shown to increase antioxidant
levels and maintain cell survival (Yun et al., 2023).

Moreover, chromatin immunoprecipitation (CHIP)-based analysis in Hep3B cells identified
direct c-Myc binding to the E-box sequences close to the transcription start sites (TSS) of all

SSP genes. When deprived of glucose and glutamine, SSP enzymes were induced in a c-
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Myc-dependent manner. The c-Myc-mediated activation of SSP leads to improved cell survival
and enhanced proliferation (Sun et al., 2015).

The most recently described transcriptional regulator of SSP genes is the lung squamous cell
carcinoma (TCGA-LUSC) lineage-specific oncogene ANp63a. This transcriptional regulator
was suggested to directly transactivate the expression of not only all SSP genes but also
serine transporter ASCT1 (SLC1A4). This ANp63a-dependent induction in SSP was shown to
improve redox balance and increase nucleotide synthesis, leading to better repair of

carboplatin-mediated DNA damage and therapy resistance (Deng et al., 2026).

1.5.5.2 Repression of SSP

There is also a set of regulators that repress the expression of SSP genes. Studies in the
malignant melanoma cell line A375 demonstrated that p53 directly represses the transcription
of PHGDH, thereby suppressing de novo serine synthesis. Upon exposure to serine-deprived
conditions, these p53 wild-type cells underwent pronounced growth arrest and, if the nutrient
stress persisted, p53-mediated apoptosis (Ou et al., 2015). This growth arrest reflects a
metabolic prioritisation strategy, whereby cells redirect the remaining available serine away
from nucleotide synthesis and towards glutathione production, to buffer rising ROS levels.
When this antioxidant response proves insufficient to resolve the metabolic stress, p53

signalling escalates towards apoptosis (Maddocks et al., 2013). Additionally, breast cancer

cells harbouring p53 missense mutations showed elevated expression of SSP genes and
increased serine import under nutrient-deprived conditions. This metabolic adaptation
supports sustained cell growth and proliferation (Tombari et al., 2023). A tumour suppressor
Yin Yang 2 (YY2) was found to directly bind to the promoter region of PHGDH in HCT116
colorectal cancer, repressing SSP and resulting in elevated ROS levels. Importantly, YY2 can
also enhance the expression of p53, further enhancing its suppressive effect on the SSP (J.

Li et al., 2023; L. Li et al., 2020) (Figure 1.14A).
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1.14 Transcriptional and post-transcriptional repression of the SSP. A. Serine-glycine deprivation
activates tumour suppressor pathways that repress SSP gene expression. p53 suppresses PHGDH
transcription, promoting apoptosis under metabolic stress. The transcription factor YY2 further inhibits
PHGDH expression and can enhance p53 activity, reinforcing transcriptional repression. B. At the post-
transcriptional level, specific microRNAs directly target SSP transcripts. miR-34b-5p and miR-876-5p
bind PHGDH mRNA, whereas miR-145-5p and miR-424-5p target PSAT1 mRNA, reducing mRNA
stability and translation. Together, these mechanisms limit SSP activity and sensitise cells to stress-
induced cell death. Created in htips:/BioRender.com
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Serine synthesis is also highly regulated post-transcriptionally. In hepatocellular carcinoma
models, PHGDH, PSAT1 and PSPH mRNA were found to carry m6A modification added by
methyltransferase-like 3 (METTL3). This modification subsequently leads to the recruitment
of m6A-reader insulin-like growth factor 2 mRNA-binding protein 3 (IGF2BP3), increasing
mMRNA stability and translational efficiency (Chan et al., 2024). As in previous cases, these
factors lead to increased antioxidant levels and enhanced cell survival. In contrast to m°A-
mediated stabilisation, serine synthesis can also be negatively regulated by microRNAs
(miRNAs). In endocrine-resistant ER* breast cancer cells, downregulation of miR-145-5p,
miR-424-5p, miR-34b-5p, and miR-876-5p, which directly target the 3'UTRs of PHGDH and
PSAT1, relieves post-transcriptional repression and leads to increased SSP expression.
Restoration of these miRNAs suppresses SSP gene expression and re-sensitises cells to
endocrine therapy, highlighting miRNA-mediated control as a key regulatory mechanism of

serine metabolism (Petri et al., 2023) (Figure 1.14B).
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Different feedback loops within the SSP and glycolysis fine-tune the activation level of the
pathway. Serine is an activator of the M2 isoform of pyruvate kinase (PKM2), which catalyses
the final step of glycolysis. When serine levels are low, PKM2 activity is inhibited. Lower
glycolytic rates result in increased availability of 3-PG, which is then fed into the SSP,
increasing the rates of serine synthesis. Similarly, elevated intracellular serine levels can
trigger a negative feedback mechanism that suppresses de novo serine synthesis, redirecting
metabolic flux toward glycolysis (Chaneton et al., 2012; M. Yang & Vousden, 2016; Ye et al.,
2012). Additionally, another glycolytic metabolite, 2-phosphoglycerate (2-PG), which is directly
downstream of 3-PG, was suggested to act as an activator of PHGDH. Accumulation of 2-PG,
which also occurs in the case of PKM2 inhibition, can lead to the diversion of 3-PG from

glycolysis into the SSP (Hitosugi et al., 2012).

1.5.6 The SSP and cancer

The SSP plays a key role in maintaining cancer cell growth and proliferation. Patients with
PHGDH overexpression in lung cancer cells, compared to healthy tissue, showed poorer
survival and an increased risk of developing metastasis (J. Zhu et al., 2016). Amplifications
and higher expression of other SSP genes were also observed in the head and neck, ovarian
cancers, sarcomas and glioblastomas (Feng et al., 2022; D. Huang et al., 2025; J. Wang et
al., 2019). Conversely, a recent study demonstrated that low PHGDH expression in breast
cancer cells increases cancer cell dissemination and metastasis formation (Rossi et al., 2022).
Similarly, recent evidence in pancreatic cancer indicates that low PHGDH expression in
metastatic cells hijacks serine from neighbouring hepatocytes via the CXCL5/CXCR2 axis,
thereby facilitating liver colonisation and poorer patient outcomes (Figure 1.15) (L. Shen et
al., 2022).

Collectively, these studies highlight the complex role of serine synthesis in tumour progression
and its impact on patient survival. In bladder cancer, PHGDH was found to interact with an
RNA-binding protein, poly(RC) Binding Protein 2 (PCBP2), leading to decreased degradation

of PHGDH and upregulation of SLC7A11. Higher levels of SLC7A11 lead to ferroptosis
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inhibition, subsequently promoting malignant tumour progression (L. Shen et al., 2022).
Another study showed elevated serine levels in hepatocellular carcinoma, which is caused by
hyperactivation of PHGDH with no induction in its expression levels. The increase in PHGDH
activity is mediated through its methylation by protein arginine methyltransferase 1 (PRMT1)
at Arg-236 residue. Overall, the intracellular accumulation of serine is suggested to be

predictive of poor patient prognosis (K. Wang et al., 2023).
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Figure 1.15 The role of SSP in increased cancer cell proliferation and metastasis formation.
Beyond their metabolic roles, serine synthesis pathway (SSP) enzymes contribute to tumour growth
and metastasis through signalling interactions. PHGDH activity is enhanced by PRMT1-mediated
methylation, promoting tumour cell proliferation. PHGDH can also interact with PCBP2 to increase
SLC7A11 expression, suppressing ferroptosis. PSAT1 activates the GSK-3p/Snail and p-Akt/Sp1
pathways, leading to ITGA2 induction and enhanced invasive capacity. PSPH has been linked to
reduced 2-hydroxyglutarate (2-HG) levels and activation of NR4A1, supporting tumour progression.
Under serine deprivation, HIF-1a stabilisation induces SHMT2 expression and downstream VEGF-
STAT3 signalling, promoting angiogenesis and metastatic potential. Collectively, these findings highlight
signalling roles of SSP enzymes that extend beyond one-carbon metabolism and contribute to
aggressive tumour phenotypes. Created in htips:/BioRender.com

In oesophageal cancer cells, increased PSAT1 expression was suggested to enhance

tumorigenesis and metastasis formation. The mechanism behind the poorer patient prognosis
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was the induction of glycogen synthase kinase-3f (GSK-3p) and Snail signalling by PSAT1
(B. Liu et al., 2016). In oestrogen receptor-negative (ER-) breast cancer cells, PSAT1 was
associated with increased risk of cell dissemination and metastasis. PSAT1 was shown to
induce nuclear translocation of special protein 1 (Sp1) via p-Akt signalling induction. Nuclear
Sp1 then facilitates the expression of integrin subunit alpha 2 (ITGA2), resulting in enhanced
cell migration and invasion (X. Zhang et al., 2024).

In NSCLC, elevated levels of PSPH showed increased induction in mitogen-associated protein
kinase (MAPK) signalling cascade, ultimately leading to increased cancer cell proliferation and
invasion capacity (Liao et al., 2019). Additionally, elevated PSPH levels were also documented
in melanoma patients. PSPH expression was suggested to reduce 2-hydroxyglutarate (2-HG)
levels, leading to increased activity of nuclear receptor subfamily 4, group A, member 1
(NR4A1). This signalling activation is responsible for increased cell proliferation and epithelial-
mesenchymal transition (EMT) (Rawat et al., 2021) (Figure 1.15).

Importantly for hypoxic tumours, SHMT2, which catalyses the serine to glycine
interconversion, enhances HIF-1o stability in gastric cancer cells. Downstream HIF-1
signalling was then shown to result in increased activation of the VEGF-STAT3 axis. These

ultimately lead to increased angiogenesis and metastasis (W. Wang et al., 2023).

1.5.7 Dietary restriction of serine as a therapeutic strategy

Metabolic enzymes have gained significant attention as drug targets, driven by an improved
understanding of disease-associated metabolic dependencies. Among these, serine has
repeatedly been identified as a central metabolite. The most recent example is the use of
dietary restriction of serine in mouse models to overcome therapy resistance in glioblastoma
(GBM). Tumours, like GBM, which rely on serine uptake rather than de novo glucose-derived
synthesis, allow excess glucose to be redirected toward pathways that promote therapy
resistance (Scott et al., 2025). Specifically, glucose-derived carbons are diverted into

nucleotide biosynthesis via the PPP instead of entering the SSP. Concurrently, imported serine
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fuels 1C metabolism, further supporting nucleotide production. Together, sustained or elevated
nucleotide pools promote invasive growth and enhance resistance to radiotherapy and
chemotherapy. Consequently, restricting extracellular serine availability forces increased
reliance on solely glucose-derived serine synthesis, thereby reducing nucleotide production,
limiting cell growth, and enhancing sensitivity to therapies (Scott et al., 2025). Importantly,
depletion of environmental serine and other nonessential amino acids is clinically achievable
through specialised non-essential amino acid restriction (NEAAR) diets (ClinicalTrials.gov ID:
NCTO05078775). Another study also suggested restriction of extracellular serine and glycine to
improve GBM patient response to radiotherapy (Falcone et al., 2022). Additionally, dietary
restriction of serine in tandem with PHGDH inhibition was shown to lead to accumulation of
deoxysphingolipids in colorectal, breast and lung cancer cells, resulting in lower growth rate

(Muthusamy et al., 2020).

1.5.8 Folate cycle as a target for therapeutic agents

Tumours characterised by elevated serine and glycine synthesis were suggested to exhibit
increased sensitivity to clinically approved antifolate agents that target the folate cycle (see
1C metabolism in section 1.1.2). In this context, inhibitors of dihydrofolate reductase (DHFR),
such as methotrexate and pemetrexed, disrupt THF regeneration required for 1C metabolism
and have also been shown to inhibit SHMT activity, contributing to improved therapeutic
responses (Daidone et al., 2011; Vazquez et al., 2013). Other approved drugs that similarly
target the purine and pyrimidine synthesis are pralatrexate and 5-fluorouracil (5-FU) (Amelio
et al., 2014; Spears et al., 1982; P. Su et al., 2026). Sertraline, a selective serotonin reuptake
inhibitor (SSRI), has been shown to inhibit SHMT2, the enzyme responsible for catalysing the
interconversion of serine and glycine. By disrupting this key step of serine metabolism,
sertraline depletes glycine availability for GSH synthesis, thereby compromising cellular redox
homeostasis and elevating ROS. The increased oxidative stress burden was shown to impair
DNA damage repair capacity, ultimately enhancing radiotherapy sensitivity in NSCLC

(Sanchez-Castillo et al., 2024).
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Importantly, the SSP promotes tumour adaptation to radiotherapy by sustaining nucleotide
production and antioxidant defence (Falcone et al., 2022). Serine-derived 1C units generated
by SHMT1/2 are required for nucleotide synthesis. Reduced serine availability, specifically,
has been shown to reduce the supply of 1C units into the folate cycle, impairing de novo purine
synthesis. A smaller nucleotide pool results in replication arrest and an inability to efficiently
repair DNA damage. Overall, serine-driven nucleotide depletion represents a complementary
mechanism of radiosensitisation, acting alongside disrupted redox homeostasis to overwhelm
tumour DNA repair capacity (Falcone et al., 2022; Labuschagne et al., 2014).

Mitochondrial SHMT2-mediated serine catabolism was shown to result in NADPH production
and limit ROS accumulation under stress, promoting cell survival (Ye et al., 2014). This
compartmentalised folate metabolism contributes directly to cellular NADPH pools, reinforcing
redox buffering capacity (Ducker et al., 2016; J. Fan et al., 2014). In head and neck squamous
cell carcinoma (HNSCC), radioresistance is driven, in part, by NRF2-mediated upregulation of
the SSP, which diverts glycolytic flux to enhance DNA repair and redox buffering (DeNicola et
al., 2015; Mims et al., 2015). Furthermore, 1C-dependent SAM synthesis couples serine
availability to histone methylation dynamics, providing a mechanism for epigenetic adaptation
during stress (Mentch et al., 2015). Together, these studies support a model in which SSP
activity promotes radioresistance by coordinating nucleotide biosynthesis, NADPH generation,
GSH levels, and methylation-dependent chromatin regulation.

Moreover, the SSP is an important determinant of immunotherapy response, acting as a
metabolic regulator that shapes the tumour microenvironment (TME). Hyperactivation of the
rate-limiting enzyme PHGDH drives enhanced serine flux and promotes tumour-associated
macrophage (TAMs) polarisation toward an immunosuppressive, M2-like phenotype that limits
T-cell recruitment and activation (Ouyang et al., 2023). In parallel, PHGDH upregulation in
tumour endothelial cells drives aberrant vessel sprouting and intratumoral hypoxia,
establishing an immune-hostile vascular microenvironment. Such T cell-exclusionary niche
was shown to confer GBM resistance to CAR-T cell immunotherapy (D. Zhang et al., 2023).

Overall, pharmacological targeting of the SSP is emerging as a promising strategy to reverse
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macrophage-mediated immune suppression and sensitise tumours to immunomodulatory

therapies (Cai et al., 2024; D. Huang et al., 2025; Mullarky et al., 2016).
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1.6 PHGDH in cancer

1.6.1 The structure of PHGDH

Due to its crucial, rate-limiting role in the SSP, PHGDH is conserved across organisms ranging
from bacteria to mammals. However, three different isoforms of the protein exist. Type |
PHGDH is expressed in mammals, plants and some bacteria (Figure 1.16). Type | PHGDH
has the most complex structure, comprised of two substrate-binding domains (SBDs) flanking
a nucleotide-binding (NBD) domain. SBDs are responsible for engaging with 3-PG, and NBDs
bind to NAD+ co-factors. Two additional domains, allosteric binding domain (ASB) and
aspartate kinase-chorismate mutase-tyrosinase A prephenate dehydrogenase domain (ACT),

are also present in Type | PHGDH.

Substrate Nucleotide Substrate

Binding Domain Binding Domain Binding Domain ASB" Domain *ACT" Domain

| || |

Type I: Human, Rat, Mouse, M.tuberculosis, M.jannaschii, B.subtilis, Methanobacterium, Arabadopsis,
Synechocystis, Corynebacterium, Streptomyces

Nz I-cooH

-~ >
-~ -

TypelIl: E.coli, H.influenza, S.cerevisiase, S.prmbe, Leishmania, Neurospora /// ///

NzH—] I-cooH

Typelllt: Pyroccocus, Rhodopseudomonas, Clostridium

NzH—l |—COOH

Typelllk: Entamoeba histolytica, Bacterioides fragilis, Porphyromonas gingivalis

N:zH —| |—COOH

Figure 1.16 Evolutionary variation in PHGDH domain architecture. Comparative schematic of
PHGDH protein organisation across species. Type | PHGDH, present in mammals, plants and several
bacteria, contains conserved substrate-binding and nucleotide-binding domains followed by C-terminal
regulatory regions, including ASB and ACT domains. Type Il enzymes, identified in organisms such as
E. coli and yeast species, maintain the catalytic core but exhibit truncated or altered regulatory
segments. Type lll enzymes, subdivided into Type IlIH and Type llIK, largely consist of the catalytic core
with minimal or absent C-terminal regulatory extensions. The N- and C-termini are indicated to highlight
structural differences between groups. Adapted from Lee et al., 2024 and distributed under the Creative
Commons Attribution 4.0 International License (CC BY 4.0)
(http://creativecommons.org/licenses/by/4.0/)

The ASB domain functions as an allosteric binding site for the substrate 3-PG, allowing the

enzyme to sense substrate availability at a site distinct from the catalytic active site, thereby
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providing an additional layer of regulation over enzymatic activity (Dey et al., 2005; Grant et
al., 2004; C. M. Lee et al., 2024). The ACT domain, which is exclusive to Type | PHGDH,
serves as the primary feedback regulatory module, binding L-serine to suppress enzyme
activity when serine levels are sufficient within the cell (Grant, 2006; Mullarky et al., 2016).
The functional importance of both domains extends beyond their individual regulatory roles.
The physical interaction between these domains across the dimer-dimer interface is the
structural basis for the homotetrameric assembly of Type | PHGDH, coupling quaternary
structure directly to allosteric regulation in a manner absent from the simpler Type Il and Type
[l isoforms (Dey et al., 2005; Mullarky et al., 2016).

The functional unit of Type | PHGDH is a homotetramer, assembled as a dimer of dimers, in
which two catalytic dimers associate through their C-terminal regulatory domains (ASB and
ACT domains) (Dey et al., 2005). This tetrameric architecture is not merely structural; it is
required for allosteric regulation, as the conformational changes required for feedback
inhibition can only be transmitted within the context of the full tetrameric assembly (Mullarky
et al., 2016). Within this tetramer, the ASB and ACT domains occupy the core of the dimer-
dimer interface, where they make extensive contacts with their counterparts from the opposing
dimer (Dey et al., 2005). The ASB domain contributes to the structural integrity of the tetramer
while simultaneously relaying information about substrate availability across subunits. The
ACT domain binds L-serine at a site formed cooperatively between opposing subunits,
meaning that serine binding is only geometrically possible when the tetramer is intact (Grant,
2006). This architecture effectively locks catalytic output, substrate sensing, and feedback
inhibition into a single integrated quaternary unit, a level of regulatory sophistication that is
progressively lost in Type Il, which retains ASB but lacks ACT, and absent in Type Il isoforms,

which exist as simpler homodimers (Dey et al., 2005; C. M. Lee et al., 2024) (Figure 1.16).
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1.6.2 Post-translational regulation of PHGDH
Beyond transcriptional control, PHGDH activity is further regulated at the post-translational

level through covalent modifications that influence its function (Figure 1.17).
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Figure 1.17 Post-translational modification (PTM) landscape of PHGDH across functional
domains. Schematic overview of PHGDH domain organisation and mapped PTM sites. Residue-
specific modifications are categorised according to biological contexts, including oxidative stress,
metabolic stress, chemoresistance, tumour invasion, immune response, drug or inhibitor treatment, and
proteomic analyses. Identified PTMs include lactylation, acetylation, phosphorylation, ubiquitination,
methylation, redox modification, and SUMOylation, illustrating the multi-layered regulation of PHGDH
under physiological and pathological conditions. Reproduced from (M. Shu et al., 2025), licensed under
the Creative @ Commons  Attribution 4.0 International License (CC BY 4.0)
(http://creativecommons.org/licenses/by/4.0/)

Ubiquitination represents an additional layer of PHGDH regulation, primarily controlling protein
stability. Several E3 ligases have been shown to promote PHGDH degradation, thereby
reducing SSP activity and serine biosynthesis (Dalton, 2020; C. Wang et al., 2020; W. Zhang
et al., 2025). Conversely, deubiquitinating enzymes such as UCHL3 and JOSD2 enhance
PHGDH stability and sustain serine production (Y. Wang et al., 2023; N. Zhao et al., 2024).

Moreover, PHGDH can undergo lysine lactylation, a modification derived from intracellular
lactate that increases under conditions of elevated glycolytic flux (D. Zhang et al., 2019).

Disruption of glyoxalase 2 (Glo2) results in lactyl-glutathione accumulation, promoting non-
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enzymatic lactylation of PHGDH at residues K21, K69, K289, and K394. This modification
suppresses PHGDH catalytic activity, limiting the conversion of 3-PG to serine and reducing
intracellular serine biosynthesis (Trujillo et al., 2025).

Additional PHGDH can be acetylated, leading to enhanced protein activity. Proteins such as
Tip60 can reversibly acetylate PHGDH (K58), leading to increased protein stability by blocking
RNF5-mediated ubiquitination in response to glucose starvation (C. Wang et al., 2020). Other
PTMs for PHGDH include methylation, SUMOylation, deamidation, and S-palmitoylation (M.

Shu et al., 2025).

1.6.3 Therapeutic strategies for targeting PHGDH

The important role of PHGDH as a metabolic driver in cancers stimulated significant interest
in drug discovery. A structurally diverse collection of inhibitors has been reported, spanning
allosteric compounds, cofactor-competitive agents, targeted protein degraders, and others
(Arlt et al., 2021; Z. Huang et al., 2024; Mullarky et al., 2016; Pacold et al., 2016; Q. Wang et
al., 2017; J.-Y. Zhao et al., 2021). Despite this progress, none have advanced to clinical trial,
reflecting challenges in achieving sufficient potency while minimising unwanted off-target
effects.

The earliest pharmacological validation of PHGDH involved first-generation compounds
identified through high-throughput screening. CBR-5884 was identified as a weak and
selective inhibitor that disrupts the active tetrameric state in favour of an inactive dimeric
conformation by binding at the ASB-ACT interface (Table 1.1). This provided the first chemical
evidence that PHGDH quaternary structure fluctuation is pharmacologically exploitable,
though the compound proved unstable in mouse plasma (Mullarky et al., 2016). Similarly,
NCT-503 was found to reduce glucose-derived serine production and suppress growth in

melanoma and breast cancer cells with amplified PHGDH expression (Pacold et al., 2016).
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Table 1.1: Small molecule inhibitors of PHGDH classified by mechanism of action

Inhibitor Class Mechanism ICs0 Reference
NCT-503 NorECompetitive Elelig) peelss, 25uM | (Pacold et al., 2016)
and allosteric unresolved
Non-competitive Likely binding to ASB-
CBR-5884 and allosteric ACT interface 33 uM | (Mullarky et al., 2016)
PKUMDL-WQ- Non-competitive | Binds SBD Site | (R134,
2101 and allosteric K57, T59) S48 U] O g e &k, 2017
PKUMDL-WQ- Non-competitive Binds SBD Site Il
2201 and allosteric (T56, K57, T59) ot () (@ Wiz et elk, 287
a-Ketothioamides | \on-competitive EINETE (U6 EL ~87uM | (Ravezetal., 2017)
and allosteric unresolved
Piperazine-1- Non-competitive Binding pocket -
thioureas and allosteric unresolved Rl |- Remee ciEl, 2006)
Pyrazole_—5- Non-competlt_lve Binding pocket sub-uM |(J.-Y. Zhao et al., 2021)
carboxamides and allosteric unresolved
BI-4916 / BI-4924 Co-factor Binding NBD cofactor | 3y |(weinstabl et al., 2019)
competitive pocket
Indole amides Co-factor Binding NBD cofactor | 4 10\ | (Mullarky et al., 2019)
competitive pocket
Co-factor Binding NBD cofactor
D8 competitive pocket (D175) 28 uM | (D. Gao et al., 2023)
Tetramer to inactive
Disulfiram Covalent agent disulfide-linked dimer n/a (Spillier et al., 2019)
(Cys116)
Disturbed tetramer
B12 Covalent agent assembly and allosteric | ~0.29 uM (Cao et al., 2024)
sensing (Cys421)
Withangulatin A Natural product P(_artu_rbs S 0.29 uM | (C. Chen et al., 2022)
binding (Cys295) ' ' N
. . Perturbs substrate
Oridonin Natural product binding (Cys18) 0.5 uM (Tan et al., 2022)
Ixocarpalactone A Natural product EIMETE [FEE EL ~9.8 yM |(M. Zheng et al., 2019)
unresolved
Azacoccone E Natural product EIMETE [FEE EL 1.66 uM | (J. Guo et al., 2019)
unresolved
Taraeted protein E3-ligase mediated
LXH-3-71 % P proteasomal n/a (Z. Huang et al., 2024)
egrader :
degradation

However, recent studies suggested NCT-503 reduces glucose-derived citrate synthesis

independently of PHGDH expression, suggesting an off-target effect on central carbon

metabolism. The precise mechanism underlying this off-target effect remains unclear,
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representing a significant limitation in the use of NCT-503 for metabolic studies (Arlt et al.,
2021).

Structure-based virtual screening has also identified two novel allosteric sites within the
PHGDH substrate-binding domain. Compounds PKUMDL-WQ-2101 and PKUMDL-WQ-2201
target these sites specifically, demonstrating dose-dependent suppression of PHGDH-
amplified breast cancer cell lines. Unlike cofactor-competitive agents, these inhibitors avoid
the challenges of high intracellular NAD+ concentrations by binding to regulatory regions.
Metabolomic profiling and CRISPR-knockout models have validated their specificity, showing
that dual-site targeting by these two drugs can synergistically inhibit enzyme activity and
suppress in vivo tumour growth (Q. Wang et al., 2017).

Perhaps the most promising therapeutic strategy involves cofactor-competitive inhibition,
which has yielded the most potent PHGDH inhibitors to date. By targeting the NAD+/NADH
binding pocket of the NBD directly, indole amide compounds like BI-4924 achieve single-digit
nanomolar 1Cso values. Because of the high cytosolic NAD+ levels, a prodrug strategy using
BI-4916 was implemented to achieve the necessary intracellular enrichment of the active drug
(Weinstabl et al., 2019). Compared to the direct administration of the active inhibitor (BI-4924),
utilising the ethyl ester prodrug (BI-4916) facilitated a 140-fold increase in cytosolic enrichment
of the drug (J.-Y. Zhao et al., 2021).

The covalent modification of surface cysteine residues has recently emerged as an alternative
strategy for the irreversible inhibition of PHGDH. Disulfiram, a treatment for chronic
alcoholism, was also found to be a covalent allosteric inhibitor of PHGDH. This small molecule
targets and oxidises the Cys116 residue, abrogating the polymerisation of PHGDH.
Specifically, it prevents the tetramerisation of PHGDH and results in the formation of inactive
dimers or monomers of PHGDH (Spillier et al., 2019). Another inhibitor that was suggested to
act in a similar mechanism was B12 (benzo[b]thiophene-1,1-dioxide series). B12 forms a
covalent bond with the Cys421 residue of PHGDH, preventing its polymerisation and allosteric

substrate sensing (Cao et al., 2024).
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Similarly, various natural products act through covalent modification at unique residues to
induce enzyme inactivation. Withangulatin A, isolated from the plant Physalis angulata,
modifies Cys295 to block the substrate-binding domain and elevate intracellular reactive
oxygen species (C. Chen et al., 2022). Oridonin, derived from Rabdosia rubescens, targets
Cys18 to dislocate the substrate-interacting residue R54 and reduce enzyme affinity (Tan et
al., 2022). Other plant-derived molecules, such as Ixocarpalactone A from Physalis ixocarpa
and the fungal derivative Azacoccone E, have shown inhibitory activity in xenograft models (J.
Guo et al.,, 2019; M. Zheng et al., 2019). However, a major limitation of this class remains the
broad cysteine reactivity common to many covalent natural products. This lack of specificity
raises significant concerns regarding their therapeutic index and potential for off-target effects
in humans.

The most conceptually novel approach to PHGDH inhibition uses "molecular glues" to induce
protein degradation. In colorectal cancer models, the compound LXH-3-71 covalently binds to
the C281 residue of PHGDH to facilitate the recruitment of the E3 ligase DDB1 . This
interaction induces the selective polyubiquitination and proteasomal degradation of the
enzyme, effectively reducing cancer cell stemness and tumour growth (Z. Huang et al., 2024).
By eliminating the protein, this PTM-based non-catalytic strategy offers a novel way to

overcome the limitations of conventional active-site inhibition of PHGDH.

1.6.4 Non-canonical roles of PHGDH

The majority of identified PHGDH mutations were found to diminish its enzymatic activity,
which appears inconsistent with the dependence of some cancers on SSP amplification
(Possemato et al., 2011; C. Wang et al., 2025). This paradox may reflect a reliance of certain
tumours on non-metabolic functions of PHGDH that contribute to progression and metastasis.
An example of a non-catalytic function of PHGDH is its phosphorylation and subsequent
nuclear translocation under glucose starvation. Following glucose deprivation in pancreatic
cancer cells, the S371 (serine-371) residue of PHGDH was found to be phosphorylated in a

p38-dependent manner, leading to its nuclear translocation. Subsequent phosphorylation of
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the S55 by AMPK enhances the NADH production by PHGDH and depletes the nuclear pool
of NAD+. Reduced NAD+ levels lower PARP1 activity and c-Jun transcriptional activity,

thereby increasing cancer cell proliferation (C. Ma et al., 2021) (Figure 1.18).
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Figure 1.18 Serine-independent functions of PHGDH in tumorigenesis and metabolic
reprogramming. Schematic overview of PHGDH functions beyond its canonical role in serine
biosynthesis. In the cytoplasm, PHGDH interacts with translation initiation factors (elF4A and elF4G) to
enhance oncogene translation. Within mitochondria, PHGDH associates with proteins such as mtEFG2
and ANT2 to support mitochondrial translation and ribosome recovery, contributing to tumorigenesis. In
the nucleus, PHGDH interacts with transcriptional regulators to modulate gene expression programs
that drive tumour progression. Additionally, PHGDH influences NAD+/NADH balance and PARP1
activity, linking metabolic state to DNA-associated processes. Collectively, these interactions illustrate
the multifaceted role of PHGDH in cancer progression beyond its enzymatic activity in the serine
synthesis pathway. Created in https://BioRender.com. Schematic representation based on information
from C. Wang et al., 2025.

Low PHGDH expression has been associated with poorer outcomes in breast cancer patients.
This is driven by a non-catalytic function of PHGDH in which reduced interaction with
phosphofructokinase (PFK) redirects glycolytic flux toward the hexosamine-sialic acid
pathway. Notably, in circulating tumour cells and early metastatic lesions, PHGDH-low
expression increases sialic acid production, enhancing surface glycosylation and promoting

migration and invasion independent of its enzymatic activity (Rossi et al., 2022).
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In the cytoplasm, PHGDH stabilises the eukaryotic initiation factor 4F (elF4F) complex by
directly binding its subunits Aand G (elF4A and elF4G). elF4F bound to PHGDH then interacts
with the 5’-end of the mRNA, promoting oncogene expression (X. Ma et al., 2019).

Low 3-PG levels were also shown to result in PHGDH interaction with scaffold protein AXIN,
in tandem with HIPK2 kinase. This trimer then forms a complex with p53, leading to its
phosphorylation (Ser46) and induction of apoptosis (Y.-Q. Wu et al., 2023). PHGDH
interactions with other proteins are not restricted to the cytoplasm. In hepatocellular carcinoma
cells, PHGDH localises to the inner mitochondrial membrane, where it interacts with adenine
nucleotide translocase 2 (ANT2) and recruits mitochondrial elongation factor G2 (mtEFG2) to
enhance mitochondrial ribosome recovery and mtDNA-encoded protein expression. Through
these protein-protein interactions, mitochondrial PHGDH promotes tumorigenesis by
supporting mitochondrial translation and bioenergetic function (Y. Shu et al., 2022). In the
nucleus, PHGDH interacts with p300 (transcriptional co-activator). The PHGDH-p300 complex
then promotes the activation of PKM2, which induces the expression of oncogenes and genes
related to glycolysis mainly through histone-phosphorylation (Y. Wu et al., 2023). It is important
to note that PKM2 is also a downstream target of HIF1a, suggesting a potential convergence
between hypoxia- and PHGDH-mediated coactivation of gene expression (J. Wang et al.,
2021). The PHGDH-p300 complex also interacts with c-myc, leading to increased neutrophil
recruitment, chemokine production, and tumour-associated macrophage (TAM). This results
in cancer progression and is regulated by the PHGDH/p300/c-myc/AF9 axis (H. Zhu et al.,
2023). Forkhead box protein 1 (FOXM1) is a crucial transcription factor for oncogene
expression. The N-terminal region of FOXM1 leads to its degradation. PHGDH binds to the N-
terminal end of the protein, leading to increased stability and induction of pro-cancer gene

expression (J. Liu et al., 2013; C. Wang et al., 2025).
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1.7 Aims of this study

e Characterise how PHGDH expression is regulated under hypoxia.
e |Investigate the impact of PHGDH loss on radiosensitivity under normoxic and hypoxic
conditions across varying extracellular serine levels.

e Investigate non-canonical roles for PHGDH in hypoxia
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Chapter 2: Materials and Methods

2.1 Cell culture

Unless otherwise indicated, cells were grown in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% (v/v) foetal bovine serum (FBS) and 1% penicillin-streptomycin
antibiotic solution (Table 2.1). All cell lines were cultured at 37°C and 5% CO., in humidified
incubators. Upon reaching 70-80% confluence, cells were passaged using 0.25% Trypsin-

EDTA (ThermoFisher Scientific).

Table 2.1: Cell lines used in the study.

Name Cancer type Media Source
A549 Non-small cell lung cancer DMEM ATCC
H460 Large cell lung cancer DMEM ATCC
RKO Colorectal adenocarcinoma DMEM ATCC
. Prof. Katherine Vallis
FLO-1
@) Oesophageal adenocarcinoma DMEM (University of Oxford)

2.2 Mycoplasma Testing

All cell lines used in this study were routinely tested for Mycoplasma contamination using
MycoAlert Mycoplasma Detection Kit (Lonza), in accordance with the manufacturer’s
instructions. In brief, 2 ml of culture media was spun down at 200 x g for 5 min and 100 pl of
supernatant was transferred into a flat-bottomed, white-walled, 96-well plastic plate. Sterile
phosphate-buffered saline (PBS) was used as a negative control. A positive control was
provided by the manufacturer. MycoAlert reagent (100 ul) was added to the samples and
incubated for 5 min at room temperature. Luminescence was measured using a POLARstar
Omega microplate reader. After the measurement, 100 ul of MycoAlert substrate was added
to the sample-containing wells and incubated for 10 min at room temperature. A second
luminescence measurement was taken following the incubation, and the ratio of both readings
was recorded. A ratio value of less than 0.9 was considered a negative reading for

Mycoplasma.
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2.3 Cryopreservation and thawing of cells

2.3.1 Freezing cells

Once confluent, cells were harvested and centrifuged at 300 x g in complete media (containing
FBS). Following centrifugation, the supernatant was removed, and the pellet was resuspended
in a freezing medium (90% FBS and 10% dimethyl sulfoxide (DMSOQ)) and transferred into
cryovials at an approximate concentration of 2x10° cells/ml. Vials were stored at -70°C for up

to one week, followed by transfer to liquid nitrogen for long-term cryopreservation.

2.3.2 Thawing cells

Cryovials, containing frozen cells, retrieved from liquid nitrogen, were thawed quickly ina 37°C
water bath. Cells were transferred into complete media and spun down at 300 x g for 5 min.
Following centrifugation, the supernatant containing DMSO was removed, and the cell pellet
was resuspended in complete media. Cells were then transferred into small flasks/dishes and

incubated in a humidified incubator at 37°C and 5% CO..

2.4 Exposure to hypoxia

For hypoxia exposure, cells plated in glass dishes, were incubated in Whitley H35
Hypoxystation (Don Whitley Scientific) set to 0.5-2% O.. Radiobiological hypoxia was reached
by incubating cells in a BACTRON |l anaerobic chamber (Shel Labs) and Whitley A35
Workstation (Don Whitley Scientific). The oxygen concentration in the hypoxia chambers was
regularly verified using anaerobic indicator strips (Fisher Scientific). To avoid the introduction
of excess oxygen into hypoxic chambers, cells were cultured in glass dishes for all hypoxic

experiments, except clonogenic survival assays, for which 6-well plastic plates were used.

2.5 Generation of CRISPR-Cas9 knockout clones
Tubes containing Synthego guide RNA (gRNA) were briefly centrifuged and rehydrated in 1X
TE buffer to generate a 100 uM solution. Following reconstitution, 3 uM gRNA stocks were

made by diluting the oligos in Opti-MEM | reduced serum media (Gibco). Two reaction mixes
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per gRNA were prepared. The guide mix containing 25 ul Opti-MEM | Reduced Serum Media,
1.3 ul sgRNA pool (3 uM stock), 1.0 ul Cas9 (3 uM stock) and 1.0 ul Cas9 PLUS Reagent
(Invitrogen). Second reaction mix contained 25 pul Opti-MEM | Reduced Serum Media and 1.5
ul Lipofectamine CRISPRMAX transfection reagent (Invitrogen). Both mixes were incubated
for 10 min at room temperature (RT), following which they were combined and incubated for
an additional 10 min. During the incubation period, a suspension of 100000 cells in 500 pl of
complete growth media was prepared. Cells were then resuspended in the reaction mix
containing the gRNAs (Table 2.2). The cell suspension was then transferred to a 24-well plate
(250 pl per well). Following 24 h incubation, the media was replaced with complete growth
media. Cells were then allowed to grow for 7 days. The knockout status of this pooled

population was validated using western blotting.

Table 2.2: gRNA sequences used for the generation of PHGDH knockout clones.

Guide # Sequence Exon
1 U*U*U*CUGCUUCAGGACUGUGA + 2
Synthego modified EZ scaffold
A*G*C*UGCGUUGAUGACAUCAG +
Synthego modified EZ scaffold
A*G*G*UGUGGACAAUGUGGAUC +

Synthego modified EZ scaffold

N*N*N* indicate 2’-O-methyl analogues and 3’-phosphorothioate internucleotide linkages

For clonal selection, a cell suspension of 50 cells in 10 ml complete growth media was
prepared and aliquoted into a flat-bottomed 96-well plate and incubated in a humidified
incubator (37°C, 5% COy) for up to 14 days to allow colony formation. Western blotting was
performed using lysates derived from single-cell clones, and the those lacking PHGDH

expression were selected for further validation by Sanger sequencing.
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2.6 PHGDH CRISPR-Cas9 knockout validation by Sanger sequencing

Genomic DNA (gDNA) was extracted from parental and knockout clones using the Quick-
DNATM Miniprep kit (Zymo Research) in accordance with the manufacturer’s instructions. To
amplify the genomic region containing PHGDH, PCR primers were designed using the Primer3

tool on Benchling online software to generate 800-1000 bp long amplicons (Table 2.3).

Table 2.3: Primer sequences (5'-3’) used for PCR amplification of the human PHGDH exon 2 targeted
by CRISPR-Cas9 ribonucleoprotein complex (RNP).
Primer Sequence Length | %GC Tm Amplicon (bp)
Fwd | GAACCCAGGCCTGACCAATGGC 22 63.6% | 62.0°C

Rvs | AGAGGTGCAAGCAACTGCGCAT 22 54.5% | 62.0°C

982

Q5 High-Fidelity DNA polymerase kit (New England Biolabs) was used to perform the PCR
amplification of the CRISPR-targeted genomic region. Detailed concentrations and amounts
of reagents used for the PCR master mix are shown (Table 2.4). 100 ng of total gDNA was
diluted in 25 pl of master mix, following which they were briefly centrifuged and amplified using
a T100 thermal cycler (BioRad). The annealing temperature was calculated using the New

England Biolabs online Tm calculator tool (https:/tmcalculator.neb.com/#!/main). The details

of the PCR protocol are shown (Table 2.5).

Table 2.4: PCR master mix

Reagent Volume (pl) Concentration
5x Q5 reaction buffer 5 1x
10 mM dNTPs (Thermo Fisher Scientific) 0.5 200 uM
10 uM forward primer 1.25 500 nM
10 UM reverse primer 1.25 500 nM
Q5 High-Fidelity DNA Polymerase 0.25 0.02 U/ul
Sample DNA Varying 100 ng
Nuclease-free water 25 yl total
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Table 2.5: Thermal cycler settings for PCR amplification

Step Temperature Time (sec) Number of Cycles
Initial denaturation 98°C 60 1X
Denaturation 98°C 10
Annealing 72°C 10 35X
Extension 72°C 30
Final extension 72°C 120 1X

The amplified PCR product was then purified using the QlIAquick PCR Purification Kit (Qiagen)
in accordance with the vendor’s instructions. The DNA content was quantified NanoDrop™
spectrophotometer (ThermoFisher Scientific). Samples were sent to Genewiz (Azenta Life
Sciences, Abingdon, United Kingdom) for Sanger sequencing. Upon receipt, sequencing
results were analysed and visualised using the Inference of CRISPR Edits (ICE) tool from

Synthego.

2.7 Cell proliferation assay

Cells were counted using a Neubauer Pattern Haematocytometer (Hawksley AC1000), and
4000 cells were seeded in a flat-bottomed 24-well plate in sets of technical triplicates (total
number of wells = number of days x 3). For the daily count, cells were treated with 200 pl
Trypsin-EDTA solution, which was then quenched with 200 ul media following cell detachment.

The cell suspension was thoroughly mixed and counted using a Haematocytometer.

2.8 RNA extraction and purification

RNA extraction was performed by cell lysis with TRI-Reagent (Sigma-Aldrich T9424). Cells
were washed with 1 ml of PBS twice and harvested in 1 ml of TRI-Reagent. To extract the
RNA, 200 pl of 100% chloroform was added to the suspension, vortexed for 15 sec, and
incubated at room temperature for 3 min. Samples were then spun down 15000 x g for 15 min
at 4°C. The top clear layer, containing the RNA, was carefully separated, without disrupting
the rest of the sample, and transferred into fresh Eppendorf tubes. the isolated RNA fraction

was mixed with 100% isopropanol and centrifuged for at 15000 x g for 10 min at 4°C. The
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supernatant was discarded, and the pellet washed in 70% (v/v) ethanol and spun down again
at 7500 x g for 5 min at 4°C. The supernatant was discarded, and the pellet dried at room
temperature for 20 min (until completely dry). The dried pellet was then resuspended in 30 pl
ultrapure, DEPC-treated water (ThermoFisher Scientific). RNA concentration was determined
using a NanoDrop™ spectrophotometer, with absorbance measured at 260 nm

(ThermoFisher Scientific). The RNA purity was confirmed with A260/A280 ratios of around 2.0.

2.9 Complementary DNA (cDNA) synthesis by reverse transcription

cDNA was synthesised using the Verso cDNA synthesis kit (ThermoFisher Scientific). 500 ng
of RNA was mixed with cDNA synthesis buffer, ANTP mix, RT enhancer, RNA primer, Verso
enzyme (ThermoFisher Scientific) and DEPC-treated water (ThermoFisher Scientific) in
proportions shown (Table 2.6). The PCR reaction was run at 42°C for 60 min, 95°C for 2 min

and kept at 4°C. Samples were stored at -20°C.

Table 2.6: Reagents used for cDNA synthesis

Reagent Volume (pl)
RNA 5
cDNA synthesis buffer 2
dNTP mix 1
RNA primer 0.5
RT enhancer 0.5
Verso enzyme 0.5
DEPC water 0.5
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210 Quantitative PCR (qPCR)

For the gPCR SYBR Green PCR master mix (Applied Biosystems) and 7500 FAST Real-Time

PCR machine (Applied Biosystems) were used. cDNA samples were mixed with forward and

reverse primers for target genes, SYBR Green PCR master mix, and DEPC-treated water as

shown in Table 2.7 in 96-well microplates. The run protocol was as follows: preparation at

50°C for 20 seconds and 95°C for 15 minutes; 40 cycles at 95°C for 15 seconds, 60°C for 30

seconds and 72°C for 30 seconds; melting curve at 95°C for 15 seconds, 60°C for 1 minute,

95°C for 30 seconds and 60°C for 15 seconds. 18S was used as a reference housekeeping

gene, and the AACt method was used to determine relative mRNA fold change. Working

concentrations and sequences for the used primers are shown in Table 2.8.

Table 2.7: Reagents for gPCR reaction mix

Regent Volume/Well (pl)
cDNA 5
SYBR Green 12.5
Forward primer 2.5
Reverse primer 2.5
DEPC water 2.5

Table 2.8: Primers sequences and concentrations used for RT-gPCR

Gene Conc. Forward Primer Reverse Primer

18S 10 uM GCCCGAAGCGTTTACTTTGA TCCATTATTCCTAGCTGCGGTATC
PHGDH 1 uM CTGCGGAAAGTGCTCATCAGT | TGGCAGAGCGAACAATAAGGC
CAIX 1 uM CTTGGAAGAAATCGCTGAGG TGGAAGTAGCGGCTGAAGTC
ATF4 1 uM TGACCTGGAAACCATGCCAG AATGATCTGGAGTGGAGGAC
GLUT1 1 uM TTGCAGGCTTCTCCAACTGGAC | CAGAACCAGGAGCACAGTGAAG
VEGF 1 uM ATCTTCAAGCCATCCTGTGTGC | CAAGGCCCACAGGGATTTTC
LDHA 1 uM AGGCTACACATCCTGGGCTAT CCCAAAATGCAAGGAACACTA
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211 Cell lysis for western blotting
For each experimental condition, 106 cells were seeded into 10 cm glass dishes and incubated
overnight in humidified incubators (37°C, 5% COz). For protein harvesting, cells were lysed in

fresh UTB lysis buffer consisting of 75 mM Tris, 9 M urea and 0.1% (v/v) 2-mercaptoethanol

(pH 7.5).

212 Western blotting

Lysed samples were mixed with 2X Laemmli Buffer, with 2-Mercaptoethanol (150 mM), and
boiled at 100°C for 10 min. Afterwards, samples were loaded into 4-20% Mini-PROTEAN TGX
pre-cast gels (Bio-Rad 4561095) and run at 120 V and 3.0 Aiin Tris-Glycine-SDS running buffer
(1X). Semi-dry transfer onto nitrocellulose membranes was conducted using the Trans-Blot
Turbo transfer system (Bio-Rad 1704150). The membrane was blocked using a 1:1 mix of Tris
Buffer Saline (TBS) and Intercept Blocking Buffer (LI-COR 927-70001) for one hour at room
temperature on an orbital shaker. Primary antibodies (Table 2.9), diluted in blocking buffer,
were incubated on the membrane overnight at 4°C. After primary antibody incubation, samples
were incubated with secondary antibodies (Table 2.10) diluted in a blocking buffer for 1 hour
at room temperature. Following both primary and secondary antibody incubations, three

cycles of 5 min washes were completed using 0.1% (v/v) TBS-Tween solution.

Table 2.9: List of primary antibodies used for western blotting, immunofluorescence and

immunoprecipitation experiments

Protein Species Dilution | Application Vendor Ref No
HIF-1a Mouse 1:1000 WB BD Biosciences NB100-105
PHGDH Mouse 1:1000 WB Novus Biologicals NBP1-87311
RNase H1 Mouse 1:1000 WB Santa Cruz sc-365267
DHX9 Rabbit 1:1000 WB Bethyl Laboratories A300-854A
PARP1 Rabbit 1:1000 WB Cell Signalling Tech 9542
S9.6 Mouse 5ug IP Kerafast Kf-Ab01137-23.0
V5 Mouse 1:500 IF Invitrogen 46-0705
B-Actin Mouse 1:2000 WB Santa Cruz sc-69879
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Table 2.10: List of secondary antibodies used for western blotting and immunofluorescence

Name Host Reactivity Dilution Application Vendor Ref No
IRDye 800CW | Donkey Mouse 1:7500 WB LI-COR 926-32212
IRDye 680RD Goat Mouse 1:7500 WB LI-COR 926-68070
IRDye 800CW | Donkey Rabbit 1:7500 WB LI-COR 926-32213
IRDye 680RD Goat Rabbit 1:7500 WB LI-COR 926-68071

213 Cellular fractionation

Cells were gently scraped in 1 ml of ice-cold PBS and centrifuged for 5 min at 500 x g, 4°C.
The supernatant was discarded, and another round of ice-cold PBS wash was performed. The
cell pellet was then resuspended in cellular fractionation buffer consisting of 10 mM HEPES,
10 mM KCI, 340 mM sucrose, and 10% (w/v) glycerol supplemented with 10% Triton X-100.
The volume of the cellular fractionation buffer was determined based on the pellet size (i.e.
approximately twice the volume of the cellular pellet). Samples were incubated on ice for 5
min and spun down for 5 min, at 500 x g, 4°C. The supernatant (cytoplasmic fraction) was
collected and stored in fresh Eppendorf tubes. The pellet (nuclear fraction) was lysed in UTB
buffer (see western blotting). The amount of protein was measured using Pierce BCA assay
(ThermoFIsher Scientific) in accordance with the manufacturer’s instructions. For fractionation
western blots, 50 pg of protein was loaded for the cytoplasmic fraction and 100 ug for the

nuclear fraction (including the respective whole cell lysate controls).

214 Immunofluorescence

Cells were fixed with 4% (w/v) paraformaldehyde (PFA) solution and permeabilised with 1%
(v/v) Triton X-100 (Sigma-Aldrich) in PBS. Samples were then blocked for 1 hour at room
temperature using a blocking buffer consisting of 2% (w/v) bovine serum albumin (BSA) in
0.1% PBS-Tween 20 solution (ThermoFisher Scientific). Primary antibody incubation was
performed overnight at 4°C. Afterwards, samples were incubated with secondary antibodies
for 1 hour at room temperature. Both, primary and secondary antibodies were diluted in 2%
(w/iv) BSA, 0.1% PBS-Tween 20 blocking buffer. Lastly, coverslips were mounted using

Prolong Gold antifade mountant containing DAPI nuclear stain (ThermoFisher Scientific) and
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dried overnight at room temperature. Image acquisition was conducted using the 63x plan-
apochromat DIC M27 oil immersion objective (NA=1.4) on LSM710 or LSM780 confocal

microscope systems (Carl Zeiss Microscopy).

215 siRNA knockdown

For transfection, cells were plated at a density of 400,000 cells/ml (per well) using an antibiotic-
free complete culture medium (i.e. supplemented with 10% FBS [v/v]). To generate
transfection complexes, a mix of 0.2 pl/well DharmaFECT transfection reagent (Horizon
Discovery) and 0.25 uyM siRNA was incubated at room temperature for 20 min. The complex
formation was done in serum-free culture media. Complexes were further diluted 1:2.5 in an
antibiotic-free complete medium to make up the transfection medium (final volume: 1 ml). The
transfection medium was then added to a 6-well plate, mixed with an equal volume of cell mix

(1 ml = 400000 cells), and incubated for 16 hours at 37°C and 5% COx.

216 R-loop co-immunoprecipitation with $9.6 antibody

2.16.1 Sample harvesting

Samples for immunoprecipitation (IP) were harvested in ice-cold PBS and centrifuged for 5
min, at 500 x g, at 4°C. After carefully discarding the supernatant, the pellet was resuspended
in a lysis buffer containing 85 mM potassium chloride (KCI), 5 mM PIPES (pH 8.0), 0.5% (w/v)
NP-40 (ThermoFisher Scientific), supplemented with EDTA-free protease inhibitors cocktail
(Roche Diagnostics). The suspension was incubated on ice for 10 min and spun down for 5
min at 4°C, 500 x g. Input samples were lysed in fresh UTB buffer with 150 mM 2-
Mercaptoethanol.

The resulting pellet, containing the nuclear fraction, was resuspended in protease inhibitor
cocktail (Roche Diagnostics) supplemented IP lysis buffer containing 10 mM Tris-HCI (pH 7.5),
200 mM sodium chloride (NaCl), 2.5 mM magnesium chloride (MgClz), 0.2% (w/v) sodium
deoxycholate (NaDOC), 0.1% sodium dodecyl sulphate (SDS), 0.05% sodium lauroyl

sarcosinate (SLS), and 0.5% (v/v) Triton X-100. To lyse the nuclei and shear the DNA to
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approximately 500-700 bp size, samples were incubated on ice for 10 min in IP lysis buffer
and sonicated for 120 seconds (30-second ON and 90-second OFF intervals) using Bioruptor
PLUS (Diagenode). Double-stranded DNA (dsDNA) concentration was determined using
NanoDrop One/OneC Microvolume UV-Vis Spectrophotometer, with absorbance measured at
260 nm (ThermoFisher Scientific). Following sonication, the nuclear fraction was
supplemented 1:1 (v/v) with IP buffer containing 10 mM Tris-HCI (pH 7.5), 200 mM NaCl, 2.5
mM MgCl,, 0.05% (w/v) NaDOC, 0.025% SDS, 0.0125% SLS, and 0.5% (v/v) Triton X-100
supplemented with protease inhibitor cocktail (Roche Diagnostics). To measure the protein
concentration in the IP samples, Pierce bicinchoninic acid assay (BCA) kit was used according
to the manufacturer’s instructions (ThermoFisher Scientific). Around 5-10% of the samples
were saved to be used as IP input.

2.16.2 Conjugation of S9.6 antibody to protein A Dynabeads

Prior to conjugation, 40 ul of protein A Dynabeads were aliquoted into fresh 1.5 ml tubes and
engaged on a stationary magnetic rack. After removing the supernatant, beads were washed
three times in resuspension buffer with Triton (RSB-T) containing 10 mM Tris-HCI (pH 7.5),
200 mM NaCl, 2.5 mM MgCl, and 0.5% (v/v) Triton X-100. The washes were performed by
adding the RSB-T buffer to the beads immobilised on a magnetic rack, following which tubes
containing the beads were disengaged from the magnet, gently mixed by inverting and re-
engaged on the magnetic rack. Following the wash steps, protein A Dynabeads were
resuspended in 1 ml of IP buffer. To conjugate S9.6 and IgG isotope control antibodies with
protein A Dynabeads, 5 ug of S9.6 (Kerafast) and IgG (Abcam) antibodies were added to the
magnetic beads in IP buffer and incubated for 3 hours on a rotating wheel. Following the
conjugation, the antibody-bead complex was washed three times in RSB-T buffer. Magnetic
bead-bound proteins were eluted using 0.1 M dithiothreitol (DTT) diluted in Laemmli-b (LDS).
The eluent was split equally and loaded into 2 to 3 PROTEAN TGX 4-20% gels (Bio-Rad,
4561093) and used for western blotting and silver staining. For silver stain, the ProteoSilver

Kit (Merck, SLCL6363) was used according to the manufacturer’s instructions.
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2.16.3 Chemical crosslinking of $9.6 antibody to protein A Dynabeads

Following the conjugation of S9.6 antibody with protein A Dynabeads, the antibody-bead
complexes was washed with 0.2 M triethanolamine solution (crosslinking buffer, pH=8.2) for 1
min and placed on a magnetic rack. After the wash, conjugates were incubated in crosslinking
buffer supplemented with 25 mM dimethyl pimelimidate (DMP, ThermoFisher Scientific) at
room temperature for 45 min with gentle agitation. Crosslinked beads were washed and
incubated in 0.1 M ethanolamine solution (pH 8.2) for 30 min at room temperature, with gentle
agitation. Three PBS washes were performed, following which antibody-bead complexes were
washed with 0.1 M glycine-HCI (pH 2.5) to remove any non-crosslinked antibodies. Lastly,

three PBS washes were performed.

2.16.4 S9.6 Co-immunoprecipitation

Following the washes, antibody-bead complexes were immobilised on a magnetic rack and
the supernatant was removed. 130 ug of IP samples was added to the tubes containing the
antibody-bead complexes and topped up to 400 ul with IP buffer. The mixture was incubated
overnight at 4°C on a rotating wheel. Samples were then engaged on a magnetic rack, and
the supernatant was carefully removed. Samples bound to the antibody-bead complexes were
washed three times for 5 min in RSB-T buffer and once in RSB buffer (RSB-T buffer without

Triton X-100).

2.16.5 DNA precipitation and gel electrophoresis

To identify the fragment size generated after sonication, nuclear extracts were first treated with
proteinase K (New England Biolabs) for 3 hours (fresh enzyme was added after every hour).
Following protein digestion, samples were mixed with 1 M potassium acetate and spun down
for 15 min, at 13000 x g, 4°C. The supernatant was transferred into a fresh Eppendorf tube

and mixed with 50% isopropanol to precipitate the DNA. Samples were then centrifuged for
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15 min, at 13000 x g, 4°C and the pellet was washed with 75% ethanol and air dried. The
resulting DNA was resuspended in ultrapure, DEPC-treated water, and the concentration was
measured using a NanoDrop One/OneC Microvolume UV-Vis Spectrophotometer. 5 ug of
DNA was loaded into a 1.5% agarose gel, which was ran for 90 minutes at 150 V. Gels were

imaged using ChemiDoc XRS+ Imaging Systems (Bio-Rad).

217 Transient transfection

2x10° cells were seeded in 10 cm dishes and left overnight to attach. Upon reaching 80-90%
confluence cells were transfected with 16 pg of plasmid. The plasmid and 40 pl of
Lipofectamine 2000 transfection reagent (Invitrogen) was mixed in 1 ml of Opti-MEM reduced
serum media (Gibco), vortexed for 10 sec, spun down and incubated for 5 min at room
temperature. Following incubation, two solutions containing the plasmid, and the transfection
reagent were mixed, vortexed for 10 seconds, spun down and incubated for another 20 min
at room temperature. Lastly, the mixture was added dropwise to the cells, gently mixed by

rocking and incubated for 16-24 h.

218 MitoSOX red staining

Live cells were treated with MitoSOX Red (5 uM) reagent (Invitrogen) for 10 min at room
temperature. Following staining, cells were fixed with 4% (v/v) PFA for 10 min and washed
three times with PBS for 1 min. Coverslips were mounted with Prolong Gold antifade mountant
containing DAPI nuclear stain (ThermoFisher Scientific) and dried overnight at room

temperature.
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219 MTT assay

For each treatment condition, 8000 cells were seeded in a flat-bottom 96-well plastic plate in
triplicates. Following the end of the treatment period, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, 0.5 mg/ml) reagent was added to the cells and incubated
for 3 h at 37°C, shielded from light. After the incubation, once the formation of purple
(formazan) crystals was observed, the MTT-containing media was removed. Formazan
crystals were then solubilised by adding 100 ul of DMSO for 15 min at 37°C, protected from
light. The absorbance was measured using a POLARstar Omega microplate reader (BMG
Labtech) at 570 nm. The assay for hypoxic samples was carried out in hypoxic chambers.
Viability data for both normoxic and hypoxic samples were calculated as percentage viability

normalised to the normoxic and hypoxic vehicle controls, respectively.

2.20 Colony formation assay

Following trypsinisation into a homogenous single-cell suspension, cells were counted using
a haematocytometer. Depending on the plating efficiency of the cell line or treatment type,
250-1000 cells were added into 6-well plastic plates in triplicates. Cells were left in 37°C
incubators for up to 6 h to adhere before treatment. Following the treatment, plates were
carefully transferred into 37°C and 5% CO;incubators and left to form colonies for up to 14
days (depending on the cell line used). Following the formation, colonies were stained by
carefully removing the media and adding a crystal violet solution (0.5% w/v) with 20% ethanol
and 50% methanol. After staining, colonies were counted using GelCount software (Oxford
Optronix, Animalab). Only colonies containing at least 50 cells were counted and used for the

analysis.

2.21 Real-time metabolic flux analysis (glycolytic stress test)

Real-time analysis of glycolytic stress was performed using the Agilent Seahorse XF analyser

in accordance with the manufacturer’s instructions. The day before the measurement, 8000
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Ab549 cells were seeded into the Seahorse XF microplate in DMEM supplemented with 10%
FBS and incubated overnight. Additionally, the sensor cartridge was hydrated in Seahorse XF
calibrant overnight in 37°C, non-COz incubator.

On the day of the measurement, the assay medium was prepared, consisting of Seahorse XF
base medium supplemented with 2 mM Glutamine (GlutaMAX supplement, ThermoFisher
Scientific). Additionally, the compounds for the glycolytic stress test were prepared (Table

2.11).

Table 2.11: Seahorse cartridge port layout and compound concentration

Port Compound Final Concentration Port Concentration Port Volume
A Glucose 10 mM 80 mM 25 ul
B Oligomycin 1 uM 9 uM 25 ul
C 2-Deoxyglucose 50 mM 500 mM 25 ul

Following dilution, compounds were loaded into the respective ports. The growth medium was
then replaced with 175 pl of supplemented assay medium and incubated at 37°C, non-CO;
incubator for 1 h. While incubating cells in assay media, the utility plate with the loaded sensor
cartridge was placed into the Seahorse XF analyser and a calibration protocol was performed.
After the calibration was completed, the Seahorse XF microplate was placed into the analyser,
and 3 measurement cycles were recorded following the addition of each compound (3 min mix
and 3 min measure). Extracellular acidification rate (ECAR) and oxygen consumption rate
(OCR) were recorded. The readings were normalised to cell number. Cells were counted
following the ECAR and OCR measurements using the brightfield channel on the Nexcelom

Celigo imaging cytometer.

2.22 Transformation of DH5a competent cells
The competent E. coli DH5a cells were first thawed on ice and mixed with 5 ul plasmid DNA.
Afterwards, the cells were incubated on ice for 30 min and heath shocked for 30-45 sec. Once

cooled on ice, 500 pl of super optimal broth with catabolite repression (SOC) medium was
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added to the cell suspension and incubated for 1 h, at 37°C on a mixing block (Eppendorf
Thermomixer). The transformed cells were then transferred onto Luria broth (LB) agar plates
supplemented with antibiotics for plasmid selection and incubated overnight at 37°C.

The following day, single colonies were picked and inoculated into a 10 ml LB media
supplemented with 1% (v/v) antibiotics and grown overnight while shaking at 37°C. Transfer
the bacteria suspension into a conical flask containing 200 ml of LB medium supplemented
with 1% (v/v) antibiotics and continue growing for another day while shaking at 37°C. Finally,

the suspension was then aliquoted into 50 ml falcon centrifuge tubes.

2.23 Dual luciferase luminescence assay

To measure HIF-induced luciferase activity, 8000 cells (A549) were seeded in a white-walled
96-well plate for luminescence measurement using the Dual-Glo luciferase assay system
(Promega). Cells were co-transfected with 5xHRE-luciferase (Firefly) and Renilla luciferase
reporter plasmids at a ratio of 9:1 (i.e., 90 ng Firefly to 9 ng Renilla) using Lipofectamine 2000
transfection reagent (ThermoFisher Scientific) (Shibata et al., 2000). For each time point,
separate 96-well plates were used. Following overnight incubation, the transfection media was
replaced with 75 pl of complete cell culture media and cells were exposed to hypoxia.

Inside the hypoxia chamber, 75 pl of Dual-Glo luciferase reagent, consisting of Dual-Glo
luciferase buffer and Dual-Glo luciferase substrate, was added to the cells. Plates were
incubated inside the chamber for 20 min, after which luminescence readings were taken using
the POLARstar Omega microplate reader. To measure the Renilla luciferase luminescence,
75 pl of Dual-Glo Stop & Glo reagent, comprising of Dual-Glo Stop & Glo Substrate diluted in
Dual-Glo Stop & Glow buffer 1:100 (v/v), was added to the cells. After incubating for 20 min at
RT, luminescence measurements were taken. The ratio of Firefly to Renilla luciferase

luminescence values was calculated across all conditions.
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2.24 Metabolomic analysis

Cells were seeded in 10 cm plastic dishes and left to grow until reaching 90% confluency. The
cell culture media was removed, and cells were washed with 5 ml of ice-cold PBS. Cells were
then fixed in 500 pl ice-cold methanol for 5 min, scraped with a cell scraper, and collected in
1.5 ml Eppendorf microtubes. Cells were then spun down at 17000 x g for 30 min. The DNA
content of the supernatant was measured using a NanoDrop™ spectrophotometer
(ThermoFisher Scientific). The DNA concentration was normalised to the samples with the
lowest concentration (expected range: 50-100 ng/ul, expected variation across samples:
20%). To remove the soluble proteins from the samples, 500 pul of the suspension was passed
through a 10 kD molecular weight cut-off filter (Amicon Ultra, Millipore). Before filtering, the
filters were washed with MiliQ water by centrifugation for 30 min at max speed. Lastly, the
normalised and filtered samples were transferred into Waters Total Recovery autosampler
vials with pre-slit PTFE caps, in which samples were stored at -80°C until the analysis by LC-
MS. Moreover, before freezing, a quality control (QC) sample was also prepared by mixing

equal volumes from all samples (10-20 pl).

2.25 FL-1 glutathione assay

Cells were seeded (8000/well) in clear, flat-bottomed 96-well plates (white-walled), with a final
volume of 100 uL per well and allowed to adhere overnight. Each treatment condition was
performed in triplicate. N-Acetylcysteine (NAC, 2 mM) and N-Ethylmaleimide (NEM; 200 uM)
were used as controls and incubated with the cells for 6 h. 1 h before hypoxia treatment was
complete, FL-1 (10 uM) was added to each well, and the contents of the well were mixed
(Twigger et al., 2024). Following the incubation, the fluorescence was measured (excitation

485 nm, emission 520 nm) (POLARstar plate reader, BMG LabTech).

2.26 Statistical analysis
All statistical analysis in this thesis was performed with GraphPad Prism 10 software (version

10.6.1, GraphPad Software Inc.). The type of statistical test implemented is highlighted in the
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legend of each figure. Statistical significance was assigned to comparisons with p values of
less than 0.05 (*p < 0.05; **p < 0.01; ***p <0.001; ****p < 0.0001). Unless indicated otherwise,
error bars in result figures represent mean of three biological replicates + standard error of the

mean (SEM).
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Chapter 3: Hypoxic regulation of PHGDH and the effect of its loss on

cell metabolism

3.1 Introduction

Lung cancer remains the leading cause of global cancer-related mortality, responsible for
approximately 1.8 million deaths in 2022 (J. Zhou et al., 2024). As for most solid tumours,
hypoxia is a common characteristic of lung cancers. The hypoxic nature of lung cancer TME
has been linked to therapy resistance (Falk et al., 1992; McKeown, 2014). Specifically, hypoxic
lung tumours were shown to have enhanced resistance to radiotherapy, chemotherapeutic
agents such as cisplatin, and EGFR tyrosine kinase inhibitors, including gefitinib (Y. Liu et al.,
2010; Minakata et al., 2012; Wohlkoenig et al., 2011).

To assess the prevalence and transcriptional consequences of hypoxia in patient cohorts,
several gene expression-based hypoxia signatures have been developed and validated
across tumour types. These include the Winter metagene (99 genes), the Buffa metagene (51
genes), the Ragnum signature (32 genes), and the West classifier (26 genes). The West 26-
gene signature was taken forward for patient stratification in the NIMRAD trial, indicating the
clinical potential of these metagenes (Buffa et al., 2010; Eustace et al., 2013; Salberg et al.,

2022; Thomson et al., 2024; Winter et al., 2007).

Limited oxygen availability in the TME is also known to drive changes in the cellular metabolic
landscape. Hypoxic cancer cells shift from oxidative phosphorylation to glycolysis and
reprogram carbon metabolism, including increased reliance on glutamine for citrate synthesis,
to support growth and survival (Warburg, 1925; Wise et al., 2011). These metabolic changes
are primarily driven by HIF-1 signalling. In addition to HIF-signalling, exposure to
radiobiological hypoxia (<0.1% O>) leads to the activation of the UPR pathway (Koumenis et
al., 2002; Ramachandran et al., 2021; Rzymski et al., 2010). Notably, ATF4, a key
transcriptional regulator of the UPR, has been shown to regulate the SSP under cadmium-

induced autophagy conditions (E. Zhao et al., 2016).
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Although HIF-1 signalling coordinates the broader metabolic response to hypoxia, its direct
regulation of PHGDH remains poorly defined. Nonetheless, indirect evidence points to a
potential link, as HIF-1a has been shown to induce SHMT2, the mitochondrial enzyme
responsible for serine-to-glycine interconversion, under hypoxic conditions (Ye et al., 2014).
Also, HIF-1 stabilisation under serine deprivation has been reported to upregulate SSP gene
expression in glioblastoma cells, with HREs identified in the promoters of PHGDH, PSAT1,
and PSPH (Yun et al., 2023). Whether hypoxia directly drives PHGDH induction in lung cancer
cells, and through which mechanism, has not been established.

Serine synthesis has been studied extensively and was found to play a critical role in 1C
metabolism, redox homeostasis and others (Labuschagne et al., 2014). Alongside SSP,
extracellular serine availability is another regulatory factor that must be considered.
Extracellular serine is a known regulator of PHGDH expression through PKM2-mediated
feedback on 3-PG flux (Chaneton et al., 2012).

This chapter investigates the regulation of PHGDH under hypoxia and the metabolic
consequences of its loss. Specifically, different oxygen levels and HIF-1-deficient models were
used to examine the mechanisms underlying PHGDH induction. Additionally, knockout cell

lines were generated to investigate the effect of PHGDH on metabolic rewiring.

Specific aims:

e Study the mechanism of PHGDH induction in hypoxia.

Investigate the oxygen dependency of PHGDH expression.

Determine the effect of extracellular serine levels on PHGDH expression.

Generate and validate PHGDH CRISPR Cas9 knockout cell lines.

Characterise the metabolic changes following loss of PHGDH.
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3.2 Results

3.21

PHGDH is amplified in lung cancer patients

To investigate the potential relationship between the expression of the SSP and hypoxia in

lung cancer, we begin by examining the expression of PHGDH, PSAT1, and PSPH in normal

tissue versus in tumours. Based on available TCGA data, in lung squamous cell carcinoma

(LUSC) patients, all three SSP genes showed significantly higher expression in tumour versus

normal tissue, whilst in lung adenocarcinoma (LUAD) patients, only PSAT1 was significantly

different (Figure 3.1A, B).
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Figure 3.1 Expression of SSP genes in normal versus tumour tissues of TCGA lung cancer
patients. A. Expression levels of PHGDH, PSAT1, and PSPH in TCGA LUSC patient tumour (n=486)
and normal (n=50) tissue samples. B. Expression levels of PHGDH, PSAT1, and PSPH in TCGA LUAD
patient tumour (n=483) and normal (n=59) tissue samples. The Gepia2 expression analysis tool was
used to generate A and B. *p<0.01
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3.2.2 PHGDH expression is positively correlated with Buffa and Winter hypoxia
signatures

Next, we investigated the correlation between the mRNA levels of SSP genes and two

validated hypoxia signatures in the lung using TCGA patient datasets (Buffa et al., 2010;

‘Comprehensive  Genomic Characterisation of Squamous Cell Lung Cancers’, 2012;

‘Comprehensive Molecular Profiling of Lung Adenocarcinoma’, 2014; Winter et al., 2007).

Using both Buffa and Winter signatures, all three SSP genes positively correlated in LUAD

and LUSC patients (Figures 3.2 and 3.3).
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Figure 3.2 Correlation of PHGDH, PSAT1, and PSPH expression with the Buffa hypoxia metagene
signature. Correlation analysis was performed using the correlation analysis tool in GPIA2 software,
based on data retrieved from the TCGA LUSC (n = 486) (A) and LUAD (n = 483) (B) cancer cohorts.
Pearson’s rho correlation coefficient (R) was calculated.

This suggests potential hypoxia-inducibility of the SSP in patients with lung cancer. The
druggable nature of PHGDH and its role as the rate-limiting step of the SSP made it the target
of choice for this study. Pearson correlation analysis revealed that PHGDH mRNA expression
was more strongly associated with both the Buffa (R = 0.24) and Winter (R = 0.34) hypoxia
signatures in LUAD compared to LUSC (R = 0.10 and R = 0.13, respectively). As a result,

LUAD was selected as the primary tumour model for subsequent analyses. Stronger
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correlation in adenocarcinoma patient data indicates that hypoxia-driven regulation of PHGDH

may be more prominent in LUAD than in LUSC.
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Figure 3.3 Correlation of PHGDH, PSAT1, and PSPH expression with the Winter hypoxia
metagene signature. Correlation analysis was performed using the correlation analysis tool in GPIA2
software, based on data retrieved from the TCGA LUSC (n = 486) (A) and LUAD (n = 483) (B) cancer
cohorts. Pearson’s rho correlation coefficient (R) was calculated.

Based on TCGA data, PHGDH was also found to be altered in approximately 10% of non-
small cell lung cancer (NSCLC) patients, indicating its significance in this cancer type
compared with other cancers (Figure 3.4). For perspective, KRAS is the third most frequently
mutated gene in NSCLC patients, with an alteration rate of 14.5% (C. Liu et al., 2023). Based
on these findings, the A549 lung adenocarcinoma cell line was selected as the primary model

for subsequent investigations of PHGDH.
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Figure 3.4 Alteration frequency of the PHGDH gene in TCGA cancer types. TCGA samples
containing mutations and CNA (2683 samples, 2565 patients) were used for the analysis. The figure
was generated using the cBioPortal software (Aaltonen et al., 2020; Cerami et al., 2012; de Bruijn et
al., 2023; J. Gao et al., 2013).

3.2.3 PHGDH is induced both at the mRNA and protein level in hypoxia (<0.1% O-)

To study the impact of hypoxic conditions on PHGDH expression in vitro, PHGDH mRNA levels
were quantified following exposure to <0.1% O, using RT-qPCR. A significant increase of
approximately 2 to 3-fold in PHGDH mRNA was observed following 16 h of hypoxia exposure
(Figure 3.5A). Hypoxic conditions were validated by measuring CAIX mRNA levels alongside
PHGDH. As expected, CAIX showed a significant increase in expression throughout the time
course (Figure 3.5B). H460, a large cell lung carcinoma, was used as a second cell line to
confirm the observations. In H460, PHGDH levels were increased compared to normoxia
(Figure 3.5C). However, the kinetics of induction appeared to be different. In contrast to
significant induction in mRNA only at 16 h of hypoxia induction in A549, H460 cells had
approximately a 5-fold increase in PHGDH mRNA levels after 4 h of hypoxia. Hypoxic
conditions were again validated for H460 by measuring the mRNA levels of CAIX. Similar to
A549, CAIX levels were elevated in H460 cells alongside PHGDH (Figure 3.5D). Overall,

these results show PHGDH to be hypoxia-inducible at the mRNA level in both cell lines.
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Figure 3.5 The effect of hypoxia (<0.1% O2) exposure on PHGDH mRNA expression levels. A549
cells were exposed to <0.1% Oz for 0-24 h, as stated. PHGDH (A) and CAIX (B) mRNA levels were
measured using RT-qPCR. H460 cells were exposed to <0.1% Oz for 0-24 h, as stated. PHGDH (C.)
and CAIX (D) mRNA levels were measured using RT-qPCR. Error bars combined with individual dots
represent mean + SEM (n = 3). Absence of error bars illustrates results from one biological replicate
(n=1). For statistical analysis, a two-tailed Student’s t-test was used. *p<0.05, **p<0.01. Absence of
statistical testing represents a non-significant difference.

Next, we investigated the effect of <0.1% O, on PHGDH using western blotting. Consistent
with the mRNA changes observed previously, PHGDH showed a significant increase in protein
levels in A549 cells (Figure 3.6A, B). Interestingly, PHGDH protein and mRNA levels showed
distinct induction kinetics in A549 cells under hypoxia. While mRNA upregulation was only
significant after 16 h, protein levels were already significantly elevated at 4 h, suggesting that
PHGDH protein accumulation precedes transcriptional induction. Additionally, a western blot
for PHGDH was performed in H460 cells, where no significant increase in protein levels was

observed after 24 h of hypoxia (Figure 3.6C, D). However, baseline PHGDH protein levels
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were higher in H460 cells than in A549 cells, suggesting that the hypoxia inducibility of PHGDH

may depend on baseline expression levels.
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Figure 3.6 The effect of hypoxia (<0.1% Oz) exposure on PHGDH protein levels. A549 (A, B) and
H460 (C, D) cells were exposed to <0.1% O2 for 0-24 h, as indicated, followed by western blotting for
PHGDH, HIF-1a and B-actin as a loading control. Quantification of changes in PHGDH are shown. Band
intensities were normalised to the B-actin loading control. Error bars represent mean + SEM, and
individual dots represent independent biological replicates (n = 3). For statistical analysis, a two-tailed
Student’s t-test was used. *p<0.05, **p<0.01. Absence of stars represents a non-significant difference.
To further understand the induction mechanism of PHGDH, the effect of milder hypoxia (2%
0O2) exposure was also explored. Initially, the effect on protein levels was investigated at 2%
O.. Similarly to <0.1% Oz conditions, exposure to 2% O- led to a significant, 2-fold increase in
PHGDH protein levels after 4 h of exposure (Figure 3.7A, B). However, when measuring the
MRNA levels under 2% O, no statistically significant induction of PHGDH mRNA expression
was observed (Figure 3.7C). This contrasts with the significant induction previously observed

at <0.1% O.. Together, these results suggest an unusual, oxygen-dependent mechanism of

induction for PHGDH gene expression.
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Figure 3.7 The effect of 2% 02 exposure on PHGDH protein and mRNA levels. A. A549 cells were
exposed to 2% O2 for 0-24 h, as indicated, followed by western blotting for PHGDH, HIF-1a. and B-actin
as a loading control. B. Quantification of changes in PHGDH from western blots done on A549 cells.
Band intensities were normalised to B-actin loading control. C. A549 cells were exposed to 2% O2 for
0-24 h, as shown. PHGDH mRNA levels were measured using RT-gPCR. Error bars represent mean +
SEM, and individual dots represent independent biological replicates (n = 3). For statistical analysis, a
two-tailed Student’s t-test was used. *p<0.05, **p<0.01, ***p<0.001. Absence of stars represents a non-
significant difference.

3.2.4 Hypoxia leads to an increase in nuclear PHGDH

Although predominantly a cytoplasmic enzyme, PHGDH has recently been identified to
perform a non-canonical role in the nucleus. Specifically, in glucose-starved cells, PHGDH
was shown to translocate into the nucleus, where it acts as an indirect inhibitor of PARP1 by
competing for NAD+ (C. Ma et al., 2021). We investigated the possibility of hypoxia (<0.1%
0O3) acting similarly to the absence of glucose. To this end, we performed a cellular fractionation
experiment, separating the nuclear and cytosolic fractions. Based on the earlier observations
showing high baseline PHGDH expression in H460 cells, this cell line was selected as the

experimental model to ensure the detectability of nuclear PHGDH by western blotting. Both
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short (8 h) and prolonged (24 h) hypoxia timepoints were used in the experimental design.
Although no significant changes in nuclear PHGDH were observed at 8 h in hypoxia, after 24
h of exposure to <0.1% O, PHGDH levels in the nucleus increased around 6-fold (Figure 3.8).
Glucose deprivation (24 h) was used as a positive control and increased nuclear PHGDH
levels comparable to those observed under hypoxic conditions. As expected, PHGDH was
mainly detected in the cytoplasmic fraction. The nuclear accumulation of PHGDH under

hypoxia raises the possibility of a nuclear function for this enzyme.
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Figure 3.8 Hypoxia leads to an increase in nuclear PHGDH. A. Cellular fractionation of H460 cells
in hypoxia (<0.1% Oz, timepoints indicated) and glucose-deprived media (24 h) was performed. Awhole
cell lysate (WCL) control was included. Lamin B1 and B-tubulin were used as loading controls for
nuclear (N) and cytoplasmic (C) fractions, respectively. B. Quantification of changes in PHGDH from
the nuclear fractionation western blot. Band intensities were normalised to B-actin loading control. Error
bars represent mean + SEM, and individual dots represent independent biological replicates (n = 3).
For statistical analysis, a two-tailed Student’s {-test was used. *p<0.05, **p<0.01, ***p<0.001. Absence
of stars represents a non-significant difference.

3.2.5 The mechanism of PHGDH induction in hypoxia

To further investigate the unexpected induction pattern of PHGDH under hypoxia, we first
examined the role of HIF-1 signalling. First, we measured PHGDH mRNA levels in HIF-1a
wild-type and knockout RKO colorectal carcinoma cells. Both WT and KO cells were exposed
to 0.1% and 2% O conditions (16 h). This time point was selected because, in radiobiological
hypoxia, a significant increase in PHGDH mRNA levels was observed at 16 h of exposure. In
HIF-1oo WT cells, the induction of PHGDH mRNA was observed at <0.1% but not at 2% O:

(Figure 3.9A). The induction levels in RKO cells were comparable to the increase observed
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in A549 cells. The loss of HIF-1a. led to a significant decrease in PHGDH expression at <0.1%
O2. However, PHGDH mRNA levels were still significantly higher compared to the normoxic
HIF-1a KO cells. In contrast, CAIX showed significant induction under both <0.1% and 2% O-
in RKO WT cells (Figure 3.9B), and unlike PHGDH, the hypoxia-mediated induction was

completely abrogated in KO cells under both oxygen levels.
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Figure 3.9 HIF-1a-dependent transcriptional regulation of PHGDH in response to hypoxia. HIF-
1o wild-type and knock-out RKO cells were exposed to 21, 2, or <0.1% O2 for 16 h and PHGDH (A)
and CAIX (B) expression levels were determined using RT-qgPCR. Error bars represent mean + SEM,
and individual dots represent independent biological replicates (n = 3). For statistical analysis, a two-
tailed Student’s t-test was used. *p<0.05, **p<0.01, ***p<0.001. Absence of stars represents a non-
significant difference.

Due to the availability of cDNA samples, PHGDH mRNA levels were determined in MDA-MB-
231 breast cancer cell lines with transiently knocked down HIF-1p. Depletion of HIF-13
effectively reduces both HIF-1 and HIF-2-mediated signalling. In MDA-MB-231 cells, PHGDH
levels were increased after 16 h of exposure to <0.1% O: (Figure 3.10A). However, no
induction in 2% O, was observed in scramble control cells. The knockdown of HIF-1$ reduced
PHGDH mRNA to baseline, normoxic levels. Similar to A549 cells, in MDA-MB-231 cells, CAIX
was induced under <0.1% and 2% O, as expected of a HIF-1 target gene (Figure 3.10B).

Together, these data show that PHGDH expression, although HIF-1-dependent, does not

follow a classical induction pattern observed in other HIF-1-regulated genes.
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Figure 3.10 HIF-1B-dependent transcriptional regulation of PHGDH in response to hypoxia.
Scramble and HIF-1p siRNA knockdown MDA-MB-231 cells were exposed to 21, 2, or <0.1% Oz for 16
h and PHGDH (A) and CAIX (B) expression levels were determined using RT-gPCR. Bars represent
median fold change. Absence of error bars illustrates results from one biological replicate (n=1). The
siRNA knockdown experiment was performed by Dr Chumin Zhou.

The UPR is a well-characterised pathway induced following exposure to <0.1% O but not in
milder levels of hypoxia (Ramachandran et al., 2021). Based on this, the residual expression
of PHGDH in HIF-1a KO cells under <0.1% O could be attributed to regulation by UPR in
addition to HIF. This hypothesis is supported by a recent study that demonstrated that PHGDH
was induced by the PERK-ATF4 arm of the UPR pathway (Y. Yang et al., 2024). However, this
link between the UPR and SSP was established in the context of Cadmium (Cd)-induced
autophagy rather than hypoxia. Subsequently, we explored the role of UPR in PHGDH
expression regulation under hypoxia using the AMG PERK 44 inhibitor (Smith et al., 2015).
Cells were exposed to 16 h of <0.1% and 2% O, and fold change in PHGDH mRNA levels
was determined. Due to the UPR being induced solely at <0.1% O, milder hypoxic (2% O3)
samples were not treated with the inhibitor. Like previous observations, PHGDH mRNA was
again induced under <0.1% Oz exposure but not 2%. This induction was completely reversed
in the cells treated with the PERK inhibitor in hypoxia (<0.1% O.) (Figure 3.11A). This PERK-
dependent induction suggests PHGDH could be regulated by ATF4 in hypoxia (<0.1% O-). To
support these observations, the expression levels of ATF4 and CAIX were measured under
the same experimental conditions. This pattern of PHGDH induction was similar to the ATF4

expression (Figure 3.11B). However, as expected CAIX showed increased mRNA levels at
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<0.1% as well as 2% O., and the hypoxia-mediated induction was not affected by the treatment

with PERK inhibitor (Figure 3.11C).
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Figure 3.11 Assessment of UPR-dependent regulation of PHGDH expression in hypoxia. A549
cells were exposed to 21, 2 or <0.1% Oz for 16 h with or without AMG PERK 44 (20 uM). RT-qPCR for
PHGDH (A), ATF4 (B) and CAIX (C) was performed. Error bars represent mean + SEM, and individual
dots represent biological replicates (n = 3). For statistical analysis, a two-tailed Student’s t-test was
used. *p<0.05, **p<0.01, ***p<0.001. Absence of stars represents a non-significant difference.

To be regulated by either HIF-1 or PERK-ATF4 signalling, transcription factor (TF) binding
sites at the promoter/enhancer regions of PHGDH are required. To look for potential hypoxia-
responsive elements (HREs) and ATF4 binding sites, the eukaryotic promoter and JASPAR
CORE databases were used. These resources provide curated TF binding profiles, which
enable prediction of HREs and ATF4-binding motifs (Dreos et al., 2017). Both HIF and ATF4-
binding sequences were found 800 to 1200 bp upstream of the PHDGH transcription start site
(TSS) (Figure 3.12). These, although being out of the promoter region, can qualify as
enhancer-specific transcription factors. Together, these data show that PHGDH is regulated
by PERK/ATF4 and HIF-1 in hypoxia (<0.1% O2). HIF-1-regulation, however, is oxygen-
sensitive and is not evident at milder hypoxia (2% Oz). CHIP-Seq for ATF4 and HIF-1a would

be necessary to confirm the binding of these TFs to the promoter/enhancer region of PHGDH.
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Figure 3.12 Predicted transcription factor binding sites. A, B. The positions of hypoxia-responsive
elements (HRE) (A) and ATF4-binding domains (B) were determined using the Eukaryotic Promoter
Database (p-value cutoff, 0.0001). The illustrated transcription factor binding motifs are from the
JASPAR CORE database (Dreos et al., 2017).
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3.2.6 PHGDH induction under physiological and serine/glycine-deprived conditions

In addition to de novo synthesis, serine can be imported into the cell via the alanine-serine-
cysteine transporters 2 and 1 (ASCT2/1) (Arriza et al., 1993; Utsunomiya-Tate et al., 1996).
As part of our investigation into factors and mechanisms influencing PHGDH expression, we
investigated the role of extracellular serine levels on the expression of PHGDH. To this end,
western blot analysis was conducted following exposure of A549 cells to media containing
physiological serine levels (HPLM) or no serine (MEM) (Figure 3.13A, Table 7.1). When cells
were cultured in HPLM, PHGDH protein levels increased significantly 1.5 to 2 times after 24 h

(Figure 3.13B, C).
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Figure 3.13 The effect of extracellular serine on PHGDH induction. A. The levels of serine (uM) in
each of the media used compared to normal plasma (Wishart et al., 2012). B. A549 cells were exposed
to HPLM for 0-24 h, as indicated, followed by western blotting for PHGDH and B-actin as a loading
control. C. Quantification of changes in PHGDH from western blots done in HPLM. Band intensities
were normalised to -actin loading control. D. A549 cells were exposed to MEM for 0-24 h, as indicated,
followed by western blotting for PHGDH and B-actin as a loading control. E. Quantification of changes
in PHGDH from western blots done in MEM. Band intensities were normalised to B-actin loading control.
Error bars represent mean + SEM, and individual dots represent independent biological replicates (n =
3). For statistical analysis, a two-tailed Student’s t-fest was used. *p<0.05, **p<0.01, ***p<0.001.
Absence of stars represents a non-significant difference.
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When completely deprived of extracellular serine, PHGDH increased significantly after 8 h and
was 3 times higher after 24 h (Figure 3.13D, E). Overall, these findings show PHGDH levels
to be sensitive to extracellular serine levels in addition to hypoxia, indicating elevated SSP

activity in response to the limited availability of the amino acid.
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3.2.7 Generating and validating PHGDH CRISPR-Cas9 knockouts

To understand the role of PHGDH in regulating cellular function and metabolism, PHGDH was
knocked out from A549 cells using CRISPR-Cas9. Following knockout, three clones were
selected based on the confirmed absence of the PHGDH protein using western blotting
(Figure 3.14A). The knockout status of all selected clones was further confirmed using Sanger
sequencing. The amplification of the genetic region around exon 2 of the PHGDH gene, which

was targeted by the gRNA, showed 100% knockout efficiency in all three clones (Figure 3.14

B-D).
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Figure 3.14 Validation of PHGDH KO clones using Sanger sequencing. A. Loss of PHGDH in A549
cells was confirmed by western blotting using lysates from parental and 3 PHGDH KO clones. B-actin
was used as a loading control. B-D. ICE (interference of CRISPR edits) analysis of CRISPR-Cas9
edited A549 cells. Discordance between Sanger sequencing traces from an unedited parental control
(orange) and the CRISPR-edited (green) cells plotted across the amplicon. The alignment and
interference windows are indicated. The ICE regression score (R?) is shown.

Following validation of the KO clones, the effect of PHGDH absence on cell proliferation was

examined. Parental control and PHGDH KO cells were cultured in media with different serine
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levels, and cell numbers were measured daily. When cultured in DMEM, i.e. excess
extracellular serine, no significant differences in proliferation rates were observed between
parental and PHGDH KO clones over 7 days (Figure 3.15A). Similarly, culturing cells in HPLM
did not influence the proliferation rate of the PHGDH KO cells compared to the parental
controls (Figure 3.15B). However, when exposing cells to serine/glycine-free conditions
(MEM), PHGDH KO cells showed a significant reduction in proliferation rates (Figure 3.15C).
In conclusion, three PHGDH-null clones were generated and validated, with impaired cell

proliferation observed only under extracellular serine and glycine deprivation.
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Figure 3.15 The effect of PHGDH on cell proliferation. A. Proliferation of parental and PHGDH KO
cells was measured over 7 days of growth in DMEM at 21% O.. Fold change relative to the first day
post-seeding was calculated. B. Proliferation of parental and PHGDH KO cells was measured over 7
days of growth in HPLM. Fold change relative to the first day post-seeding was calculated. C.
Proliferation of parental and PHGDH KO cells was measured over 7 days of growth in MEM. Fold
change (FC) relative to the first day post-seeding was calculated. Error bars represent mean + SEM,
and individual dots represent independent biological replicates (n = 3). For statistical analysis, a two-
tailed paired Student t-test was used. *p<0.05
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To separate PHGDH-dependent effects from broader metabolic influences, proliferation was
assessed across different media conditions in both parental control and PHGDH KO cells. In
Con cells, growth varied markedly with media composition, with the highest proliferation
observed in DMEM. Despite cells showing similar growth rates in HPLM until day 5, the growth
plateaued afterwards. The proliferation rate of cells grown in MEM was significantly lower than
in the other two media (Figure 3.16A). A similar overall pattern was observed in PHGDH KO
cells, indicating that media composition alone strongly influences proliferation independent of
PHGDH status (Figure 3.16B).
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Figure 3.16 Effects of PHGDH knockout on cell proliferation across different culture media. A,
B. Parental control (Con) (A) and PHGDH knockout (KO) (B) cells were cultured over 7 days in three
media conditions: DMEM, HPLM, and MEM. Cell proliferation was assessed by quantifying FC cell
number at the indicated time points. Fold change (FC) relative to the first day post-seeding was
calculated. Error bars represent mean + SEM, and individual dots represent independent biological
replicates (n = 3). For statistical analysis, a two-tailed paired Student t-test was used. *p<0.05
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3.2.8 Characterising the metabolic changes in PHGDH KO cells

PHGDH functions as a central enzyme in the SSP, and its loss is expected to induce broad
changes in cellular metabolism. To capture these alterations, we conducted an untargeted
metabolomic analysis of PHGDH KO and wild-type cells. The initial statistical analysis of the
IC-MS study showed a clear, distinct metabolic phenotype in Con and KO cells. Hierarchical
clustering analysis demonstrated that samples cluster according to the genotype, with control
and PHDGH KO samples forming distinct branches (Figure 3.17A). Moreover, principal
component analysis (PCA) also showed a clear segregation between parental control and
PHGDH KO samples along the principal component 1 (PC1). The latter accounted for 37.5%
of the total variance (Figure 3.17B). All replicates within each group clustered tightly together,
suggesting good reproducibility and distinct metabolic changes following the knockout of

PHGDH.
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Figure 3.17 Statistical summary IC-MS analysis on PHGH Con and KO cells. A. hierarchical
clustering dendrogram based on all compound features for parental control (Con) and PHDGH KO cells.
B. Unsupervised PCA scores plot (median-centred, log-transformed, Pareto-scaled data) based on all
compound features. PCA ellipses represent the 95% confidence interval for each group, and consistent
clustering is observed across biological replicates in both analyses.

114



Detailed analysis of the clustered metabolic data revealed that a substantial proportion of
intracellular metabolites were present at lower relative abundance in PHGDH KO samples
compared to parental controls. However, a distinct subset of metabolites was also identified
that showed increased relative abundance in PHGDH KO cells (Figure 3.18). These
differences were again consistent across the experimental replicates, with metabolites
exhibiting a coordinated pattern of either reduction or accumulation in control and KO groups.
Such bidirectional changes indicate a clear shift in the global metabolic landscape following
the loss of PHGDH.
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Figure 3.18 Metabolomic analysis of parental control and PHGDH KO cells. IC-MS metabolomics
heatmap showing z-scored relative metabolite abundances in parental control (Con) and PHGDH KO
A549 cells grown in normoxia (21% Oz), with metabolites hierarchically clustered and samples grouped
by condition. Clusters with down- and upregulated metabolites in PHGDH KO cells are highlighted.
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Glycolysis serves as the main source of carbon for the SSP (Figure 3.19A); in fact, around
15% of the carbon flux generated from glycolysis passes through the SSP (W. Zhang et al.,
2017). In this context, glycolytic intermediates such as pyruvate and lactate were among the
significantly upregulated metabolites in PHGDH KO cells, indicating elevated glycolysis

(Figure 3.19B).
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Figure 3.19 Metabolic changes resulting from the knockout of PHGDH. A. Schematic
representation of glycolysis and SSP. Imported serine is highlighted in blue. B. Volcano plot of detected
metabolites that significantly changed in PHGDH KO cells. Logz fold change is plotted against —log1o
adjusted p-value. Horizontal dashed line indicates significance thresholds (adjusted p-value <0.05).
Significantly increased (red) and decreased (blue) metabolites are shown, with selected metabolites
annotated. C, D. Comparisons of the levels of O-Phosphoserine (C), NADH (D) between parental
control and PHGDH KO cells under normoxia (21% Oz). ***p<0.001, **p<0.01
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Total serine levels detected by the IC-MS analysis cannot be used as an indicator for the SSP
due to the import of serine from the media. Instead, O-phosphoserine (SSP intermediate)
levels are used to evaluate the effect of PHGDH KO on SSP. As expected, O-phosphoserine
was among the most markedly downregulated metabolites in PHGDH KO cells (Figure
3.19C). This confirms the disruption of the SSP in our PHGDH CRISPR-Cas9 KO cells. As an
additional validation of disrupted SSP function, levels of NADH were investigated. NADH is
the reduced form of the PHGDH co-factor NAD+, which as expected, was significantly lower
in the KO cells (Figure 3.19D).

SSP plays a crucial role in providing substrates for 1C metabolism and facilitating nucleotide
synthesis (Locasale et al., 2011b). Consistent with this, our findings revealed alterations in
nucleotide-related metabolites in PHGDH KO cells. Following functional enrichment analysis
using the KEGG pathway database, the purine synthesis was identified as the most
significantly enriched pathway (Figure 3.20A). A more detailed look into specific metabolite
levels showed both adenosine (AMP) and guanosine monophosphate (GMP) levels to be
lower in PHGDH KO cells (Figure 3.20B, C). Additionally, uric acid levels, an indicator of
purine catabolism, were significantly elevated in PHGDH knockout cells compared to the
parental control, indicating increased purine turnover and a shift toward purine breakdown

relative to de novo synthesis (Figure 3.20D).
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Figure 3.20 The effect of PHGDH KO on purine metabolism. A. Ungated pathway analysis for
parental and PHGDH KO A549 cells based on the KEGG Pathway Database. B, C, D. Comparisons of
the levels of adenosine monophosphate (AMP, B), guanosine monophosphate (GMP, C), and uric acid
(D) between A549 and PHGDH KO cells under normoxia (21% Oz). **p < 0.01 **** p < 0.0001
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Interestingly, the opposite effect was observed in pyrimidine synthesis, which was increased,
unlike purines. Levels of thymidine 5-phosphate (TMP), cytidine diphosphate (CDP) and
uridine 5’-diphosphate (UDP) were significantly upregulated in PHGDH KO cells compared to
A549 parental control cells (Figure 3.21). Overall, these data confirm that loss of PHGDH
results in significant changes in the metabolic landscape of lung cancer cells, including

pathways such as glycolysis and nucleotide synthesis.
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Figure 3.21 The effect of PHGDH KO on pyrimidine synthesis. A, B, C. Comparisons of the levels
of thymidine 5’-phosphate (TMP, A), cytidine diphosphate (CDP, B), and uridine 5’-diphosphate (UDP,
C) between A549 and PHGDH KO cells under normoxia (21% O2). **** p < 0.0001
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3.3 Discussion

Here, we investigated the relationship between the de novo SSP and hypoxia in the context
of lung cancer. Particular emphasis was placed on the rate-limiting enzyme PHGDH.

The initial analysis of TCGA datasets showed amplification and overexpression of PHGDH in
lung cancer patients. Additionally, PHGDH mRNA levels positively correlated with established
hypoxia signatures. We demonstrated that PHGDH is hypoxia-inducible both at the mRNA
and protein level. However, PHGDH protein levels were induced before any changes were
observed in mMRNA. There can be few biological explanations behind this observation. First,
reduced degradation rates of PHGDH can lead to an increase in protein levels at <0.1% and
2% O2. E3 ubiquitin ligase RNF5 was discovered to be essential in PHGDH degradation. The
acetylation of PHGDH at K58 residue was found to disrupt the interaction between RNF5 and
PHGDH, preventing its degradation and leading to protein accumulation. Proteins Tip60 and
SIRT2 mediate the reversible acetylation and subsequent increase in PHGDH (C. Wang et al.,
2020). Lower acetylation rates of PHGDH in hypoxia could potentially lead to reduced protein
degradation. This hypothesis could be tested by measuring changes in PHGDH stabilisation
(half-life) in normoxia and hypoxia using cycloheximide (CHX). Another possibility for earlier
increase in PHGDH protein levels can be enhanced translation of pre-existing PHGDH mRNA.
Although hypoxia is associated with reduced rates of protein synthesis, a subset of mMRNAs
are selectively translated (Young et al., 2008). Additionally, in H460 cells, unlike A549, no
significant increase was observed in protein levels, despite mMRNA appearing to be elevated
in <0.1% O.. Other well-characterised hypoxia-regulated proteins, such as VEGF, also showed
such baseline-dependent inducibility patterns. Specifically, in breast cancer cell lines with the
highest basal levels of VEGF, the hypoxic induction was moderate. This was not the case for
the lines with the lowest initial levels of VEGF, which showed the strongest induction (Blancher
et al., 2015).

PHGDH expression was significantly lower in HIF-1a. KO cells, indicating the HIF-1-

dependency at <0.1% O.. At the same level of hypoxia, PHGDH mRNA levels were
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significantly reduced in the presence of PERK inhibitor. These data suggest that PHGDH is
co-regulated by the PERK-ATF4 arm of the UPR in addition to HIF at <0.1% O-.

Interestingly, although data suggest that PHGDH is a HIF-1 target, its expression was not
induced at 2% O. A potential model to explain this expression pattern involves the oxygen-
dependency of the hydroxylation pathways, which play key roles in HIF-1a stabilisation and
activity. Specifically, inhibition of the prolyl hydroxylases (PHDs) occurs at relatively higher
oxygen levels, allowing HIF-1a stabilisation, while Factor Inhibiting HIF (FIH) remains active,
restricting recruitment of p300/CBP and limiting transcription (Tarhonskaya et al., 2015). As
oxygen levels decrease further, FIH activity is progressively lost, permitting full HIF
transcriptional activity and maximal expression of a subset of FIH-sensitive target genes.
Example of such FIH-sensitive, HIF-regulated genes include p21, PPARy and PLAUR (Dayan
et al., 2006). Furthermore, certain chromatin remodelling proteins, such as KDM6A, are direct
oxygen sensors and can change chromatin accessibility and affect HIF binding to the HREs
in an oxygen-dependent manner (A. A. Chakraborty et al., 2019).

Although HIF-1-dependent induction of PHGDH was only observed under severe hypoxia
(<0.1% Oo), its overlap with ATF4 activation does not make HIF redundant. Instead, PHGDH
expression may be regulated by both HIF-1 and ATF4, with full induction occurring when both
transcription factors are active. The co-regulation of PHGDH by both HIF-1 and ATF4 suggests
that de novo serine synthesis is prioritised specifically under severe hypoxia, when both
pathways converge. Additionally, neutral amino acid transporters such as SLC1A5, capable of
extracellular serine import, were shown to be regulated by ATF4 (Z. Zhou et al., 2025).
Importantly, the same transporter was also shown to be induced in hypoxia, although regulated
by HIF-2 signalling rather than HIF-1 (H. C. Yoo et al., 2020). Together, this suggests that
hypoxic cells coordinate serine availability through parallel transcriptional mechanisms. While
de novo synthesis is driven by HIF-1 and ATF4 acting on PHGDH, extracellular serine import
appears governed by a distinct HIF-2-dependent pathway. This is consistent with the

observation that low extracellular serine availability induces PHGDH expression, suggesting
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a positive feedback loop in which the nutrient-restricted hypoxic TME further drives de novo
serine synthesis.

In summary, we aimed to characterise the regulation of PHGDH under hypoxia and the
metabolic consequences of its loss. PHGDH was confirmed to be hypoxia-inducible at both
mRNA and protein levels, with transcriptional induction restricted to severe hypoxia (<0.1%
O32). This was consistent with co-regulation by HIF-1 and PERK-ATF4, with predicted binding
sites identified in the PHGDH enhancer region. PHGDH expression was also shown to
increase under extracellular serine restriction. Three validated CRISPR-Cas9 knockout clones
were generated, and metabolomic profiling revealed disruption of the SSP, elevated glycolysis,

impaired purine synthesis, and a compensatory increase in pyrimidine metabolism.
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Chapter 4: The effect of hypoxia and serine availability on
radioresistance in the absence of PHGDH

4.1 Introduction

Radiobiological hypoxia (<0.1% O.) confers marked resistance to ionising radiation, quantified
by the oxygen enhancement ratio (OER). The OER is defined as the ratio of radiation dose
required in hypoxia versus normoxia to achieve equivalent cell kill, with values of 2-3.5
characteristic of radiobiological hypoxia. The SSP and PHGDH specifically have emerged as
promising targets to improve response to therapy due to their roles in key metabolic pathways.
We demonstrated that PHGDH is induced in hypoxia. Given the link between hypoxia and
radioresistance, we asked how targeting PHGDH could reduce radioresistance under hypoxia.
Although few studies have examined this question, the impact of PHGDH loss or inhibition on
radiation response, particularly under hypoxic conditions, remains unknown.

The primary mechanism by which targeting the SSP has been proposed to influence
radiosensitivity is through perturbation of intracellular redox balance (Falcone et al., 2022; X.
Liu et al., 2025; Sanchez-Castillo et al., 2024; Van de Gucht et al., 2022). However, most of
these studies either did not investigate the effect of hypoxia or did not consider the impact of
extracellular serine/glycine availability. This is particularly important because commonly used
culture media, such as DMEM or RPMI, contain supraphysiological concentrations of serine,
which cells can import and thereby mask the effects of SSP inhibition (Hennequart et al.,
2021).

To address these limitations, we utilised PHGDH knockout cells and examined the impact of
PHGDH loss on radiosensitivity in both normoxia and hypoxia (<0.1% O3). These experiments
were conducted in three different media: DMEM (high serine), HPLM (physiological serine),

and MEM (no serine).
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Specific aims:
¢ Investigate the effect of PHGDH KO on radiosensitivity in normoxia and hypoxia.
e Examine the effect of extracellular serine on radiosensitivity in parental control and
PHDGH KO cells.
¢ Investigate the changes in GSH levels under varying extracellular serine conditions in

cells without PHGDH.
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4.2 Results

4.21 The knockout of PHGDH does not increase radiosensitivity in DMEM

Before investigating the role of PHGDH on radiosensitivity, we examined the effect of
extracellular serine and glycine levels on radiosensitivity in A549 cells. To accomplish this,
cells were exposed to increasing doses of radiation (0-8 Gy) in the three different media, and
a colony survival assay was carried out. No significant differences were observed in
radiosensitivity between DMEM and HPLM conditions. However, irradiation in the complete
absence of extracellular serine and glycine (MEM) led to a significant radiosensitisation effect

compared to DMEM or HPLM (Figure 4.1).
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Figure 4.1 The effect of culture media on radiosensitivity. A549 cells were irradiated (0-8 Gy) in
normoxia (21% O2), followed by a colony formation assay. Before and during irradiation, cells were
grown in DMEM, HPLM or MEM. Twenty-four hours after irradiation, all media were replaced with fresh
DMEM. For statistical analysis, survival curves were fitted using a linear—quadratic model and compared
by an extra-sum-of-squares F test. * p<0.05, ****p<0.0001.

Next, we investigated the effect of PHGDH on radiosensitivity. First, radiosensitivity changes
in DMEM were investigated. Before analysing the effect of PHGDH KO in DMEM, the
radioresistance effect due to exposure to hypoxia (<0.1% O-) for 16 h was confirmed using
parental control cells. In DMEM, cells irradiated in hypoxia were significantly more
radioresistant compared to their normoxic counterparts. Moreover, the OER was 2.1, which
confirmed hypoxia (<0.1% O2) at the moment of irradiation (Figure 4.2A). Once the
methodology was validated, the effect of PHGDH KO was analysed. When irradiated under

normoxia, no significant difference was observed between parental control and PHGDH KO

125



Survival fraction

cells (Figure 4.2B). In hypoxia, both control and KO cells showed increased radioresistance

compared to normoxic cells; however, there was no PHGDH-dependent difference (Figure

4.2C).
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Figure 4.2 The effect of PHGDH KO on radiosensitivity in normoxia and hypoxia, in DMEM. A.
A549 (parental) cells were grown in DMEM and exposed to radiation (0-8 Gy) in either normoxia (21%
0O2) or hypoxia (<0.1% O2), and radiosensitivity was determined by colony survival assay. B, C. A549
parental and PHGDH KO cells were irradiated (0-8 Gy) in normoxia (21% Oz, B) and hypoxia (<0.1%
02, C), followed by a colony survival assay. A schematic of the experimental setup is indicated. The
parental control (Con) data in A is the same as B and C. For statistical analysis, survival curves were
fitted using a linear—quadratic model and compared by an extra-sum-of-squares F test. ****p<0.0001.
Absence of stars represents a non-significant difference.

4.2.2 Loss of PHGDH does not increase radiosensitivity in HPLM
Here, cells were incubated in HPLM for 24 h before irradiation and kept in the same media for
an additional 24 h post-irradiation. For the hypoxic condition, cells were exposed to <0.1% O

8 h post-seeding. Following 16 h of hypoxia exposure and irradiation, cells were kept in HPLM
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for another 24 h. Following a total of 48 h incubation in HPLM, cells were swapped back into

DMEM to allow colonies to form.
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Figure 4.3 The effect of PHGDH KO on radiosensitivity in normoxia and hypoxia, in HPLM. A.
A549 (parental) cells were grown in HPLM and exposed to radiation (0-8 Gy) in either normoxia (21%
0O2) or hypoxia (<0.1% O2), and radiosensitivity was determined by colony survival assay. B, C. A549
parental and PHGDH KO cells were irradiated (0-8 Gy) in normoxia (21% Oz, B) and hypoxia (<0.1%
02, C), followed by a colony survival assay. 24 h before and during irradiation, cells were grown in
HPLM. Twenty-four hours after irradiation, all media were replaced with fresh DMEM. A schematic of
the experimental setup is indicated. The parental control (Con) data in A is the same as in B and C. For
statistical analysis, survival curves were fitted using a linear—quadratic model and compared by an
extra-sum-of-squares F test. ****p<0.0001. Absence of stars represents a non-significant difference.

Like the DMEM, hypoxia was again confirmed by calculating the OER37¢. The OER for HPLM
was 2.3, which again validated the significantly increased radioresistance expected in hypoxic
conditions (Figure 4.3A). Under normoxia, at physiological serine and glycine levels, loss of

PHGDH did not lead to any significant changes in radiosensitivity (Figure 4.3B). In hypoxia,
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no significant changes in radiosensitivity were observed between the two lines (Figure 4.3C).
These findings demonstrate that when grown in DMEM or HPLM, there is no PHGDH-

dependent effect on radiosensitivity.

4.2.3 Loss of PHGDH increases radiosensitivity in MEM

To fully understand whether PHGDH can impact radiosensitivity, a colony survival assay was
performed in MEM. As previously, cells were incubated in MEM for 48 hours, irradiated for 24
h in the absence of serine. Hypoxic samples were exposed to 16 h of <0.1% O2 while in MEM.
Like DMEM and HPLM, irradiation under hypoxia was confirmed in MEM by calculating the
OER value, which was 3.4 (Figure 4.4A).

In contrast to media containing serine, PHGDH KO cells irradiated in MEM showed a
significant increase in radiosensitivity under normoxia (Figure 4.4B). Although to a lesser
magnitude, significant radiosensitisation was also observed in PHDGH KO cells compared to
parental controls at <0.1% O (Figure 4.4C). Together, these data indicate that significant
radiosensitisation in cells without PHGDH only occurs when extracellular serine is completely

removed.
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Figure 4.4 The effect of PHGDH KO on radiosensitivity in normoxia and hypoxia, in MEM. A. A549
(parental) cells were grown in MEM and exposed to radiation (0-8 Gy) in either normoxia (21% Oz2) or
hypoxia (<0.1% Oz2), and radiosensitivity was determined by colony survival assay. B, C. A549 parental
and PHGDH KO cells were irradiated (0-8 Gy) in normoxia (21% Oz, B) and hypoxia (<0.1% O2, C),
followed by a colony survival assay. 24 h before and during irradiation, cells were grown in MEM.
Twenty-four hours after irradiation, all media were replaced with fresh DMEM. A schematic of the
experimental setup is indicated. The data in Aiis the same as in B and C. For statistical analysis, survival
curves were fitted using a linear—quadratic model and compared by an extra-sum-of-squares F test.
****p<0.0001.

4.2.4 Loss of PHGDH does not affect the redox balance in the presence of extracellular
serine

A potential mechanism by which inhibition of the serine-glycine synthesis pathway has been

linked to an increase in radiosensitivity is disrupted redox homeostasis. To determine whether

PHGDH loss alone was sufficient to alter the redox balance of the cell, ROS measurements

were conducted in the presence of excess extracellular serine (DMEM). First, intracellular

ROS levels were measured using MitoSOX Red indicator, specifically targeting the
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mitochondrial superoxide. Measurements were conducted in three PHGDH KO clones
alongside the parental control to eliminate the possibility of clonal differences. No significant

change was observed in baseline ROS levels in PHGDH KO cells (Figure 4.5A).
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Figure 4.5 The effect of PHGDH loss on intracellular ROS levels. A. Mitochondrial superoxide was
quantified using the MitoSOX Red indicator in parental control (Con) and three PHGDH KO clones
(KO1-KO3). Fluorescence was measured by flow cytometry and expressed as fold change (FC) in
median fluorescence intensity (MFI) relative to the parental control. Menadione (Mena; 100 uM, 6 h)
and H202 (25 pM, 3 h) were used as positive controls. B. Cell viability was assessed by MTT assay in
parental control (Con) and three PHGDH KO clones (KO1-KO3) following treatment with increasing
concentrations of Ag5 (0, 0.5, and 1 uM). Absorbance values were normalised to the corresponding
untreated condition and expressed as percentage viability. C. Total intracellular reactive oxygen species
(ROS) were quantified using the DCFDA fluorescent probe in parental control (Con) and PHGDH
knockout clones (KO1-KO3) (n = 1). Fluorescence was measured by flow cytometry and reported as
median fluorescence intensity (MFI). Menadione (Mena) was included as a positive control to induce
oxidative stress. Bars represent mean + SEM, and individual dots represent independent biological
replicates (n = 3). For statistical analysis of the MitoSOX experiment two-tailed Student’s t-test was
used. *p<0.05, ***p<0.001. For the Ags MTT, one-way ANOVA was performed. Absence of stars
represents a non-significant difference.

To confirm these results, alternative methods were employed to measure changes in ROS.
Cell viability was assessed following Ag5 treatment, a compound reported to preferentially
reduce viability in cells with elevated ROS levels (Twigger et al., 2024). No significant

differences were observed in cell viability between the parental control and the PHGDH KO

cells, indicating unchanged levels of intracellular ROS (Figure 4.5B). Lastly, total ROS levels
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were measured using the DCFDA probe, which also showed no significant change in PHGDH
KO cells compared to controls (Figure 4.5C). Although preliminary these data support a model
where PHGDH-dependent radiosensitisation only occurs where redox is also changed, which

does not occur in the presence of exogeneous serine.

4.2.5 Serine deprivation drives reduced glutathione levels

We measured GSH to determine whether it reflects the observed changes in radiosensitivity
under varying levels of extracellular serine, both in normoxia and hypoxia. To determine the
GSH levels, a thiol-responsive fluorescent probe (FL-1) was used (Twigger et al., 2024).
Before the measurements, cells were incubated in the respective media for 16 h. Hypoxic
samples were exposed to <0.1% Oz for 16 h.

GSH levels in hypoxia increased significantly in parental control and PHGDH KO cells in
DMEM (pcon = 0.0137; pko = 0.0142), HPLM (pcon = 0.0058; pko < 0.00007 ), and MEM (pcon =

0.0006; pxo= 0.0008) (Figure 4.6).
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Figure 4.6 Loss of PHGDH leads to reduced GSH levels in the absence of extracellular serine.
Parental control and PHGDH KO A549 cells were grown in DMEM, HPLM and MEM for 16 h, under
normoxia (N, 21% Oz2) or hypoxia (H, <0.1% O2, 16 h). Fold change (FC) in GSH levels was calculated
in relation to baseline levels in cells cultured in DMEM under normoxia. N-ethylmaleimide (200 uM) was
used as a negative control. For statistical analysis, a two-tailed Student {-test was performed. *p<0.05,
**p<0.01, ***p<0.001. ns = statistically non-significant difference.

When looking at the PHGDH-dependent changes in GSH levels, no changes in cells cultured

in DMEM were observed in normoxia and hypoxia (Figure 4.6). This result is consistent with
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the ROS measurements shown before. Similarly, when grown in HPLM, GSH levels stayed
unchanged in PHGDH KO cells compared to parental controls at different oxygen levels.
However, in the complete lack of extracellular serine (MEM), GSH levels in PHGDH KO cells
significantly decreased compared to parental control cells. A similar decrease was also
observed in hypoxic samples cultured in MEM. These findings are fully consistent with the
radiosensitivity pattern observed, which makes the lower GSH levels in MEM a potential

explanation behind radiosensitisation in PHGDH KO cells in normoxia and hypoxia.
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4.2.6 Exposure to hypoxia leads to improved survival in PHGDH knockout cells

Analysis of the unirradiated (0 Gy) controls, from colony survival assays (section 4.2.1),
revealed an unexpected oxygen-dependent effect on clonogenic survival. In DMEM and
HPLM, PHGDH KO cells seemed to survive better compared to the parental control cells. To
investigate this further, another colony survival assay was performed, where PHGDH WT and
KO cells were cultured in DMEM and exposed to normoxia and varying levels of hypoxia (2%
and <0.1% O). The survival of cells lacking PHGDH was not affected by the hypoxia, whereas
control cells showed a significant reduction in cell survival at 2% and <0.1% O- (Figure 4.7).
Interestingly, these results suggest that the absence of PHGDH and, subsequently, the de

novo SSP, leads to better adaptation of these cells to hypoxia.
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Figure 4.7 PHGDH KO cells survive better under hypoxia compared to Con cells. A. A549 (Con
and PHGDH KO) grown in DMEM were exposed to hypoxia (<0.1 or 2% O3) for 16 h. Cells were
returned to normoxic conditions and colonies allowed to form. Colony survival is expressed as a
percentage survival fraction relative to the 21% O2 control. B. Representative, stained colony formation
assay plates for parental control and PHGDH KO cells cultured in DMEM under normoxia and hypoxia
(2% O2 and <0.1% Oz2). C. Loss of PHGDH was again confirmed by western blotting of the parental
(Con) and PHGDH KO clones. B-actin as a loading control. Bars represent mean + SEM, and individual

dots represent independent biological replicates (n=3). For statistical analysis, a two-tailed Student’s ¢-
test was used. *p<0.05, **p<0.01.
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To assess the effect of extracellular serine levels on cell survival under hypoxia, the colony
survival assay was repeated using HPLM and MEM. Similar to DMEM, parental cells exhibited
reduced survival under hypoxia, whereas PHGDH KO cells showed no significant change in
HPLM (Figure 4.8A). However, when extracellular serine was completely absent (MEM), both
parental and KO cells showed a significant reduction in cell survival under hypoxia (Figure
4.8B). These findings suggest that under hypoxia, PHGDH-deficient cells adapt more

effectively in DMEM and HPLM; however, this advantage is lost when cells are exposed to

MEM.
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Figure 4.8 PHGDH KO cells survive better under hypoxia compared to Con cells in HPLM but
not in MEM. A, B. A549 (Con and PHGDH KO) grown in HPLM (A) or MEM (B) were exposed to
hypoxia (<0.1% O2) for 16 h. Cells were returned to normoxic conditions, the media was changed to
DMEM after 24 h, and colonies were allowed to form. Colony survival is expressed as a percentage
survival fraction relative to the 21% Oz control. Bars represent mean + SEM, and individual dots
represent independent biological replicates (n = 3). For statistical analysis, a two-tailed Student’s t-test
was used. *p<0.05, **p<0.01. Absence of stars represents a non-significant difference.

To validate the PHGDH dependency of the observed improvement in survival under hypoxia,
PHGDH expression was rescued in knockout cells, and the colony survival assay was
repeated. PHGDH KO cells were transfected with a PHGDH expression construct to restore

expression. The amount of plasmid transfected was optimised to achieve PHGDH expression

comparable to endogenous levels in parental control cells. As a result, 0.3 ug was selected

(Figure 4.9).
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Figure 4.9 PHGDH rescue optimisation in KO cells. PHGDH KO A549 cells were transfected with
the indicated amounts of PHGDH expression vector and lysed for western blotting. -actin as a loading
control.

Following the optimisation, PHGDH was rescued in KO cells to endogenously relevant levels
and a colony survival assay was performed with cells exposed to normoxia and two different
hypoxia levels (2% and <0.1% O.). Cells with restored PHGDH expression showed reduced
cell survival to levels comparable to those of parental control cells (Figure 4.10). Together,
these data confirm the maintained cell survival in hypoxia to be PHGDH-dependent but

independent of extracellular serine and glycine.
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Figure 4.10 The effect of PHGDH overexpression in PHGDH KO cells in hypoxia. A. PHGDH KO1
and KO2 cells expressing an empty vector control or 0.3 ug PHGDH overexpression vector (KO1-2 +
PHGDH) was cultured under normoxia and hypoxia (<0.1 or 2% 0O2) for 16 h. Cells were returned to
normoxic conditions and colonies allowed to form. B. Rescue of PHGDH was confirmed by western
blotting of the parental (Con), PHGDH KO and KO1/2 + PHGDH cells. B-actin as a loading control. Bars
represent mean + SEM, and individual dots represent independent biological replicates (n = 3). For
statistical analysis, a two-tailed Student’'s t-fest was used. *p<0.05, **p<0.01. Absence of stars
represents a non-significant difference.
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4.2.7 Loss of PHGDH does not reduce proliferation rates at <0.1% O-

When analysing the colony survival assay performed in different oxygen levels, differences in
colony diameter were apparent between parental control and PHGDH KO cells in hypoxia. To
investigate whether this difference in colony size reflected an underlying difference in cell
growth rates, a proliferation assay was performed. Cells were grown and counted over 7 days,
and the fold change in cell number was quantified. Pre-treatment of parental controls with
hypoxia (16 h) led to a significant reduction in proliferation rates in DMEM (Figure 4.11A). The
same conditions did not cause any change in proliferation rates in PHGDH KO cells compared

to the controls (Figure 4.11B).
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Figure 4.11 The effect of PHGDH KO on cell proliferation in hypoxia. Fold change in proliferation
rates of parental con (A) and PHGDH KO (B) A549 cells grown in complete DMEM media with (dashed
line) or without (solid line) 16 h exposure to <0.1% O:. Bars represent mean + SEM, and individual dots
represent independent biological replicates (n = 3). For statistical analysis, a two-tailed Student’s t-test
was used. *p<0.05, **p<0.01. Absence of stars represents a non-significant difference.

Because this experiment was performed in DMEM (i.e., under supraphysiological serine
levels), the maintained growth rate in PHGDH KO cells cannot be attributable to serine

limitation. These findings confirm better adaptation of PHGDH KO cells to hypoxic conditions.
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4.2.8 PHGDH KO cells showed elevated levels of glycolysis

To elucidate the mechanisms underlying the improved survival of PHGDH knockout cells in
hypoxia, we revisited our metabolomics dataset. As described, a substantial proportion of
glycolytic metabolites were shown to be upregulated in PHDGH KO in baseline conditions
under excess extracellular serine. Pyruvate and lactate, the end-point metabolites of

glycolysis, were significantly increased in knockout cells compared to parental control (Figure

4.12).
A B
29 *k 2 ¥

£ o

g T 1

2 8

> -

a

L (a\]

% [o)]

3 3 14

T T
Con KO Con KO

Figure 4.12 Intracellular pyruvate and lactate levels based on IC-MS metabolite analysis in
PHGDH KO and parental control cells. A, B. Comparisons of the levels of Pyruvate (A), Lactate (B)
between A549 and PHGDH KO cells under normoxia (21% O2). **p < 0.01, ***p < 0.001
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Given the observed increase in intracellular lactate levels, we next performed extracellular flux
analysis (glycolytic stress test) to measure export rates and assess differences in glycolytic
activity between parental and KO cells. Extracellular acidification rate (ECAR: proxy for
extracellular lactate) was found to be consistently higher in two PHGDH KO clones compared

to the control cells (Figure 4.13A).
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Figure 4.13 The effect of PHGDH KO on extracellular lactate and glycolysis levels. A. Glycolytic
stress test was performed on parental control and PHGDH KO A549 cells by treating the cells with
glucose (10 mM), oligomycin (O-mycin; 1 uM) and 2-deoxyglucose (2-DG; 50 mM). Vertical dashed
lines represent the timepoint at which each of these stress reagents was added to the cells. Each
datapoint represents a measurement cycle of approximately 6.5 min. B. Using data from part A,
glycolysis levels were calculated based on the difference in ECAR levels following the injection of
glucose. C. Using data from part A, glycolytic capacity was calculated based on the difference in ECAR
levels following the injection of oligomycin (O-mycin). Bars represent mean + SEM, and individual dots
represent independent biological replicates (n = 3). One-way ANOVA was conducted for statistical
analysis. *p<0.05, ***p<0.001, ****p<0.0001. ns = statistically non-significant difference.

As part of the glycolytic stress test, cellular glycolysis was quantified based on the increase in
ECAR following injection of saturating concentrations of glucose. Glycolysis rate was
significantly higher in both PHGDH KO clones compared to the parental cells (Figure 4.13B).
Maximum glycolytic capacity was determined following oligomycin injection, an ATP synthase
inhibitor that suppresses oxidative phosphorylation, thereby revealing the maximal glycolytic
activity the cells can achieve (l. Yoo et al., 2024).

The glycolytic stress test can also be used to determine the glycolytic capacity. The glycolytic
capacity refers to the maximum level of glycolysis that can be achieved by cells following the

inhibition of oxidative phosphorylation (OXPHOS) with oligomycin. Despite the increase, there
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were no significant changes in glycolytic capacity between KO cells and controls (Figure
4.13C). The lack of further increase in glycolysis levels, with inhibited OXPHOS, suggests that
cells rely on glycolysis even when the aerobic pathway of metabolism is not inhibited. Overall,
we observed that, besides elevated intracellular lactate, PHGDH knockout cells display

increased basal glycolysis and higher extracellular lactate levels.

4.2.9 Enhanced HIF-signalling in PHGDH KO cells

Previous studies have shown that elevated lactate can influence HIF-1a stability. Specifically,
lactate has been reported to inhibit prolyl hydroxylase (PHD) activity and decrease HIF-1a
turnover through lactate-dependent, chaperone-mediated autophagy under hypoxic
conditions (De Saedeleer et al., 2012; Kshitiz et al., 2022). Hence, the elevated lactate
observed earlier (section 4.2.6) could prime PHGDH KO cells to adapt better to hypoxic
conditions due to improved HIF stability and signalling. To understand the effect of lactate,
HIF-1o. induction was first investigated at <0.1% O using western blotting. HIF-1a
accumulated more quickly in two KO clones compared to parental control cells, which

indicates quicker induction of HIF-1 (Figure 4.14).
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Figure 4.14 HIF-1a induction in parental and PHGDH KO cells. Cells were exposed to <0.1% Oz for
the time-course indicated. Cells were lysed, and western blotting was performed for HIF-1a and
PHGDH. B-actin as a loading control.

To investigate HIF-1 activity, a hypoxia response element (HRE)-luciferase reporter was used
to determine the impact of PHGDH loss. The reporter assay works by transfecting cells with a

firefly luciferase (FLuc) construct that has 5 copies of the HRE from VEGF at the promoter

site. Following exposure to hypoxia and subsequent expression of FLuc, luminescence is
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measured as a proxy for HIF-1 activity (Figure 4.15). Constitutively expressed Renilla

luciferase (RLuc) construct was co-transfected for signal normalisation.
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Figure 4.15 Schematic representation of HRE-Firefly luciferase (FLuc) reporter assay

This luciferase-based assay was used to determine whether PHGDH KO cells also increased
HIF-1-activity in hypoxia (i.e. HRE binding and gene expression) in addition to quicker
induction. PHGDH KO cells showed significantly increased HIF-1 activity. Although this
observation was true for two different PHGDH KO clones, the induction kinetics were different.
KO1 cells displayed significantly higher HRE-driven luciferase activity than control cells at all

measured time points throughout the time course (Figure 4.16A).
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Figure 4.16 PHGDH loss induces HIF-signalling. A, B. Parental, PHGDH KO1 (A) and KO2 (B) A549
cells were exposed to hypoxia for the indicated times. HIF-activity was measured by measuring the
expression levels of the HRE-Luciferase enzyme, normalised to Renilla. 0 h readings were used for
normalisation. Bars represent mean + SEM, with individual data points shown. One-way ANOVA was
performed for statistical analysis. *p<0.05. Absence of stars represents a non-significant difference.

In contrast, KO2 cells showed increased HIF activity at early time points (8 h); however, this
difference was no longer significant at the final 12 h time point, when luciferase activity in

control cells reached levels comparable to those observed in the knockout cells (Figure
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4.16B). The differences in fold change induction in luciferase activity in different PHGDH KO
clones (100-fold in KO1 and 40-fold in KO2) can be explained by potential differences in
transfection efficiency.

The results of the HRE-luciferase assay were confirmed by measuring the mRNA induction
levels of known HIF-target genes in parental and KO cells at <0.1% O,. Expression levels of
CAIX, GLUT1, LDHA and VEGF were measured following exposure to <0.1% O using RT-
gPCR. CAIX and GLUT1 mRNA levels were significantly upregulated in PHGDH KO compared

to parental controls throughout the entire hypoxia time course (Figure 4.17A, B).
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Figure 4.17 PHGDH KO leads to more significant induction of HIF-target genes. A-D. Con and
PHGDH KO cells were exposed to <0.1% Oz for the times indicated. mRNA levels of CAIX (A), GLUT1
(B), LDHA (C), and VEGF (D) were measured using RT-gPCR. Bars represent mean + SEM, with
individual data points shown. For statistical analysis, a two-tailed Student {-test was performed. *p<0.05,
**p<0.01, ***p<0.001.

Consistent with the other HIF-target genes, LDHA and VEGF mRNA levels showed significant
upregulation at 16 h (Figure 4.17C, D). Together, these data show that, in addition to quicker

induction, PHGDH knockout leads to higher levels of HIF-1-mediated gene expression. The
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enhanced HIF-1 signalling in cells lacking PHGDH could account for the better adaptation of
the KO cells to hypoxic conditions. Additionally, these observations were again made in the
presence of excess extracellular serine (DMEM), meaning that despite the changes being

PHGDH-dependent, they were independent of serine availability.

4.2.10 Loss of PHGDH affects macrophage polarisation in hypoxia

Hypoxia is a hallmark of the TME and has been associated with the induction of an
immunosuppressive immune landscape through HIF-1 signalling (Ke et al., 2019). The
increased HIF-1 signalling observed in KO cells prompted us to examine whether loss of
PHGDH affects macrophage polarisation. First, to validate the immunosuppressive effect of
hypoxia on macrophage polarisation, patient-derived PBMCs were exposed to normoxia and
hypoxia (<0.1% O-). Following the incubation, the percentage of M1 macrophages (% of
CD80+ CD86+ cells in relation to CD11b+ cells) was then characterised using flow cytometry.
As expected, the percentage of pro-inflammatory M1 macrophages dropped from 20% to less

than 10% (Figure 4.18).
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Figure 4.18 Macrophage polarisation following hypoxia exposure (<0.1% O2). Patient-derived
PBMCs were incubated at normoxia (21% O2) and hypoxia (<0.1% O2) for 16 h. The % of CD80+ and
CD86+ double-positive cells (M1) was characterised in relation to the total macrophage pool (CD11b+)
using flow cytometry analysis (lack of error bars as data is n=2).

To investigate the effect of PHGDH KO on the TME, culture media (DMEM) was conditioned
on PHGDH control and KO cells at normoxic and hypoxic conditions. Following a 24 h
conditioning, the media was transferred to PBMCs and incubated for another 24 h. Lastly, flow

cytometry analysis was used to characterise the fraction of M1 macrophages. No statistically
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significant differences were observed between the parental control and PHGDH KO cells in
normoxia (Figure 4.19). However, the proportion of M1 macrophages in PHGDH KO cells was
significantly lower (around 2-fold) compared to control cells when cultured with hypoxia-

conditioned media.
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Figure 4.19 Macrophage polarisation following exposure to media conditioned with parental and
PHGDH KO cells at 21% and <0.1% O.. A. Schematic representation of the experimental setup. B.
A549 parental control and PHGDH KO cells were incubated in normoxia (21% O:) and hypoxia (<0.1%
O2) for 16 h. The conditioned media from the cancer cells were then transferred onto the PBMCs and
incubated for 24 h. The effect of conditioned media on the M1 macrophage cluster was characterised
in relation to the total macrophage pool (CD11b+) using flow cytometry analysis. Bars represent mean
+ SEM, with individual data points shown. For statistical analysis, a two-tailed Student t-fest was
performed. *p<0.05

Interestingly, in contrast to direct exposure to hypoxia (<0.1% O2), exposure to media
conditioned with hypoxic parental control cells led to an increase in the levels of M1
macrophages.

Overall, these findings show a PHGDH-dependent reduction in the pro-inflammatory
macrophage levels in hypoxia but not in normoxia. This confirms our hypothesis of the
establishment of an immunosuppressive TME in PHGDH KO cells, potentially due to

enhanced HIF-1 signalling.
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4.3 Discussion

Our principal aim was to determine whether PHGDH influences cellular radiosensitivity under
different extracellular serine levels in normoxia and hypoxia. The only PHGDH-dependent
radiosensitisation effect observed was when cells were completely deprived of extracellular
serine supply (MEM), and this occurred both in normoxia and hypoxia. Our findings differ from
previous reports proposing PHGDH as a potential target for radiosensitisation. In this context,
the commonly used PHGDH inhibitor NCT-503 has been reported to influence radiosensitivity
in hypoxia (Van de Gucht et al., 2022). However, several important differences distinguish our
work. In contrast to the data shown here, pharmacological inhibition (i.e. not genetic loss as
studied here) of PHGDH has been shown to increase the radiosensitivity of colorectal cancer
cells in hypoxic conditions. It should be noted that the reported experimental conditions include
non-physiological levels of extracellular serine (RPMI, 286 uM serine) (Moore et al., 1967).
Therefore, it is plausible that off-target effects of the PHGDH inhibitor impacted radiosensitivity.
However, NCT-503 has also been reported to have off-target effects by reducing glucose-
derived citrate levels in a PHGDH-independent manner (Arlt et al., 2021). Hence, it is unclear
what mechanism underpins the observed radiosensitivity. Our approach of CRISPR-Cas9 KO
has its own limitations. Permanent loss of PHGDH allows cells to adapt and upregulate
compensatory pathways. To address this potential limitation, transient knockdown of PHGDH
using siRNA could be implemented. This would minimise long-term adaptive effects linked
with the genetic targeting approach.

The only other report of PHGDH-dependent radiosensitisation focused on glioblastoma stem
cells (X. Liu et al., 2025). However, there are differences between the cancer stem and
differentiated cells, which could explain different stress and radiotherapy responses
(Schneider et al., 2016).

PHGDH KO cells also showed signs of a more immunosuppressive TME, including a decrease
in the M1 macrophage cluster compared to parental control cells. Interestingly, exposing
PBMCs to media conditioned with parental control cells led to an increase in M1 macrophage

polarisation. Although unexpected, this may be due to the release of tumour-derived soluble
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factors into the media, which can drive M1 activation. Specifically, DAMPs released by necrotic
cancer cells under hypoxia can cause a pro-inflammatory bias, contributing to increased M1
polarisation (Nakano et al., 2022).

Taken together with HIF-1 signalling induction in PHGDH KO cells and the signs of more
immunosuppressive TME, our results suggest that the inhibition or targeting of PHGDH alone
will not result in improving hypoxia-mediated radioresistance in lung cancer. Additionally, these
results highlight the importance of considering access to nutrients when evaluating metabolic
enzymes as targets combined with radiotherapy. This is consistent with evidence that dietary
serine and glycine restriction can improve radiotherapy response in preclinical models
(Falcone et al., 2022; Scott et al., 2025). Extracellular serine availability may therefore be an
important variable to consider when designing radiosensitisation strategies targeting PHGDH.
Moreover, it is also important to be cautious when devising radiosensitisation strategies from

experiments conducted under non-physiological conditions.
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Chapter 5: Investigating the nuclear function of PHGDH under
hypoxia

5.1 Introduction

Previously, we established PHGDH as a hypoxia-inducible enzyme, which may function in
both the cytoplasm and nucleus. Specifically, the effects of PHGDH loss, such as improved
survival in hypoxia, were observed in the presence of excess serine. This suggests that
PHGDH may play an important, non-serine-related role in regulating cell survival.

Several glycolytic enzymes have been shown to translocate to the nucleus, where they
influence gene expression through histone modification and interaction with transcription
factors involved in cancer cell proliferation (Gizak et al., 2019; J. Shen et al., 2020; W. Yang
et al., 2012). PHGDH was recently found to have a non-canonical nuclear function. Upon
glucose starvation, PHGDH was shown to translocate into the nucleus, where it inhibits
PARP1 activity by acting as an NAD+ sink (C. Ma et al., 2021). Additionally, PHGDH has been
described to have the capacity to interact with nucleic acids through its dinucleotide (NAD)-
binding domain (C. M. Lee et al., 2024; Unterlass et al., 2017).

R-loops are three-stranded nucleic acid structures that are comprised of a DNA:RNA hybrid
and a displaced ssDNA strand (Thomas et al., 1976). Aberrant accumulation of R-loops leads
to genomic instability by blocking replication and leading to transcription-replication conflicts
(TRCs) (Crossley et al., 2019). Moreover, R-loop levels were shown to be elevated under
<0.1% Oz (Ramachandran et al., 2021). Taken together, these findings led us to hypothesise
that hypoxia (<0.1% O2) may act as a stress analogous to glucose starvation, promoting the
translocation of PHGDH to the nucleus. Once nuclear, PHGDH may associate with R-loop

structures and contribute to the cellular response to hypoxia-induced genomic stress.
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Specific aims:
¢ |dentify evidence to support the hypothesis that PHGDH could be an R-loop binding
protein
¢ Investigate PHGDH as an R-loop binding protein in hypoxia

e Determine the level of similarity between the normoxic and hypoxic R-loop interactome
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5.2 Results

5.2.1 PHGDH potentially interacts with R-loops

Given its nuclear accumulation under hypoxic conditions (see Chapter 3) and the reported
capacity to interact with nucleic acids via its NAD-binding domain, we hypothesised that
PHGDH may have a role beyond the SSP (C. M. Lee et al., 2024; Unterlass et al., 2017).
Supportively, PHGDH has recently been identified as an RNA-binding protein, with a dedicated
binding domain distinct from its metabolic function (Cheng et al., 2025; T. S. Ma et al., 2023).
Given that R-loops are known to accumulate under hypoxic conditions (<0.1% O2), we
examined published R-loop interactomes for the inclusion of PHGDH. Four available
interactomes were used (Cristini et al., 2018; |. X. Wang et al., 2018; T. Wu et al., 2021; Yan
et al., 2022). These studies isolated R-loops by using co-immunoprecipitation (co-IP) of
DNA:RNA hybrids with the S9.6 antibody (Cristini et al., 2018; T. Wu et al., 2021), biotinylated
hybrids (I. X. Wang et al., 2018), or proximity labelling (Yan et al., 2022), followed by
identification of interacting proteins using liquid chromatography-mass spectrometry (LC-MS).
Different cell lines were used across these studies (Figure 5.1A). When the interactomes were
overlapped, PHGDH was identified in 3 out of 4 datasets, detected across three independent
enrichment methods strongly supporting the hypothesis that PHGDH is a potential R-loop

interacting protein (Figure 5.1B).
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Interactome I(_:i(r?! Method PHGDH
Cristini Hela S9.6 co-IP Yes
Wang B-cells Biotinylated hybrids Yes
Wu ESC S9.6 co-IP No
Yan HEK293 [ Proximity labelling Yes

Figure 51 PHGDH was identified in three out of four published R-loop interactomes. A.
Characteristics of the available interactomes, including the cell lines, method of R-loop pulldown and
the presence of PHGDH. ESC - embryonic stem cells. B. Venn diagram representing the R-loop
interactomes available in the literature (Cristini et al., 2018; I. X. Wang et al., 2018; T. Wu et al., 2021;
Yan et al.,, 2022). Numbers represent the number of proteins common or unique to respective
interactomes. The arrow represents the interactomes where PHGDH is found. The diagram was
generated using the multiple list comparator on Molbiotools online software.
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5.2.2 Optimisation of R-loop co-IP protocol with S9.6 antibody

Although PHGDH emerged as a potential R-loop-associated protein due to its presence in the
majority of published R-loop interactomes, experimental validation was required. Notably,
these interactomes were generated under normoxic conditions, highlighting the need to define
the R-loop interactome under hypoxia. To characterise both normoxic and hypoxic R-loop
interactomes, we used the S9.6 co-IP method established by Cristini et al., in FLO-1

oesophageal adenocarcinoma cells (Cristini et al., 2018) (Figure 5.2).
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Figure 5.2 Schematic representation of S$9.6 co-IP experimental workflow. For detailed
experimental procedure, see Chapter 2.16: R-loop co-immunoprecipitation with S9.6 antibody.

FLO-1 was selected as it is a well-established oesophageal adenocarcinoma cell line. CIN is
particularly prevalent in this cancer type, with 97% of cases belonging to the CIN subtype,
representing one of the highest levels reported across all cancer types (Beernaert et al., 2026;
Cancer Genome Atlas Research Network et al., 2017). This is notably higher than that
observed in lung adenocarcinoma (40-60%) (Choi et al., 2009; Soca-Chafre et al., 2019).
Critically, unresolved R-loops can impede replication fork progression, promoting DNA
damage and structural chromosome aberrations, thereby potentially contributing to CIN
(Crossley et al., 2019; Gan et al., 2011; Helmrich et al., 2011). Cells with dysregulated R-loop
homeostasis, therefore, exhibit elevated genomic instability, highlighting high-CIN cancer
contexts as particularly relevant systems for studying R-loop biology. Subsequently, FLO-1
was selected as a compelling model in which to study the functional role of R-loop-associated
proteins.

The principal step optimised in this protocol was the nucleic acid sonication. This step was

critical, as efficient pulldown of R-loop-binding proteins requires nucleic acids to be sheared
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to 500-700 bp to preserve the integrity of the interactome (Figure 5.3A). Once an appropriate
sonication time (4 min) was selected, the protocol was validated by performing co-IP westerns
and blotting for known R-loop-interacting proteins. DHX9 and PARP1 were chosen due to their
established role as R-loop binding proteins (P. Chakraborty et al., 2018; Laspata et al., 2023).
These proteins were successfully detected in the S9.6 pull-down but not in the IgG isotype or
no-antibody control conditions (Figure 5.3B). Additionally, nuclear proteins such as Lamin B1
and NPC, which do not have any known R-loop-interacting function, were not present in the

S9.6 pulldown samples.
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Figure 5.3 Optimisation of S9.6/R-loop co-IP method. A. Nuclear extracts from FLO-1 cells were
sonicated for the times highlighted, followed by DNA gel electrophoresis. A DNA ladder was used to
estimate fragment size. B. S9.6, 1gG isotype control and no antibody co-IP samples were used for
western blotting. DHX9 and PARP1 were used as positive controls for R-loop co-IP. NPC and Lamin B1
were used as negative controls for the pulldown. A whole cell lysate (WCL) control was included.

Despite the successful optimisation of the S9.6 co-IP western blot protocol, certain limitations
also became apparent. When probing for control proteins such as DHX9 (positive control) or
Lamin B1 (negative control), several non-specific bands were detected. These bands were
present both on the S9.6 IP lanes as well as in no antibody controls (Figure 5.4). The most
prominent bands were around 50 kDa. We suspected that these bands may be caused by the
denatured heavy chains of the S9.6 IgG antibody (IgG HC). This hypothesis seemed plausible
due to the appearance of additional bands around the 25 kDa mark, which corresponds to the

molecular weight of the 1gG light chain (IgG LC). Consistent with these observations, IgG LC
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bands were absent in the no-antibody control lanes. However, the ~50 kDa bands were also
present in the no antibody conditions. A potential source for these could be the protein A
coating (pA) of the Dynabeads that were used for the IP, which have a molecular weight of
around 45 kDa. The presence of these contaminants in the eluate and their molecular weight
is a serious limitation for detecting PHGDH due to the similarity of their sizes (PHGDH

molecular weight: 57 kDa).

A WCL S9.6IP noAb B WCL S96IP noAb
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Figure 5.4 S9.6 heavy and light chains detected in $9.6 co-IP western blots. FLO-1 cells untreated
(-) and treated (+) with camptothecin (CPT; 10 uM, 1 h) in normoxia were used for DNA:RNA pull-down
using 5 ug of $9.6 antibody. 50 pug whole cell lysate (WCL) was used as a reference control. DHX9 and
Lamin B1 were used as positive and negative controls for the S9.6 IP, respectively. No antibody controls
were used as non-specific binding controls. IgG light chain (IgG LC) and IgG heavy chain (IgG HC)
bands are highlighted.

Camptothecin (CPT), which increases R-loop levels by inhibiting DNA topoisomerase 1, was
used to check whether the intensity or the number of bands changed with changing levels of
R-loops (T. S. Ma et al., 2023). However, no apparent differences in band intensities were

detected, confirming the potentially technical nature of the bands.
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Furthermore, we confirmed the cause of these bands by using variable amounts of S9.6
antibody. As expected, when increasing the amount of S9.6 antibody from 3 to 10 ug, both
IgG HC and LC band intensities increased accordingly (Figure 5.5A). DHX9 band intensity
also appeared to increase, confirming the successful pulldown. To overcome this technical
limitation, dimethyl pimelimidate (DMP)-based chemical crosslinking of the S9.6 antibody to
protein A Dynabeads was used before the incubation with the co-IP samples. The goal of this
experiment was to covalently attach the S9.6 antibody and protein A to the beads to reduce
the contamination of the eluate. As a result, protein A and IgG LC levels were reduced in the
crosslinked samples (Figure 5.5B). However, even in crosslinked samples, the IgG HC band
was not fully eliminated, and the ~50 kDa band persisted after crosslinking. This residual signal
remained a technical limitation, preventing us from determining conclusively whether PHGDH
is present at R-loops using S9.6 co-IP.

A S9.6IP B S9.6IP
WCL 0 3 5 10 pg(S9.6) WCL c X

Figure 5.5 S9.6 heavy and light chains detected. A. S9.6 co-IP was performed using the S9.6
antibody with indicated amounts. No antibody control (0 ug) was used as a non-specific binding control.
B. S9.6 co-IP was performed using Dynabeads with conjugated (C) or chemically crosslinked (X) S9.6
antibody. 50 ug whole cell lysate (WCL) was used as a reference control. DHX9 was used as a positive
control for the S9.6 IP. IgG light chain (IgG LC) and 1gG heavy chain (IgG HC) bands are highlighted.
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5.2.3 LC-MS analysis revealed no detectable level of PHGDH enrichment in FLO-1

cells

Western blot analysis of S9.6 co-IP did not detect PHGDH due to interference from antibody-
derived bands. As a result, immunoblotting was not a compatible method to assess PHGDH
association with R-loops. To address this limitation, LC-MS was chosen as the analysis
method following the S9.6 co-IP, to characterise the R-loop interactome both in normoxia and
hypoxia (<0.1% O2). An RNase H1 control was included in the experimental workflow as a
negative control. RNase H1 resolves R-loops by selectively degrading the RNA strand in
DNA:RNA hybrids (Nowotny et al., 2007). Samples with overexpressed RNase H1, designated
for LC-MS analysis, were first checked for successful transfection using microscopy and

western blotting (Figure 5.6A).
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Figure 5.6 Validation of S9.6 co-IP samples for LC-MS analysis. A. Representative
immunofluorescence images of FLO-1 cells transfected with GFP-tagged RNase H1 (RNH1)
expression construct (+) or mock control (-) across three independent experiments (n1-n3). RNH1 is
shown in green, and nuclei are counterstained with DAPI (blue). Scale bars represent 20 pm. Western
blot analysis of RNH1 expression in corresponding samples confirms increased RNH1 levels upon
transfection (+) compared to control (-). B-actin was used as a loading control. B. Representative silver-
stained 4-20% polyacrylamide gel showing input lysates and S9.6 immunoprecipitated (IP) samples
under normoxic (norm) and hypoxic (hyp; <0.1% O3) conditions. Where indicated, RNase H1 (RNH1)
transfected samples were added (+) before immunoprecipitation. A no antibody (no ab) control was
included to assess non-specific binding.
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Silver staining was performed for preliminary assessment of the R-loop interactome, both in
normoxia and hypoxia (<0.1% O2). As expected, the treatment with RNase H1 appeared to
reduce the number of proteins pulled down with S9.6 (Figure 5.6B). The no-antibody control
confirmed the absence of non-specific interacting partners. Overall protein signal intensity was
increased in hypoxic samples relative to normoxia, consistent with our prediction based on a
well-characterised increase in R-loop abundance at <0.1% O- (T. S. Ma et al., 2023).

Following the optimisation and validation of immunoprecipitated samples, LC-MS analysis was
performed. Normalised protein intensity values were used for principal component analysis

(PCA) to assess differences between experimental conditions (Figure 5.7).
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Figure 5.7 PCA of LC-MS results. Principal component analysis (PCA) of log2-transformed LFQ
intensity values derived from S9.6 immunoprecipitated samples under normoxic (green), hypoxic (red)
and RNase H1-treated hypoxic (blue) samples. The IgG control group is shown in black.

IgG control samples segregated distinctly along the principal component 1 (PC1) from S9.6
immunoprecipitated ones, confirming successful enrichment of R-loop-associated proteins.
Normoxic and hypoxic S9.6 co-IP samples clustered together on the PCA plot, indicating
potential similarities in these interactomes. The RNase H1-treated control also clustered with

the normoxic and hypoxic samples, which was unexpected. This may reflect insufficient
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RNase H1 expression to fully resolve R-loops, likely due to suboptimal transfection efficiency.
As a result, differences at the global proteome level were not detected under these conditions.
Notably, other studies that conducted LC-MS analysis of R-loop interactomes did not include
RNase H1 controls.

To assess our S9.6 interactome, we compared it with previously published R-loop
interactomes. The top 400 enriched proteins, ranked based on average label-free
quantification (LFQ), were selected from the list of proteins pulled down with the S9.6 antibody.
These proteins were then compared to the list of significantly enriched proteins from other
available R-loop interactomes. Encouragingly, our S9.6 interactome shared more than half of
the proteins with R-loop interactomes generated using the same S9.6 co-IP method.

Specifically, 59% with Cristini et al and 54% with Wu et al (Figure 5.8A, C).

A B
S9.6 norm Cristini et al. S9.6 norm
164 236 226 295 105 259
N
prc®
S9.6 norm S9.6 norm Yan et al.
183 217 118 321 79 318

poc™

Figure 5.8 Overlapping S9.6 co-IP interactome with available R-loop interactomes. A-D. The list
of top 400 proteins following S9.6 co-IP LC-MS analysis (normoxic) was overlapped with 4 available R-
loop interactomes: Cristini et al. (A), Wang et al. (B), Wu et al. (C) and Yan et al. (D). Numbers represent
the number of proteins common or unique to respective interactomes. The diagram was generated
using the multiple list comparator on Molbiotools online software.

Interactomes acquired using different methods had a relatively lower number of proteins
common with our dataset: 26% with Wang et al and 20% with Yan et al. (Figure 5.8B, D).
Together, these results confirmed the validity of our interactome as well as highlighted method-

and cell line-specific differences. R-loop binding proteins that were unique to various

156



interactomes can also be due to the differences in the cell lines used. Importantly, PHGDH
was not identified in our S9.6 co-IP-based interactome.

To identify the proteins that interact with R-loops independent of the enrichment method or the
cell line, all 5 interactomes were overlapped. As a result, 23 proteins were identified (Figure
5.9).

Cristini et al.

Yan et al.

S$9.6 normoxia

Wang et al.

Figure 5.9 Overlap of proteins identified across all 5 interactomes. VVenn diagram representing 4
published R-loop interactomes and S9.6 co-IP, LC-MS results in normoxia. The red circle highlights the
intersecting interactomes containing PHGDH. Numbers represent the number of proteins common or
unique to respective interactomes. The diagram was generated using the multiple list comparator on
Molbiotools online software.

Among the 23 shared proteins, 9 (39.1%) have been experimentally validated to interact with
R-loops (Table 5.1). Another 12 proteins (56.5%) were characterised as RNA-binding proteins.
Only HSP90AB1 was not confirmed to interact with either R-loops or RNA; however, it has
often been identified in other RNA-interactomes (Castello et al., 2012). Gene ontology analysis
of the 23 shared proteins revealed significant enrichment for molecular functions related to
RNA binding, RNA helicase activity, and ATP-dependent RNA processing, all of which are
central to R-loop biology (Table 5.2). This enrichment further validates the biological relevance
and specificity of our S9.6 co-IP and LC-MS approach. Specifically, more than 95% of proteins

shared in all 5 interactomes have been shown to interact with either R-loops or RNA.
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Table 5.1: List of targets identified in all R-loop interactomes. Proteins experimentally validated to

interact with R-loops are highlighted in bold.

Identifier Full Name Validated R-loop or RNA interaction
CDC5L Cell Division Cycle 5-Like Protein RNA (Ajuh et al., 2001)
DDX17 DEAD-Box Helicase 17 R-loop (Boleslavska et al., 2022)
DDX18 DEAD-Box Helicase 18 R-loop (Lin et al., 2022)
DDX3X DEAD-Box Helicase 3, X-Linked R-loop (Xiong et al., 2024)
DDX5 DEAD-Box Helicase 5 R-loop (Z. Yu et al., 2020)
DHX15 DEAH-Box Helicase 15 R-loop (Ummethum et al., 2025)
DHX9 DEAH-Box Helicase 9 R-loop (Cristini et al., 2018)
HNRNPM '\HAeterogeneous Nuclear Ribonucleoprotein RNA (R. Zheng et al., 2024)
HSP9Y0AB1 Heat Shock Protein 90 Alpha Family Class No validated interaction
B Member 1
ILF3 Interleukin Enhancer Binding Factor 3 R-loop (C. Wang et al., 2024)
MATR3 Matrin 3 R-loop (Islam et al., 2024)
MYBBP1A MYB Binding Protein 1A RNA (Hochstatter et al., 2012)
NAT10 N-Acetyltransferase 10 R-loop (K. Su et al., 2024)
NCL Nucleolin RNA (Fremerey et al., 2016)
NOP58 NOP58 Ribonucleoprotein RNA (Lafontaine & Tollervey, 1999)
NPM1 Nucleophosmin 1 RNA (Y. Yu et al., 2025)
PABPC1 Poly(A) Binding Protein Cytoplasmic 1 RNA (Peng et al., 2017)
PDCD1M1 Programmed Cell Death 11 RNA (L. Ding et al., 2023)
PRPF8 Pre-mRNA Processing Factor 8 RNA (X. Li et al., 2013)
PTBP1 Polypyrimidine Tract Binding Protein 1 RNA (Ji et al., 2025)
TBL3 Transducin Beta-Like 3 RNA (Bao et al., 2024)
UTP14A UTP14 Small Subunit Processome RNA (Hu et al., 2011)
Component A
WDR3 WD Repeat Domain 3 RNA (McMahon et al., 2010)
Table 5.2: Gene ontology analysis of proteins common in all interactomes.
GO molecular function Refe_rence LETEE F ay FDR
list number enrichment
RNA binding (GO:0003723) 1692 22 12.16 G'g?E'
Nucleic acid binding (GO:0003676) 4006 22 5.14 5'?‘25
RNA helicase activity (GO:0003724) 73 6 76.89 197
ATP-dependent activity, acting on RNA (GO:0008186) 77 6 72.89 205%
— . 2.96E-
mRNA binding (GO:0003729) 375 8 19.96 06
Helicase activity (GO:0004386) 148 6 37.92 7%‘2'3'5'
Conformation isomerase activity (GO:0120545) 159 6 35.3 g'gdéE'
Single-stranded RNA binding (GO:0003727) 85 5 55.03 1%%5
ATP hydrolysis activity (G0:0016887) 397 7 16.49 e
Catalytic activity, acting on RNA (GO:0140098) 427 7 15.34 19oF
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We also looked into the differences between the normoxic and hypoxic interactome to examine
whether oxygen level influences the R-loop interactome. PHGDH was also not found in the
hypoxic R-loop interactome. After overlapping the top 400 hits showed around 88% of the
interactors were shared across normoxia and hypoxia (Figure 5.10). However, 47 proteins

were present only in the hypoxia interactome.

S$9.6 normoxia S9.6 hypoxia

Figure 5.10 Overlap between normoxic and hypoxic R-loop interactomes. Venn diagram showing
the overlap of proteins identified in $S9.6 immunoprecipitates under normoxic and hypoxic (<0.1% Oz)
conditions (top 400 proteins ranked by average LFQ intensity). A total of 353 proteins were shared
between both conditions, while 47 proteins were uniquely detected in either normoxia or hypoxia.

Pathway enrichment analysis of these 47 proteins was then conducted. However, no
enrichment in pathways directly associated with RNA or R-loop biology was observed (Figure
5.11). Following a literature search, only 3 of the 47 (6.4%) proteins have previously been
linked to R-loops: PCBP1, LARP7 and IGF2BP3 (Devanathan et al., 2025; Karam et al., 2024;

Ying et al., 2024).

Glycolysis In Senescence WP5049

Aerobic Glycolysis WP4629

Aerobic Glycolysis Augmented WP4628

Metabolic Reprogramming In Colon Cancer WP4290
Glycolysis And Gluconeogenesis WP534

Translation Factors WP107

Pathogenic Escherichia Coli Infection WP2272

Regulation Of Actin Cytoskeleton WP51

_Cell Carcinoma Pathways WP4018
-ileptic Disorders WP5355

Figure 5.11 Pathway enrichment analysis of hypoxia-specific R-loop interactome. 47 proteins
exclusively found in the hypoxic S9.6 co-IP interactome were checked for pathway enrichment in the
WikiPathways (Human, 2024) database using the Enrichr online software.
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The pathways identified from enrichment analysis of the 47 hypoxia-specific proteins are
largely associated with abundant metabolic proteins. These are frequently observed as
potential “contaminants” in affinity purification experiments (Mellacheruvu et al., 2013). To
validate which of these can potentially be genuine R-loop-associated proteins, additional

analysis is necessary.

5.2.4 Further investigation of the hypoxic interactome

In light of the enrichment patterns observed earlier, we re-analysed the complete proteomic
dataset again using a more rigorous statistical approach that incorporated the RNase H1
control. Given RNase H1 samples clustered with other experimental conditions (Figure 5.7),
it is important to note that PCA reflects global proteome variance, which can hide biologically
meaningful differences at the individual protein level. Accordingly, evaluating RNase H1 effects
on a protein-to-protein basis may provide clearer discrimination of genuine R-loop interactors.
Therefore, a stringent FDR-based ANOVA filtering was performed, which did not identify
broadly significant differences. Next, a p-value-based filtering approach was applied by post-
hoc FDR correction, identifying approximately 50 proteins exhibiting differential trends.
Hierarchical clustering of these proteins revealed distinct enrichment patterns (Figure 5.12A).
This analysis revealed a cluster of proteins that are enriched in S9.6 hypoxic samples, absent
in normoxia, and diminished in RNase H1-overexpressed samples (cluster highlighted in
blue). These 18 proteins represent the hypoxia-specific interactome that is specifically bound
to the DNA:RNA hybrids. Other clusters have also been identified that were susceptible to
RNase H1 function. Specifically, 9 proteins were preferentially enriched under normoxic
conditions alone (purple cluster), while 15 proteins were detected under both normoxic and
hypoxic conditions (orange cluster). The hypoxia-specific, R-loop binding cluster was next
overlapped with the published R-loop interactomes. All 18 genes had overlaps with at least
one of the available enrichment datasets (Figure 5.12B). These findings together suggest that

the hypoxic interactome does not differ from the one characterised under normoxic conditions.
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Figure 5.12 Hierarchical clustering of differentially enriched proteins in $9.6 pulldown samples.
A. Heatmap showing relative LFQ intensity values of selected proteins identified in S9.6 pulldowns
under normoxic, hypoxic (<0.1% O2), and hypoxic with RNase H1 conditions, as well as IgG isotype
control. Values are log2-transformed and scaled across samples (red = higher relative abundance; blue
= lower). B. 18 hypoxia-specific R-loop interacting proteins overlapped with 4 published interactomes.
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5.3 Discussion

R-loops accumulate under severe hypoxia (<0.1% Oz), driven by replication stress
(Ramachandran et al., 2021). We aimed to determine whether the R-loop interactome also

changes in hypoxia. Moreover, we also investigated whether PHGDH interacted with R-loops.

Bioinformatic analysis of available LC-MS-based R-loop interactomes showed that three out
of four datasets contain PHGDH as a potential interacting protein. While PHGDH was reported
in published R-loop interactomes, these datasets were acquired exclusively in normoxia, using
different cell line models. To experimentally validate this, S9.6 co-IP was selected as the
method of choice. Despite optimising and validating the protocol with known R-loop binding
proteins such as DHX9 and PARP1, we could not detect PHGDH in the pulldown samples,
due to antibody cross-reactivity between the S9.6 IgG heavy chain and PHGDH on western
blots. It is worth noting that this reflects a technical constraint rather than confirmed absence
of interaction. A targeted co-IP using light chain-specific secondary antibodies would be

required to definitively address this question (Crossley et al., 2020; L. Zhang et al., 2013).

Our LC-MS analysis did not identify PHGDH in either the normoxic or hypoxic interactomes,
despite its presence in 3 out of 4 available datasets. PHGDH is detected in approximately 60%
of nuclear fraction-based affinity purification-MS datasets in the CRAPome database. This
indicates a high background co-purification rate independent of functional association
(Mellacheruvu et al., 2013). Hence, the nuclear role of PHGDH under hypoxia is likely not
linked with direct regulation of R-loops. It is potentially exerting its established function as an
NAD™* sink, suppressing PARP1 activity, or continued serine synthesis within the nuclear

compartment (C. Ma et al., 2021).

Further analysis confirmed overlap between our interactome and other available datasets,
validating the reliability of our findings. Proteins shared among all five interactomes were
experimentally confirmed to have an association with either R-loops (39.1%) or RNA (56.5%).
The main finding of this chapter was the lack of identified differences in the R-loop

interactomes in normoxia and hypoxia. Despite the known elevation of R-loops under <0.1%
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O, the proteins associating with these structures seem largely unchanged. The 47 proteins
found exclusively in the hypoxic interactome were not enriched for R-loop or RNA-binding
functions, with only 3 previously linked to R-loop biology. These are unlikely to represent a
specific hypoxic R-loop response. Instead, the existing normoxic interactors may be present
at higher levels under hypoxia, without altering their composition. This is illustrated by the 18
proteins identified as hypoxia-enriched in our interactome, which, despite being present in

published normoxic datasets, showed higher levels under hypoxic conditions.

Taken together, we did not find any evidence of hypoxia acting as a factor reshaping the R-
loop interactome. Rather than mounting a distinct adaptive response, in hypoxia, cells appear
to engage their existing interactome under conditions of increased R-loop burden. Whether
parts of this machinery become rate-limiting under hypoxic stress and can be targeted

therapeutically remains to be investigated.
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Chapter 6: Final discussion

6.1 Discussion

Hypoxia is a prevalent characteristic of the TME and is associated with poor patient prognosis
and resistance to radiotherapy, chemotherapy, and immunotherapy (Bigos et al., 2024; G.
Chen et al., 2022; Ciepta & Smolarczyk, 2024; Hammond et al., 2014; Jing et al., 2019).
Despite decades of efforts to exploit tumour hypoxia therapeutically, including the
development of HAPs and hypoxic radiosensitisers, these approaches have failed to
demonstrate meaningful clinical benefit. This leaves the selective targeting of hypoxic tumour
regions an unresolved and pressing challenge.

Under hypoxic conditions (<0.1% O-), cancer cells were shown to induce different stress
responses, such as UPR and DDR. The activation of these pathways enables cells to adapt
to the hostile TME, sustain proliferation, and evade death. However, these are not the only
established mechanisms that are used by cancer cells to adapt to hypoxia. Metabolic
reprogramming also represents a key adaptive response to hypoxia, whereby cancer cells
shift from oxidative phosphorylation to glycolysis to maintain energy production (Warburg,
1925, 1956). This shift is primarily orchestrated by HIF-1, which transcriptionally upregulates
key glycolytic enzymes and glucose transporters while suppressing mitochondrial oxidative
metabolism.

De novo SSP is a vital pathway in cancer cells, supporting anabolic needs and maintaining
redox balance under metabolic stress. PHGDH, the rate-limiting enzyme of the SSP, has
recently attracted therapeutic interest in cancer, with its overexpression across various tumour
types associated with increased proliferation, metastasis, and therapy resistance (C. M. Lee
et al., 2024; McNamee et al., 2021). Although PHGDH has been studied in various cellular
stress contexts, including serine deprivation, oxidative stress, and glutamine restriction, its
role as a therapeutic target within the hypoxic TME remains largely unexplored. Our study
aimed to fill this gap by examining the regulation of PHGDH under hypoxia and its potential

as a target to enhance responses to radiotherapy.
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We showed PHGDH was transcriptionally induced in <0.1% O conditions. Both HIF1 and
ATF4 transcription factors were found to be responsible for PHGDH induction at this level of
hypoxia. Although seemingly redundant, such dual expression control is not uncommon,
especially among genes relevant for survival under stress conditions. VEGF, REDD1 and
BNIP3 are among the genes induced and regulated by both HIF-1 and ATF4 (Forsythe et al.,
1996; K. Guo et al., 2001; J. Li et al., 2022; Oskolkova et al., 2008; D. Xu et al., 2020; Z. Zhang
et al., 2024). Dual regulation of PHGDH may arise from the severe metabolic pressure
imposed by radiobiological hypoxia, necessitating stronger induction at <0.1% O..

Despite being regulated by HIF-1, PHGDH was found to be induced at <0.1% O, but not 2%.
The reason behind this unusual induction pattern was not fully resolved in this study. In
addition to PHDs, FIH hydroxylates the CATD of HIF-1a, blocking p300/CBP recruitment and
attenuating transcriptional output at milder hypoxia levels (Lando et al., 2002; Mahon et al.,
2001). Because FIH has a lower oxygen Km than the PHDs, it remains active at 2% O even
when PHD-mediated HIF-1a degradation is partially suppressed, effectively limiting the
transcriptional activity of HIF-1a. Full FIH inhibition at <0.1% O2 may therefore be required for
PHGDH induction. Whether PHGDH induction is suppressed by selective FIH reactivation or
rescued in FIH-deficient cells at 2% O would directly test this hypothesis.

Moreover, the observed discordance between PHGDH protein and mRNA induction kinetics,
with protein accumulation preceding mRNA upregulation, suggests that post-translational
stabilisation of PHGDH may contribute independently of transcription at <0.1% O.. For
instance, ubiquitination by various E3 ligases is among the PTMs that regulate the stability
and half-life of PHGDH (C. Wang et al., 2020). The contributions of transcriptional vs post-
translational mechanisms to PHGDH accumulation at <0.1% O were not thoroughly
investigated in this study. Chase assays with cycloheximide combined with proteasome
inhibition under different levels of hypoxia would be needed to differentiate these effects.
Cycloheximide treatment would enable us to determine whether PHGDH protein accumulation
at <0.1% O arises from increased stability or translation. The combined use of proteasome

inhibitors would reveal whether the observed stabilisation is ubiquitin-proteasome dependent.
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Together, these approaches would establish whether increased PHGDH levels in hypoxia
arise from reduced proteasomal degradation and enhanced stability or from HIF-1/ATF4-
mediated transcriptional induction. A potential mechanism that can be investigated involves
p38 MAPK. Hypoxia and elevated ROS levels were shown to induce p38 signalling
(Huelsemann et al., 2015; Sanchez et al., 2012; L. Xu et al., 2004). Simultaneously, under
glucose starvation, PHGDH is directly phosphorylated by p38, which leads to its nuclear
translocation (C. Ma et al., 2021). Given the increase in nuclear PHGDH under <0.1% O
conditions, a similar post-translational modification could occur in hypoxia. Importantly, p38
signalling has also been implicated to have a role in protein stability. p38 directly
phosphorylates Snail, blocking the phosphorylation event required to prime Snail for ubiquitin-
mediated degradation, thereby enhancing its stability (Ryu et al., 2019). If p38 was
demonstrated to phosphorylate PHGDH under hypoxia, this could mask the residues required
for subsequent ubiquitin-mediated degradation. This would reduce proteasomal turnover and
account for early protein accumulation before transcriptional induction of PHGDH.

Loss of PHGDH was shown to result in elevated intra- and extracellular lactate levels andcells
with PHGDH KO demonstrated quicker induction of HIF-1a. Together, these results indicate a
potential link between PHGDH-dependent metabolic rewiring and HIF-1 activity. Specifically,
loss of PHGDH redirects glucose-derived carbon moieties away from the SSP and towards
glycolysis. This shift subsequently leads to elevated lactate production. Two possible
pathways potentially explain the increased HIF-1 signalling in PHGDH KO cells. First, an
increase in lactate levels can directly enhance HIF-1a stability. A recent study demonstrated
that lactylation of HIF-1a at the Lys-12 residue promotes protein stability by impeding its
recognition by PHD2 (C. Li et al., 2025). Secondly, increased lactate can increase HIF-1a
stability indirectly. Elevated lactate can affect HIF-1a stability via conversion to pyruvate by
LDH, enabling competition with aKG at PHD2 and inhibition of its activity. This, in its turn,
would lead to reduced HIF-1a stability (Lu et al., 2002, 2005). Lactate has also been suggested
to directly hinder aKG interaction with PHDs, implying a direct, pyruvate-independent effect

on HIF stability (De Saedeleer et al., 2012). Competition with aKG by other non-glycolytic
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metabolites has also been reported, highlighting the importance of this step in HIF induction
during metabolic adaptation to hypoxia. The accumulation of fumarate and succinate, in FH-
and SDH-deficient tumours, respectively, was shown to result in increased stabilisation of HIF-
1a. These two metabolites, again, displace aKG, the lack of which leads to PHD inhibition and
increased HIF-1a accumulation (Isaacs et al., 2005; Selak et al., 2005). PHGDH depletion in
hypoxic tumours leads to improved cell adaptation, indicating a limitation for targeting PHGDH.
Earlier, we demonstrated that PHGDH KO cells exhibited elevated lactate levels under
hypoxia, consistent with redirected glycolytic flux following SSP abrogation. The subsequent
HIF-1a amplification was also confirmed by increased upregulation of canonical transcriptional
targets such as CAIX, GLUT1, LDHA, and VEGF in PHGDH KO cells, under hypoxia. This
adaptation may confer a net survival advantage that counteracts any radiosensitisation
achieved through SSP abrogation.

Due to the complexity of the signalling and regulation landscape, both upstream and
downstream of HIF-1q, inhibiting single targets such as PHGDH may risk engagement of
compensatory pathways. This principle has been illustrated by PKM2, a glycolytic enzyme
whose ROS-induced inhibition paradoxically enhances the survival of lung cancer cells by
diverting glucose into the PPP. This metabolic rewiring led to sustained NADPH production
and GSH-mediated antioxidant defence (Anastasiou et al., 2011). Lung cancer cells
expressing an oxidation-resistant PKM2 mutant showed significantly impaired proliferation
and reduced tumour growth, an effect especially pronounced in hypoxia (1% O2) with
physiological glucose concentrations. Inhibition of a single metabolic node, therefore,
activated a compensatory programme that enhanced rather than impaired cell survival under
hypoxia, directly analogous to the HIF-1a-amplifying response observed following PHGDH
abrogation. These observations imply that effective metabolic radiosensitisation requires
combinatorial strategies disrupting the adaptive network at multiple points simultaneously. For
PHGDH specifically, co-inhibiting SSP flux alongside HIF-1a with inhibitors such as PX-478
may induce radiosensitisation as well as prevent cancer cell adaptation to hypoxia (Welsh et

al., 2004). Combined inhibition of PHGDH and HIF-1a would require rigorous evaluation under
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physiological nutrient conditions, given our observations regarding the serine concentration-
dependent radiosensitisation.

A key finding was that loss of PHGDH sensitised cells to radiation only under complete serine
deprivation. No radiosensitisation occurred at physiological serine levels (HPLM: ~150 pM).
Contrary to our findings, a study reported that inhibiting PHGDH with NCT-503 increased
radiosensitivity in hypoxic colorectal cancer cells (Van de Gucht et al., 2022). This was
observed in cells cultured in RPMI 1640, which contains 286 uM serine, roughly twice the
physiological level (Moore et al., 1967; Wishart et al., 2012). The supraphysiological serine
levels in RPMI can act as an external source of the amino acid. Moreover, NCT-503 has been
shown to redirect glucose-derived carbon units in a PHGDH-independent manner, with off-
target effects on the TCA cycle (Arlt et al., 2021). The rerouting of glucose-derived carbons
towards oxidative metabolism due to NCT-503 treatment could result in the accumulation of
ROS and impact radiosensitivity independently of blocking the SSP.

SHMT2, the enzyme converting serine to glycine, was also suggested to affect radiosensitivity
through reductions in GSH and increased ROS (Sanchez-Castillo et al., 2024). This study also
used complete RPMI 1640 media rich in serine, which makes the role of serine in
radiosensitisation difficult to interpret. Sertraline is an approved SSRI, and its activity against
SHMT2 is an off-target effect identified via drug repurposing rather than structure-based
design (Geeraerts et al., 2021). Importantly, SSRIs like sertraline have been shown to disrupt
mitochondrial membrane potential and decrease oxygen consumption at supraphysiological
doses, independently of serotonergic pathways (Li et al., 2012). Similar mitochondrial effects,
such as Complex | inhibition by metformin, have been linked to radiosensitisation, suggesting
an alternative mechanism unrelated to serine-glycine synthesis (Koritzinsky, 2015).
Consequently, the anti-cancer effects of sertraline may stem from mitochondrial disruption,
serotonin receptor modulation, or other pleiotropic actions, rather than specific SHMT2
inhibition. Therefore, under these supraphysiological serine conditions, the mechanistic basis
of radiosensitisation remains unclear, considering the off-target activities of both NCT-503 and

sertraline. Moreover, as shown in Chapter 4, physiological serine levels can support GSH
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biosynthesis, indicating that SSP disruption alone is unlikely to induce radiosensitisation in a
clinical setting.

Extracellular serine availability is a critical factor that needs to be considered when
investigating the effects of SSP abrogation. Standard culture media contain substantially
higher serine concentrations than those observed in the circulation of cancer patients, with
important implications for interpreting effects on radiosensitivity. It is also important to
recognise that plasma metabolite concentrations do not always reflect the levels accessible to
tumour cells, especially within poorly vascularised, hypoxic regions where nutrient availability
can be markedly reduced. The quantification of metabolites in the TME of murine cancers
demonstrated that various amino acids are present at concentrations significantly below
matched plasma levels. Specifically, serine levels in tumour interstitial fluid dropped to an
average of around 45-50 yM (Sullivan et al., 2019). Dietary restriction of serine, which has
been shown to improve radiation response, was found to reduce the plasma serine levels from
around 150 uM to 65 uM (Maddocks et al., 2017). Taken together, these observations suggest
that serine availability in hypoxic lung tumours is likely reduced relative to physiological plasma
levels. The sole use of HPLM and serine-deprived MEM limited our ability to investigate the
potential effect of intermediate, sub-physiological serine concentrations on radiosensitivity. An
immediate follow-up experiment would aim to determine the threshold extracellular serine
concentration at which the radiosensitisation observed in MEM is lost in PHGDH KO cells
under normoxia and hypoxia. If the critical serine concentration, especially under hypoxia, is
comparable to that of the tumour interstitial fluid, then targeting PHGDH may have clinical
relevance even without any dietary restrictions. If the threshold falls below tumour interstitial
serine concentrations, dietary restriction of serine may be required in combination with
PHGDH targeting to achieve radiosensitisation in a clinical setting. This is especially important,
as dietary restriction of serine and glycine has already been shown to result in a better
radiation response in mice (Falcone et al., 2022). Additionally, measuring GSH at each titration
point would provide mechanistic validation, as GSH depletion precisely paralleled

radiosensitisation across MEM and HPLM conditions.
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The present study focused primarily on the A549 cell line as its main model, with H460 used
in selected experiments. PHGDH has been implicated as a therapeutic target across multiple
tumour types, including GBM and HNSCC (Locasale et al., 2011a; Possemato et al., 2011).
Whether the hypoxia-dependent induction of PHGDH, the HIF-1a-amplifying response in
PHGDH KO cells, and the serine concentration-dependent radiosensitisation are conserved
across cell types remains untested. In the context of lung cancer, a broader cell line panel
encompassing different histological subtypes and PHGDH expression levels would be
necessary for assessing the ability to generalise these findings. Specifically, expression levels
of extracellular serine transporters, such as ASC1/2, can be used as a criteria for cell line
panel selection. This will indicate the cell line dependence on imported serine and its effect on
radiosensitisation under serine-deprived conditions.

All experimental work was conducted in 2D cell culture, which does not fully recapitulate the
oxygen gradients, nutrient diffusion limitations, or cell-to-cell interactions characteristic of
tumours in vivo. To ameliorate this issue, 3D spheroid models that generate endogenous
hypoxic cores and more faithfully model the TME metabolic heterogeneity can be used. The
radiosensitisation findings should be interpreted with this caveat, as the relationship between
extracellular serine concentration and SSP-dependent antioxidant defence may be
substantially different in spatially complex tumour models. In addition to this, in vivo
experiments can be designed to validate the key findings of Chapters 3 or 4. Data from
xenograft models can help us understand how loss of PHGDH affects cell growth, metastasis
formation, changes in radiosensitivity, as well as differences in HIF-signalling response in vivo.
Importantly, PHGDH loss was modelled exclusively using CRISPR-Cas9 KO, representing
chronic and irreversible gene abrogation. This differs from the acute, dose-dependent
inhibition achievable with siRNA knockdown or small-molecule inhibitors such as NCT-503,
BI-4924 and others. Even though the use of KO cells for extensive time periods was limited,
the chronic absence of PHGDH may enable compensatory adaptations. These include
upregulation of serine import via SLC1A5 or alternative 1C sources that would not develop

under acute pharmacological inhibition. Whether the increased HIF-1 signalling and serine-
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dependent radiosensitisation observed in PHGDH KO cells are recapitulated with acute
inhibition remains unknown and requires further investigation. The use of small molecular
inhibitors or siRNA knockdown will help to answer these questions.

The macrophage polarisation experiment used conditioned media from PHGDH KO and
parental control cells, representing an indirect assessment of effects on macrophage
phenotype. Conditioned media from PHGDH KO cells under hypoxia (<0.1% O-) significantly
reduced the fraction of M1 macrophages compared to parental control. This indicates a
potential immunosuppressive effect exerted by PHGDH KO cells in the TME. However, the
use of conditioned media does not account for direct tumour-immune cell contact, paracrine
signalling operating at the cell surface, or the contributions of other immune populations
present in the TME. Whether PHGDH loss affects CD8* T cell, NK, or other immune cell
function and their immunosuppressive polarisation remains unknown. Given that serine
supports effector T cell expansion, the immune effects of SSP inhibition in the hypoxic TME
require further investigation using co-culture systems and syngeneic in vivo models (E. H. Ma
et al., 2017).

Metabolomic profiling identified a reduction in purine nucleotides and an elevation in
pyrimidine intermediates in PHGDH KO cells under normoxia. These changes were not
investigated at <0.1% O». The SSP provides 1C units required for de novo purine biosynthesis
via the folate cycle, and nucleotide imbalances can drive replication fork stalling and R-loop
accumulation. This would link the metabolic findings to the genomic stress and test whether
SSP loss under hypoxia affects nucleotide depletion and R-loop formation. As a first step
towards uncovering this link, PHGDH Con and KO cells can be used to measure R-loop levels
in hypoxia (<0.1% O>). Additionally, manipulating extracellular serine levels would test whether
cells preferentially rely on endogenous or exogenous serine to support 1C metabolism and
nucleotide biosynthesis.

The R-loop co-IP strategy implemented in our study relied on the S9.6 antibody, which has
recognised limitations in specificity, including cross-reactivity with dsRNA, particularly in

ribosomal regions (Crossley et al., 2019; Hartono et al., 2018). The proximity of the IgG heavy
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chain (~50 kDa) and protein A (~45 kDa) immunoprecipitation artefact bands to PHGDH (~57
kDa) further complicated definitive interpretation of co-IP immunoblots despite DMP
crosslinking optimisation. Subsequently, a non-antibody-based method of R-loop-binding
protein enrichment would circumvent the S9.6 co-IP artefacts imposed by IgG heavy chain
and protein A bands. A potential alternative can be the use of electrophoretic mobility shift
assays (EMSA), combining purified recombinant PHGDH protein and RNA:DNA hybrids (R-
loops). The binding of PHGDH to the R-loop will slow the migration of the complex on a native
gel, resulting in a shifted band that indicates direct interaction. The specificity of the interaction
can be confirmed using WT RNase H1, which preferentially resolves R-loops by degrading the
RNA moieties in RNA:DNA hybrids. This method has been used to demonstrate RPA
interaction with R-loops (Mazina et al., 2020). Despite the inability to identify PHGDH in the
S9.6 co-IP LC-MS dataset, a more targeted approach, like EMSA, will enable a definitive
answer regarding the capacity of PHGDH to interact with R-loops. This is especially important
given the ability of PHGDH to interact with RNA directly or through other RNA-interacting
proteins. PHGDH has been shown to directly bind and stabilise PRKCD mRNA, and to interact
with proteins such as elF4A1 and elF4E, which promote mRNA translation (Cheng et al., 2025;
X. Ma et al., 2019).

If PHGDH is confirmed to interact with R-loops, its loss may be expected to impact R-loop
processing and genome stability. In the absence of R-loop resolving factors, such as SETX
and AQR, these structures are actively processed into DSBs by endonucleases XPG and XPF
(Sollier et al., 2014). Recent work has shown that the targeting of R-loop stabilising factors
and the subsequent aberrant R-loop processing by XPG/XPF endonucleases can result in the
generation of cytosolic nucleic acid species (RNA:DNA hybrids). This then leads to the
activation of innate immune signalling through the cGAS-STING pathway (Crossley et al.,
2023). If interaction with R-loops is confirmed, targeting PHGDH may drive both cytoplasmic
immune activation and accumulation of DSBs, which is particularly relevant in immune-

evasive and radioresistant hypoxic tumours.
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6.2 Concluding remarks

This thesis establishes PHGDH as a hypoxia-regulated metabolic enzyme while challenging
its viability as a radiosensitisation target in lung cancer. Although induced under severe
hypoxia via HIF-1 and ATF4, its loss is buffered by metabolic and transcriptional adaptations,
with radiosensitisation emerging only under complete serine deprivation: a condition that is
not typically representative of the TME.

Ultimately, this work underscores the importance of studying cancer metabolism under
physiologically relevant conditions. Experimental context strongly influences metabolic
dependencies, and future strategies should prioritise context-dependent, combinatorial

approaches that reflect the adaptive nature of tumour cells.
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Chapter 7: Appendix

Table 7.1: The composition of used culture media. All components, including those added before use,

are indicated.

Component DMEM MEM
(M) (M)
Serine 400 150 0
Glycine 400 300 0
Cysteine 201 100 100
Glutamine 4000 550 0
Glutamate 0 80 0
Leucine 800 150 396
Threonine 798 140 400
Valine 800 220 393
Phenylalanine 400 80 194
Glucose 25000 25000 5500
Fructose 0 40 0
Folate 9 2 2
Formate 0 50 0
Uridine 0 3 0
Na-Pyruvate 0 50 0
Succinate 0 20 0
Malate 0 5 0
oKG 0 5 0
GSH 0 25 0
Supplements added to media before use

Dialysed FBS 9.1% 9.1% 9.1%
(A3382001, Gibco) (50 ml to 500 ml) (50 ml to 500 ml) (50 ml to 500 ml)
MEM Vitamins 0 0 0.91%
(11120052, Gibco) (5 mlin 550 ml)
Glucose 0 0 Increase to 17000
Glutamine 0 0 2000
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Abstract

Radiotherapy is widely used in the treatment of lung cancer, however a number of intrinsic and
extrinsic mechanisms of resistance exist, including hypoxia. Targeting metabolic pathways that
support redox homeostasis has been proposed as a strategy to enhance radiosensitivity. The
serine synthesis pathway enzyme, phosphoglycerate dehydrogenase (PHGDH) has been
implicated in resistance to several anticancer therapies; however, its role in radiotherapy response
is poorly defined. We show that PHGDH expression positively correlates with established hypoxia
gene expression signatures in lung adenocarcinoma and squamous cell carcinoma patient
datasets and is induced under hypoxia (<0.1% O>) in lung cancer cell lines. Hypoxic induction of
PHGDH appears mediated by both HIF-1 and PERK signalling, linking PHGDH regulation to
hypoxia and the unfolded protein response. Using CRISPR-Cas9 PHGDH knockout models, we
demonstrate that loss of PHGDH does not enhance radiosensitivity in normoxia or hypoxia when
extracellular serine and glycine are available at physiological or supraphysiological
concentrations. Radiosensitisation is observed only under complete serine/glycine deprivation.
Unexpectedly, PHGDH loss confers increased tolerance to hypoxic stress, associated with
elevated glycolytic flux, increased lactate production, accelerated HIF-1a stabilisation, and
enhanced expression of hypoxia-inducible genes. Overall, these data indicate that targeting
PHGDH alone is unlikely to impact radioresistance in lung cancer under physiologically relevant
nutrient conditions and may instead promote metabolic adaptation to hypoxia. This highlights the
importance of microenvironmental context when evaluating metabolic targets for combination with

radiotherapy.



Introduction

Lung cancer is the leading cause of cancer-related deaths globally, accounting for 1.8 million
deaths in 2022 '. A significant proportion of lung cancer patients receive radiotherapy with curative
intent, although this is determined by factors including disease stage, patient fitness,
comorbidities and access to facilities 2. Hypoxia, or lack of oxygen, is a common hallmark of lung
cancers, arising from an imbalance between elevated proliferation rates and insufficient
vasculature. Importantly, hypoxia is a major cause of radioresistance, as oxygen is required to
stabilise radiation-induced DNA damage 3. Consequently, significant effort has been spent
identifying agents that improve the efficacy of radiotherapy (radiosensitisers), with a particular
focus on those agents that are effective in hypoxic conditions 4.

Serine and glycine synthesis pathways play an important role in the metabolic reprogramming of
cancer cells and response to therapy. Serine and glycine are crucial for upregulation of cellular
pathways that drive cell proliferation, including nucleotide synthesis through one-carbon
metabolism. Serine is synthesised de novo through the serine synthesis pathway (SSP), which
includes 3-phosphoglycerate dehydrogenase (PHGDH) as a rate-limiting step. PHGDH catalyses
the conversion of 3-phosphoglycerate (3-PG), a glycolytic intermediate, into 3-
phosphohydroxypyruvate (3-PHP). The subsequent two steps of the SSP are catalysed by
enzymes phosphoserine aminotransferase 1 (PSAT1) and phosphoserine phosphatase (PSPH)
56, Serine can then be converted into glycine through a reaction catalysed by serine
hydroxymethyltransferase (SHMT1/2) enzymes ’. Importantly, serine contributes to glutathione
(GSH) production by serving as a precursor for glycine via these SHMT1/2-mediated reactions &.
GSH is critical to antioxidant defence, and without sufficient levels, an increase in reactive oxygen
species (ROS) occurs *1°,

Evidence across multiple cancer types indicates that PHGDH promotes resistance to
chemotherapy and targeted agents, whereas genetic or pharmacological inhibition enhances

treatment sensitivity. For example, PHGDH upregulation has been demonstrated to contribute to



acquired resistance to erlotinib in EGFR-mutant lung adenocarcinoma cells . Repression of
PHGDH has been shown to sensitise triple-negative breast cancer cells to doxorubicin by
increasing oxidative stress and apoptosis '2. Most recently, high PHGDH expression was shown
to promote 5-fluorouracil chemoresistance in colorectal cancer models by upregulating pro-
survival Hedgehog signalling *3.

The role of PHGDH in radiotherapy response is less well-characterised. A recent study
demonstrated that both knockdown and pharmacological inhibition of PHGDH increased the
radiosensitivity of glioblastoma stem cells through ROS-mediated DNA damage 4. Furthermore,
inhibition of PHGDH has been shown to radiosensitise colorectal cancer cells in hypoxic (<0.1%
0,) conditions, again through disrupting the redox balance and elevating ROS levels '°. Inhibition
of the serine/glycine pathway has been more widely investigated. Notably, targeting SHMT with
sertraline resulted in increased sensitivity to radiation in non-small cell lung cancer (NSCLC) and
was attributed to decreased GSH and increased ROS 6. Further support for targeting serine and
glycine metabolism comes from evidence that dietary restriction of serine/glycine enhances
radiosensitivity in breast, colorectal, and murine pancreatic cancer models 7.

PHGDH expression has not been characterised in hypoxic conditions, however it was shown to
be a transcriptional target of Activating Transcription Factor 4 (ATF4) in response to serum
starvation 8. ATF4 plays a pivotal role in the unfolded protein response (UPR), which, in addition
to being induced in response to starvation, is also active in the hypoxic conditions most associated
with radiation resistance '92°. GSH levels increase in response to hypoxia, which also suggests a
possible dependence on serine/glycine levels 0. Together, these findings led us to hypothesise
that targeting PHGDH could increase radiosensitivity and, most importantly, that this could combat

hypoxia-mediated radiation resistance in lung cancer.

Materials and Methods

Cell culture



Cells were grown in DMEM supplemented with 10% FBS, in a standard humidified incubator at
37°C and 5% COs.. Cell lines used for the study: A549 (human lung adenocarcinoma, ATCC), NCI-
H460 (human large cell lung carcinoma, provided by Prof. Geoff Higgins, University of Oxford),
RKO (human colorectal cancer cells, ATCC) and RKOWFi*/- 21 Additional media HPLM
(A4899101, Gibco) and MEM (21090022, Gibco). PHGDH knockout clones were generated using
a CRISPR-Cas9 ribonucleoprotein-based genome editing approach in accordance with
Synthego’s single-cell cloning workflow (guide sequences Table S1). Cells were regularly

checked for mycoplasma (Mycoalert mycoplasma detection kit, Lonza).

Exposure to hypoxia

Cells were incubated in a Whitley A35 chamber (Don Whitley Scientific), Bactron Il anaerobic
chamber (Sheldon manufacturing) or Whitley H35 Hypoxystation (Don Whitley Scientific). For
experiments conducted at <0.1% O levels, cells were plated on glass dishes. Cells were

harvested inside hypoxia chambers with equilibrated solutions.

Western blotting

Cells were lysed using UTB (9 M urea, 75 mM Tris-HCI, pH 7.5, 0.15 M B-mercaptoethanol) and
sonicated briefly. Proteins were separated on a 4-20% polyacrylamide gel (Bio-Rad) and
transferred onto a nitrocellulose membrane (Bio-Rad). Odyssey IR imaging technology (LI-COR
Biosciences) was used. Primary antibodies: PHGDH (Novus Biologicals, NBP2-46389), HIF-1a

(BD Biosciences, 610958), B-actin (Santa Cruz, AC-15), YH2AX (Sigma Aldrich, 05-636).

RT-qPCR
RNA was prepared using TRIzol (Invitrogen/Life Technologies). cDNA was reverse transcribed

from total RNA using the Verso kit (Thermo Scientific). gqPCR was performed using SYBR Green



PCR Master Mix kit (Applied Biosystems) in a 7500 FAST Real-Time PCR thermocycler with
v2.0.5 software (Applied Biosystems). RNA fold change was calculated using a 2-22¢t method in
relation to the 18S. The mean of three biological replicates + SEM is shown. All primer sequences
are available (Table S2).

HIF reporter assay

Cells were transiently transfected with 5x-HRE-luciferase 2?2 and pCMV-Renilla plasmids using
Lipofectamine 2000 transfection reagent (Invitrogen Life Technologies). pCMV-Renilla was used
for normalisation purposes. Firefly and Renilla luciferase activities were measured using the Dual

Glo Luciferase assay (Promega).

Irradiation
Cells were irradiated using a Cs-137 irradiator (GSM: GSR D1; dose rate 1.7 Gy min-" at room
temperature). For irradiation in hypoxic conditions, cells were sealed in equilibrated air-tight boxes

as previously described and transported to the source 22.

GSH measurements

A probe (FL-1) was used to measure the GSH levels in cells '°. Cells were seeded (6000/well) in
flat-bottomed 96-well plates. As a negative control, cells were treated with N-ethylmaleimide
(NEM, 200 uM) for 6 h. FL-1 (10 uM) was then added to each well, and after 1 h, the fluorescence

was measured (POLARstar plate reader, BMG LabTech).

Clonogenic survival assay

Cells were seeded at the appropriate density in 6-well plates. Each treatment condition was
performed in triplicate. Colonies were allowed to grow in normal conditions for 10-14 days. Once
the colonies had formed (>50 cells), the media was removed, and they were stained with crystal

violet (0.5% wi/v in 50% MeOH and 20% EtOH). Colonies were counted using a manual cell



counter (Stuart Scientific). The plating efficiency (PE = colonies counted/cells seeded) and the
surviving fraction (SF = PEr ¢ose/PEo gy) were calculated. A linear-quadratic equation was used for

survival data fitting.

PHGDH overexpression
Knockout cells were transfected with pcDNA3.1+/C-(K)-DYK expression vector containing the
wild-type (WT) PHGDH sequence (GeneScript Clone ID: OHu19607). Transfections were

performed using Lipofectamine 2000 (Thermo Fisher Scientific).

Metabolomics analysis

Cells were fixed and collected in ice-cold methanol. The DNA concentration was normalised to
the samples with the lowest concentration (expected range: 50-100 ng/ul). To remove the soluble
proteins from the samples, the suspension was passed through a 10 kD molecular weight cut-off

filter (Amicon Ultra, Millipore). Metabolomic analysis was carried out as previously described 2.

Real-time metabolic flux analysis

Real-time analysis of glycolytic stress was performed using the Agilent Seahorse XF analyser.
Seahorse XF base medium supplemented with 2 mM Glutamine (GlutaMAX supplement,
ThermoFisher Scientific) was used for the experiment. Additionally, the compounds for the
glycolytic stress test were prepared: Glucose (10 mM), Oligomycin (1 uM) and 2-Deoxy-D-glucose
(50 mM). Three measurement cycles were recorded following the addition of each compound (3
min mix and 3 min measure). Extracellular acidification rate (ECAR) readings were normalised to
cell number. For normalisation, cells were fixed with 10% PFA and stained with Hoechst 33342

fluorescent dye (Thermo Fisher Scientific). Cells were counted following the measurement using



the Celigo imaging cytometer (Nexcelom). Glycolysis levels were calculated based on the

changes in normalised ECAR values following the addition of glucose to the media.

Results

PHGDH is hypoxia-inducible

To investigate the potential relationship between expression of the SSP and hypoxia in lung
cancer, we began by studying the expression of PHGDH, PSAT1 and PSPH in normal tissue
versus tumour. In lung squamous cell carcinoma (LUSC), all three SSP genes showed
significantly higher expression in tumour vs normal, whilst in lung adenocarcinoma (LUAD), only
PSAT1 was significantly different (Figure S1A, B). Next, we looked for correlation between
PHGDH/PSAT1/PSPH mRNA levels and established hypoxia gene expression signatures in the
TCGA lung patient datasets 2526, PHGDH, PSAT1 and PSPH showed a positive correlation with
two hypoxia signatures in LUSC and LUAD, suggesting that the SSP could be hypoxia-inducible
in patients with lung cancer (Figure S1C-F) 2728, Given the druggable nature of PHGDH, we
sought to confirm the relationship between expression and hypoxia in vitro. A549 cells were
exposed to hypoxia, and RT-gPCR was carried out using the well-characterised HIF target gene,
carbonic anhydrase IX (CAIX) as a positive control 2°. As expected, both PHGDH and CAIX levels
were significantly increased in hypoxia (Figure 1A, S2A). Hypoxia-mediated induction of PHGDH
was also determined in a second cell line, H460 (Figure S2B, C). PHGDH protein levels were
found to increase earlier than the observed change in mRNA, reaching maximum levels after just
4 h in hypoxia (<0.1% O.) (Figure 1B, C). Notably, no significant change in PHGDH protein was
determined in H460 cells exposed to hypoxia, although we did note that they appeared to have

higher baseline expression compared to A549 cells (Figure S2D, E).



The positive correlation between PHGDH expression and the hypoxia signatures suggested to us
that PHGDH could be a target of the HIF transcription factors. To determine if PHGDH was
regulated by HIF-1, PHGDH mRNA was measured in genetically matched cell lines RKO and
RKOMF-1%- ynder normoxia and hypoxia (<0.1% O. and 2% O;). PHGDH induction was again
observed in hypoxia (<0.1% O-), and was significantly reduced, but not entirely abrogated, in the
absence of HIF-1a. Surprisingly, PHGDH was not induced in response to 2% O2, where a robust
induction of CAIX was observed (Figure 1D, E). To exclude the possibility that PHGDH was
induced with different kinetics in 2% O, further analysis was carried out. However, no significant
change in PHGDH expression was determined over the time period examined (0-24 h) (Figure
1F). Together, these data suggested that the induction of PHGDH in hypoxia is not entirely HIF-1
mediated and is dependent on the exact level of oxygen. PHGDH expression has been linked to
the UPR, specifically via PERK-ATF4 signalling 393'. Given the established links between hypoxia
and the UPR 32, we asked whether inhibiting PERK would influence PHGDH expression under
hypoxic conditions. A549 cells were treated with PERKi (AMG PERK 44) and exposed to hypoxia,
followed by RT-qPCR for PHGDH, CAIX and ATF4 (Figure 1G-l). Again, PHGDH was not induced
in response to 2% O but did increase in <0.1% O.. Somewhat surprisingly, inhibition of PERK
completely abrogated the induction of PHGDH and ATF4 in <0.1% O, whilst it did not affect CAIX
expression. Together, these data suggest that PHGDH is regulated by both HIF-1 and the PERK-
mediated UPR in hypoxic conditions, or that in this context PERK signalling controls HIF-1 activity.
Interestingly, potential binding sites for both HIF-1 and ATF4 have been identified in the PHGDH
promoter sequence (Figure S2F, G).

To test our hypothesis that targeting PHGDH could increase radiosensitivity, we generated
CRISPR-Cas9 PHGDH knock-out (KO) cells. As expected, ion chromatography mass
spectrometry (IC-MS) analysis of anionic metabolites in parental A549 and PHGDH KO cells

revealed predicted changes in serine metabolism (Figure 2A-C and S3A-C) 2433, For example, a



significant reduction in O-Phosphoserine levels was observed in PHGDH KO cells, confirming the
abrogation of the SSP (Figure 2D). Levels of NADH, the reduced form of the PHGDH co-factor
NAD*, were also significantly lower in the KO cells (Figure 2E). However, despite a complete loss
of PHGDH and therefore SSP, there was no significant change in proliferation rate (Figure S3D).
However, it is important to note that although PHGDH is essential for de novo serine synthesis,
serine can also be imported from the media 3*. Standard tissue culture media contain
supraphysiological levels of serine (DMEM - 420 uM vs 140-160 uM in human plasma) 35-3’. This
readily available excess serine means that cells grown in DMEM are not dependent on the SSP.
Therefore, we performed experiments using a range of media containing different serine
concentrations: DMEM (420 uM serine), HPLM (150 uM serine) and MEM (~0 uM serine) (Figure
2F and Table S3 for full description of the media). No PHGDH-dependent effect on proliferation
rate was determined when cells were grown in HPLM; however, in MEM, cells lacking PHGDH
grew significantly slower (Figure 2G, H and S3E, F). PHGDH expression was found to increase
when A549 cells were grown in the media with either physiological levels of serine (HPLM) or no
serine (MEM) (Figure 21, J and S3G, H). To further verify the relationship between the expression
of the SSP and exogenous serine levels, MEM was supplemented with increasing concentrations
of serine. As previously, PHGDH levels increased in MEM, but this effect was lost as serine levels
increased and was completely abrogated when the levels of serine found in DMEM (400 uM) were

reached (Figure 2K and S3l).

Loss of PHGDH does not increase radiosensitivity

The cell lines (parental and KO1) were grown in the range of media (DMEM, HPLM and MEM)
and irradiated (0-8 Gy) before allowing colonies to form. In agreement with a previous report, cells
grown in MEM, i.e. the absence of serine/glycine, were significantly more sensitive to radiation

than cells grown in DMEM or HPLM (Figure S4A) '". Loss of PHGDH did not have a significant



effect on radiosensitivity in DMEM or HPLM media (Figure 3A, B). However, when irradiated in
MEM, the PHGDH KO cells (KO1 and KO2) showed significantly increased radiosensitivity
(Figure 3C, S4B). Next, we asked how radiosensitivity in hypoxia was affected by the loss of
PHGDH. As expected, cells irradiated in hypoxic conditions (<0.1% O_) were more radioresistant
than those treated in normoxia with oxygen enhancement ratios (OER) of 2-3.5 (Figure S4C-E).
However, as determined in normoxia loss of PHGDH only led to enhanced radiosensitivity when
grown in MEM in hypoxia (Figure 3D-F). To investigate further, we determined changes in GSH
levels in each media type and found that a PHGDH-dependent difference in GSH was only
significant when the cells were grown in MEM (Figure 4A). As expected, regardless of the media
the cells were grown in, GSH levels increased in response to hypoxia indicating that even when
grown in MEM, there are other cellular mechanisms to generate GSH. The hypoxia-mediated
increase in GSH was not PHGDH dependent. As seen in normoxia, loss of PHGDH only reduced
GSH in hypoxia, compared to the parental cells, when serine and glycine were also missing from
the media, i.e. cells were grown in MEM (Figure S5A). Next, we investigated the levels of DNA
damage, determined using yH2AX and found that PHGDH KO1 cells had both higher levels of
YH2AX at baseline and post radiation (2 Gy) when grown in MEM but not DMEM or HPLM (Figure
4B-G and KO2 and KO3 Figure S5B-D). Overall, our data shows that loss of PHGDH only leads
to significant radiosensitisation when cells are completely deprived of extracellular serine/glycine.
This radiosensitisation effect is potentially due to reduced anti-oxidant capacity and higher levels

of baseline DNA damage in the absence of PHGDH.

Loss of PHGDH leads to higher glycolytic rates and elevated levels of lactate
Whilst determining relative radiosensitivity, we noted that cells lacking PHGDH appeared to
survive better in hypoxic conditions. To formally investigate, we exposed the PHGDH KO1 cells

and parental control to hypoxia (<0.1 and 2% O;) and carried out a colony survival assay. While



exposure to hypoxia led to a significant decrease in survival in the parental cell line, no change in
survival was determined in the KO cells (Figure 5A and KO2 and KO3 Figure S6A, B). These
data were further supported by demonstrating that exposure to hypoxia had a significant impact
on proliferation rates when parental cells were returned to normal oxygen levels, whilst those
lacking PHGDH were unaffected (Figure S6C, D). Next, we asked whether the resistance to
hypoxia observed in PHGDH KO cells occurred in all media types. When grown in HPLM, cell
survival under hypoxia was affected in PHGDH WT but not in KO1 cells (Figure 5B and KO2 and
KO3 Figure S6E). Exposure to serine-free MEM led to reduced survival rates under hypoxia in
both PHGDH Con and KO1 cells (Figure 5C and KO2 and KO3 Figure S6F). Together, these
data suggest that loss of PHGDH could prime cells for survival in hypoxic conditions. Supportively,
the metabolomic analysis showed elevated levels of pyruvate and intracellular lactate (Figure 5D,
E). To further investigate the effect of PHGDH loss on changes in lactate and glycolysis, an
extracellular flux glycolytic stress test was carried out. The extracellular acidification rate (ECAR),
which can be used as a surrogate for extracellular lactate production, demonstrated a significantly
higher rate in the PHGDH KO1 and KO2 cells (Figure 5F). Furthermore, following the glucose
injection, PHGDH-deficient cells (KO1 and KO2) showed a larger increase in ECAR compared to
parental controls, indicating a rapid elevation of glycolytic flux (Figure 5G). To confirm that the
resistance to hypoxia observed in the KO cells was PHGDH dependent, a rescue experiment was
carried out. Expression of physiological levels of PHGDH in the KO cells restored the sensitivity

to hypoxia determined in the parental cell line (Figure 5H, | and KO2 Figure S6G, H).

Loss of PHGDH leads to increased HIF-1 activity
Increased lactate has been linked to HIF-1 stability 3840, Parental and KO A549 cells were

exposed to hypoxia, and the speed with which HIF-1a accumulated was determined by western

blotting. In response to hypoxia (<0.1% O), HIF-1a accumulated faster in the KO cells compared



to the parental control cells (Figure 5J, S7A). To investigate this further, a hypoxia response
element (HRE)-luciferase reporter was used to demonstrate that loss of PHGDH led to increased
HIF-1 activity under hypoxia in the KO cells (Figure 5K and KO2 Figure S7B). This was further
confirmed by determining the accumulation of known HIF target genes in response to hypoxia in
both cell lines (parental and KO). The levels of CAIX, GLUT1, VEGF and LDHA were all found to
be significantly higher in the KO1 cells exposed to hypoxia (<0.1% O2) compared to the parental
control (Figure 5L, M and S7C-F). Together, these data show that loss of PHGDH confers
resistance to hypoxic stress, an effect that is reversible by PHGDH re-expression and is

associated with enhanced HIF-1a accumulation and transcriptional activity under hypoxia.

Discussion

Here, we demonstrate that PHGDH loss does not increase radiosensitivity in cancer cells grown
in physiologically relevant concentrations of extracellular serine/glycine. Increased radiosensitivity
was observed when cells were irradiated in the complete absence of extracellular serine/glycine.
Our data support the conclusion that increasing radiosensitivity through a PHGDH-dependent

reduction of GSH levels is only achievable in the absence of extracellular serine/glycine.

Importantly, we found that loss of PHGDH increases tolerance to hypoxia in cells cultured in both
DMEM and HPLM. Hypoxia is known to drive metabolic reprogramming, including an increased
reliance on glycolysis. Elevated extracellular lactate levels have been associated with enhanced
tumour invasion and metastasis, as well as impaired immune surveillance in lung, breast, and
other cancer types 4'#4. Additionally, an increase in lactate has been shown to correlate with
radioresistance, both in vitro and in vivo 394145 Increased lactate levels have also been shown to
stabilise HIF-1a through lactylation, which can block its recognition by the von Hippel-Lindau
(VHL) complex “6. We observed increased glycolysis and ECAR in cells lacking PHGDH,

supportive of higher lactate levels, which could therefore contribute to increased HIF-



10 accumulation and HIF-1 activity. Moreover, enhanced induction of LDHA in PHGDH-deficient
cells in hypoxia is likely to further increase glycolytic flux, thereby promoting lactate production
and establishing a positive feedback loop 7. Overall, these data show that PHGDH loss leads to

increased glycolysis, effectively priming them to respond to hypoxic conditions.

Interestingly, we found that PHGDH was induced in a HIF-1-dependent manner in response to
<0.1% O but did not change in milder conditions (2% O-), which are also associated with HIF-1
activity. A potential model to explain this expression pattern involves the oxygen-dependency of
the hydroxylation pathways, which play key roles in HIF-1a stabilisation and activity. Specifically,
inhibition of the prolyl hydroxylases (PHDs) occurs at relatively higher oxygen levels, allowing
HIF-1a stabilisation, while Factor Inhibiting HIF (FIH) remains active, restricting recruitment of
p300/CBP and limiting transcription “8. As oxygen levels decrease further, FIH activity is
progressively lost, permitting full HIF transcriptional activity and maximal expression of a subset
of FIH-sensitive target genes “°. Furthermore, certain chromatin remodelling proteins, such as
KDMBGA, are direct oxygen sensors and can change chromatin accessibility and affect HIF binding
to the HREs in an oxygen-dependent manner %°. To fully characterise the mechanism of PHGDH
induction in response to hypoxia, chromatin immunoprecipitation of HIF-1 and potentially ATF4

would be required.

In contrast to the data shown here, pharmacological inhibition of PHGDH has also been shown
to increase the radiosensitivity of colorectal cancer cells in hypoxic conditions '°. However, it
should be noted that the reported experimental conditions include non-physiological levels of
extracellular serine (RPMI, 286 uM serine) %'; therefore, it is unclear what mechanism underpins
the observed increase in radiosensitivity. Moreover, the PHGDH inhibitor used, NCT-503, has

been reported to have off-target effects by reducing glucose-derived citrate levels in a PHGDH-



independent manner 52. Inherent biological differences between colorectal and lung cancer cells
could also contribute to the differing observations. Similarly, the only other report on PHGDH-
dependent radiosensitisation focused on glioblastoma stem cells, which exhibit a distinct

metabolic landscape and therapy response .

Elevated PHGDH expression has been associated with poor patient outcomes in several studies
53-55; however, recent evidence suggests a more complex role, as low or heterogeneous PHGDH
expression has been linked to cancer cell dissemination and metastatic progression 6. Taken
together, these findings highlight a context-dependent role for PHGDH in tumour biology and
suggest that inhibition of serine biosynthesis alone is unlikely to overcome hypoxia-mediated
radioresistance in lung cancer. More broadly, this work underscores the importance of considering
nutrient availability when evaluating metabolic targets for combination with radiotherapy and
cautions against extrapolating radiosensitisation strategies from non-physiological culture

conditions to the clinical setting.
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Figure legends

Figure 1. Hypoxia-mediated induction of PHGDH is dependent on HIF-1 and the UPR

A. A549 cells were treated with <0.1% O for 0-24 h, and RT-gPCR for PHGDH was carried out.
The levels of CAIX in the same samples are shown in Figure S2A. B. A549 cells were exposed
to <0.1% O for the times indicated, followed by western blotting for PHGDH, HIF-1a and B-actin
as a loading control. C. Quantification of changes in PHGDH from western blots generated in part
B. Band intensities were normalised to B-actin loading control. D, E. HIF-1a wild-type and knock-
out RKO cells were exposed to 21, 2, or <0.1% O for 16 h and PHGDH (D) and CAIX (E)
expression levels were determined using RT-qPCR. F. A549 cells were treated with <2% O, for
0-24 h, and RT-gPCR for PHGDH was carried out. G-l. A549 cells were exposed to 21, 2 or <0.1%
O for 16 h with or without AMG PERK 44 (20 uM). RT-qgPCR for PHGDH (G), ATF4 (H) and CAIX
(I) was carried out. Data represent the mean of three replicates, and error bars indicate the SEM.
For statistical analysis, a two-tailed Student t-test was performed. *p<0.05, **p<0.01, ***p<0.001,

ns=non-significant



Figure 2. PHGDH-dependent control of metabolic state and proliferation

A. IC-MS metabolomics heatmap showing z-scored relative metabolite abundances in parental
control (Con) and PHGDH KO1 A549 cells grown in normoxia (21% O2), with metabolites
hierarchically clustered and samples grouped by condition. B. Validation of PHGDH knock-out in
three A549 CRISPR-Cas9 clones (KO1, KO2, KO3). A549 cells were used as a parental control
(Con). C. Schematic representation of the de novo serine synthesis pathway (SSP). D, E.
Comparisons of the levels of O-Phosphoserine (D), NADH (E) between A549 and PHGDH KO1
cells under normoxia (21% O). F. The levels of serine (uM) in each of the media used compared
to normal plasma 5. G. Proliferation of parental and PHGDH KO1 cells was measured over 7
days of growth in HPLM. Fold change relative to the first day post-seeding was calculated. H.
Proliferation of parental and PHGDH KO1 cells was measured over 7 days of growth in MEM.
Fold change relative to the first day post-seeding was calculated. 1. Quantification of PHGDH
protein expression in parental A549 cells cultured in HPLM for the indicated times. Band intensity
values were normalised to B-actin loading control and are relative to the 0 h condition. A
representative western blot is shown in Figure S3G. J. Quantification of PHGDH protein
expression in parental A549 cells cultured in MEM for the indicated times. Band intensity values
were normalised to B-actin loading control and are relative to the 0 h condition. A representative
western blot is shown in Figure S3H. K. Quantification of PHGDH protein levels in parental A549
cells cultured in DMEM (D), MEM (M), or MEM supplemented with increasing concentrations of
serine (50-400 uM). Band intensity values were normalised to B-actin loading control and
expressed relative to the DMEM condition. A representative western blot is shown in Figure S3l.
Data represent the mean of three replicates, and error bars indicate the SEM. For statistical
analysis of western blot data, a two-tailed unpaired Student t-fest was performed. For proliferation

data, a two-tailed paired Student t-test was used. *p<0.05, **p<0.01, ***p<0.001.



Figure 3. The effect of PHGDH KO on radiosensitivity in normoxia and hypoxia

A-C. A549 (parental and PHGDH KO1) cells were irradiated (0-8 Gy) in normoxia (21% O3)
followed by a colony survival assay. Prior to and during irradiation, cells were either grown in
DMEM (A), HPLM (B) or MEM (C). 24 h after irradiation, all media were replaced with fresh
DMEM. A schematic of the experimental setup is indicated. D-F. A549 (parental and PHGDH
KO1) cells were irradiated (0-8 Gy) in hypoxia (<0.1% O.) followed by a colony survival assay.
Prior to and during irradiation cells were either grown in DMEM (D), HPLM (E) or MEM (F). 16 h
before irradiation, cells were transferred to hypoxia (<0.1% O2) and were irradiated in hypoxic
conditions. Cells were returned to normoxia shortly after irradiation. 24 h after irradiation, all media
was replaced with fresh DMEM. A schematic of the experimental set-up is indicated. Data
represent the mean of three replicates, and error bars indicate the SEM. For statistical analysis,
survival curves were fitted using a linear—quadratic model and compared by an extra-sum-of-

squares F test. ***p<0.001, ****p<0.0001.

Figure 4. Loss of PHGDH in the absence of extracellular serine results in decreased GSH
levels and increased DNA damage.

A. Parental control and PHGDH KO1 A549 cells were grown in DMEM, HPLM and MEM for 16 h,
under normoxia. Fold change in GSH levels was calculated in relation to baseline levels in cells
cultured in DMEM. A549 cells were also treated with N-ethylmaleimide (NEM) (200 pM, 6 h) in
each media type to reduce GSH, as a negative control. B-G. A549 (parental and PHGDH KO1)
cells were grown in the media indicated DMEM (B), HPLM (C) and MEM (D) for 24 h followed by
irradiation (2 Gy). Western blotting and quantification of changes in yYH2AX relative to B-actin was
carried out. Fold change relative to non-irradiated control cells (0 Gy, Con) is shown.

Representative western blots are shown in (E-G). Data represent the mean of three replicates,



and error bars indicate the SEM. For statistical analysis, a two-tailed Student's t-test was

performed. *p<0.05, **p<0.01, ***p<0.001.

Figure 5. Loss of PHGDH leads to improved survival in hypoxic conditions

A. A549 (Con and PHGDH KO1) grown in DMEM were exposed to hypoxia (<0.1 or 2% O,) for
16 h. Cells were returned to normoxic conditions and colonies allowed to form. Colony survival is
shown as a per cent survival fraction relative to the 21% O control. B. Parental and PHGDH KO1
A549 cells were grown in HPLM media for 45 h. After 5 h in HPLM, cells were exposed to hypoxia
(0.1% O3) for 16 h. Following the hypoxia exposure, cells were kept in HPLM for an additional 24
h and then returned to DMEM and grown under normoxia to allow colony formation. C. Parental
and PHGDH KO1 A549 cells were grown in MEM media for 45 h. After 5 h in MEM, cells were
exposed to hypoxia (0.1% O3) for 16 h. Following the hypoxia exposure, cells were kept in MEM
for an additional 24 h and then returned to DMEM and grown under normoxia to allow colony
formation. D, E. Comparisons of the levels of pyruvate (D), lactate (E) between A549 and PHGDH
KO1 cells under normoxia (21% O:). F. Glycolytic stress test on parental (Con) and PHGDH KO1
and KO2 A549 cells. G. Using the data from part F, glycolysis levels were calculated based on
the extracellular acidification rates (ECAR) in parental (Con) and KO1 and KO2 cell lines. H.
PHGDH KO1 cells expressing an empty vector control or PHGDH overexpression vector (KO1 +
PHGDH) were cultured in DMEM, under normoxia and hypoxia (<0.1 or 2% O;) for 16 h. Cells
were returned to normoxic conditions and colonies allowed to form. I. Representative western blot
showing the expression of PHGDH in parental control, PHGDH KO1 and PHGDH overexpressing
cells. B-actin was used as a loading control. J. Quantification of HIF-1a protein levels in parental
control (Con) and PHGDH KO clones (KO1 and KO2) following exposure to hypoxia (<0.1% O>)
for the indicated times. Band intensity values were normalised to B-actin and expressed as fold

change relative to normoxic Con cells (0 h, Con). A representative western blot is shown in Figure



S7A. K. A549 cells and PHGDH KO1 cells were transfected with an HRE-Luciferase reporter and
then exposed to hypoxia (<0.1% O>) for 0-12 hours. Relative luciferase levels are shown. L, M.
A549 and PHGDH KO1 cells were exposed to hypoxia (<0.1% O.) for the times indicated, followed
by qPCR for CAIX (L), GLUT1 (M). Data represent the mean of three replicates, and error bars
show the standard error of the mean (SEM). An ordinary one-way ANOVA test was performed for
statistical analysis of the extracellular flux analysis data. Elsewhere, a two-tailed Student t-test

was performed. *p<0.05, **p<0.01, ***p<0.001.
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HIF-1-regulated TPMS links hypoxia to
motility and invasion beyond the hypoxic
fraction in triple-negative breast cancer

M| Check for updates

Chumin Zhou', Jack T. Crusher', Kate Friesen', Sophie A. Twigger', Eduard Petrosyan', Graham Booker",
Priya Samuel?, Eileen E. Parkes' & Ester M. Hammond'

Hypoxia is a defining feature of triple-negative breast cancer (TNBC), driving invasion, metastasis, and
therapy resistance. Understanding the molecular effectors of hypoxia is essential to identify new
therapeutic targets. Here, we investigated tropomyosin 3 (TPM3), an actin-binding protein that
regulates filament stability. TPM3 is significantly upregulated in breast cancer, including in TNBC,
where elevated levels correlate with poor overall survival. Using validated hypoxia signatures and
TNBC cell models, we show that TPMS is induced in physiologically relevant hypoxic conditions in a
HIF-1-dependent manner. Both mRNA and protein levels of TPMS3 increased in response to hypoxia,
and TPMBS colocalised with F-actin, supporting cytoskeletal organisation. Functional assays
demonstrated that depletion or inhibition of TPM3 impaired cell morphology, motility, and invasion in
hypoxic TNBC cells, while not affecting viability. Notably, TPM3 inhibition synergised with Paclitaxel
and Doxorubicin, enhancing therapeutic efficacy. In addition, TPM3 was incorporated into
extracellular vesicles (EVs), with hypoxia increasing EV-mediated transfer of TPM3 to normoxic cells
and promoting their motility. These findings establish TPM3 as a hypoxia-inducible, HIF-1-regulated

effector of cytoskeletal dynamics and intercellular communication, underscoring its potential as a
therapeutic target to limit TNBC aggressiveness and improve treatment outcomes.

Hypoxia (conditions of insufficient oxygen) is a hallmark of the tumour
microenvironment (TME) in solid cancers, arising as a consequence of rapid
tumour growth and inadequate or inefficient vasculature. Hypoxia is
associated with therapy resistance and poor patient prognosis'. The adverse
prognostic impact of hypoxia has been particularly well documented in
breast cancer and is even more pronounced in triple-negative breast cancer
(TNBC), the most aggressive subtype which lacks targeted treatment
options™. Patients who succumb to TNBC do so because of metastatic
disease and while a relationship between hypoxia and increased metastasis is
well-known, the underpinning mechanisms are less clear. Emerging evi-
dence suggests that hypoxia-driven changes in gene expression, activation of
hypoxia-inducible factors (HIFs), epithelial-to-mesenchymal transition
(EMT), metabolic reprogramming, and remodelling of the TME may all
contribute to enhanced metastatic dissemination®”. The identification of
hypoxic tumour markers which predict poor patient outcome is therefore
critical to identify novel therapeutic strategies.

TPM3 (Tropomyosin 3) encodes a member of the tropomyosin family
of actin-binding proteins which stabilise actin filaments and regulate the

cytoskeleton. TPM3 plays important roles in maintaining cell structure,
intracellular transport, and muscle contraction®”. While TPM3 function has
been predominantly characterised in muscle cells/myopathies, dysregulation
or gene fusions involving TPM3 have been implicated in various cancers’™".
The mRNA for TPM3 has been described in microvesicles generated by
platelets and it has been suggested that TPM3 could be delivered to breast
cancer cells and promote metastasis™. Interestingly, the hypoxia-inducible
Right Open Reading Frame Kinase 3 (RIOK3) was found to interact with
TPM3 leading to the hypothesis that this interaction could support RIOK3-
dependent migration and invasion in hypoxia'. Together, these studies led
us to investigate a role for TPM3 in the biological response to hypoxia.

Here, we found that TPM3 is a target of the HIF-1 transcription factor
in a broad range of hypoxic conditions and controls the motility and
invasion capacity of hypoxic TNBC cells. Most importantly, we identify
TPM3 as an extracellular vesicle (EV) cargo protein which can increase the
motility of normoxic cells. Together, these data suggest that the hypoxia-
mediated induction of TPM3 contributes to the metastatic potential of both
the hypoxic and oxygenated tumour fractions of TNBC.

"Department of Oncology, University of Oxford, Oxford, UK. 2School of Biological & Medical Sciences, Oxford Brookes University, Head-
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Results

how TPM3 expression correlated with TNBC patient survival and found

TPMS3 is hypoxia-inducible in conditions relevant to TNBC that high TPM3 is associated with a poorer overall survival rate in TNBC
TPM3 expression was found to be significantly higher in breast cancer  (Fig. 1C). To further explore a relationship between TPM3 and hypoxia, we
(BRCA) tissue, compared to normal breast tissue (Fig. 1A and Fig. S1A).  used two validated hypoxia signatures and found a significant correlation in
Furthermore, TPM3 expression was found to be significantly higher in  patient samples, demonstrating that TPM3 expression is increased in more
TNBC compared to normal tissue (Fig. 1B and Fig. S1B). Next, we asked  hypoxic TNBC (Fig. 1D and S1C)'*".
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Fig. 1 | TPM3 is induced in hypoxia in a HIF-1-dependent manner. A TPM3
mRNA levels in BRCA and normal breast tissue generated using TPM3 mRNA
expression from TCGA-BRCA. num(BRCA) = 1082; num(Normal)=514. B TPM3
mRNA levels in TNBC and normal breast tissue generated using TPM3 mRNA from
Genotype-Tissue Expression (GTEx). num(TNBC) = 171; num(Normal)=514.

C Kaplan-Meier curve of overall survival in TNBC patients with high or low TPM3
expression, generated using TCGA-BRCA (dichotomised at the median). Statistical
significance was assessed by log-rank test. D Correlation between the Buffa hypoxia
signature and TPM3 mRNA expression from Metabric dataset. Statistical analysis
was determined using simple linear regression test and Pearson correlation. E MDA-
MB-231 cells were exposed to a range of hypoxic conditions for 16 h followed by
western blotting for the proteins indicated, B-actin was used as a loading control.
F MDA-MB-231 cells were exposed to a range of hypoxic conditions for 16 h fol-
lowed by RT-qPCR to determine CAIX mRNA level. Statistical testing was done

using a paired t-test. G. MDA-MB-231 cells were exposed to a range of hypoxic
conditions for 16 h followed by RT-qPCR for TPM3. Statistical testing was done
using a paired ¢-test. H MDA-MB-231 cells were treated with siRNA to HIF-1p
followed by exposure to 21% or 2% O, for 16 h. TPM3 mRNA level was determined
and shown relative to the normoxic control. Statistical testing was done by two-way
ANOVA with Siddk’s multiple comparisons test. I RKO and RKO™"'*" cells were
exposed to hypoxia (2% O,) for 16 h followed by RT-qPCR for TPM3. Statistical
testing was done by two-way ANOVA with Tukey’s multiple comparisons test.

J MDA-MB-231 cells were exposed to 2% O, for the times shown followed by
western blotting for the proteins indicated. K Quantification of TPM3 levels in cells
treated as in part J. Statistical testing was done by paired t-test. Data shown from
three separate experiments (n = 3) are displayed with mean + standard error of the
mean (SEM) unless specified otherwise. Statistical testing was carried out as indi-
cated. *p < 0.05, ¥*p < 0.01, ¥**p < 0.001, ****p < 0.0001 and ns p > 0.05.

Tumour hypoxia exists as a gradient of oxygen tensions within a
tumour and also includes transitions between levels, known as cyclic or
intermittent hypoxia'®. It is important to consider a range of hypoxic con-
ditions when investigating hypoxia-mediated biology as the biological
response can differ”. Here, we considered 2% O,, <0.1% O, and cyclic
conditions (transitions between 2 and <0.1% O,). As expected, HIF-1a was
stabilised in all of the hypoxic conditions, however evidence of the DNA
damage response was limited to <0.1% O, and the unfolded protein
response to <0.1% O, and cyclic conditions (Fig. 1E)*’. TNBC cell lines
(MDA-MB-231 and MDA-MB-453) were exposed to the hypoxic condi-
tions (2, <0.1% O, and cyclic) and changes in TPM3 mRNA determined. As
expected, the well-validated HIF target, CAIX was induced in response to
hypoxia (Fig. 1F)’". A significant increase in TPM3 mRNA was observed in
all the hypoxic conditions tested in both cell lines demonstrating that TPM3
is hypoxia inducible in a broad range of hypoxic conditions relevant to
TNBC (Fig. 1G and S1D).

This hypoxia-mediated induction in all three conditions and correla-
tion with hypoxia signatures suggested the possibility that TPM3 was
regulated by one of the hypoxia inducible factors (HIFs). In support of this, a
hypoxia responsive element (HRE) was identified upstream of the TPM3
coding sequence (Fig. S1E). To investigate possible HIF dependence, we
treated MDA-MB-231 cells with siRNA to HIF-1p to prevent both HIF-1
and HIF-2 mediated signalling and determined the impact on TPM3
expression. Loss of HIF-1p abrogated the induction of TPM3 and CAIX in
hypoxia (Fig. 1H and S1F-H). To determine if TPM3 induction in hypoxia
was mediated by HIF-1 or HIF-2, we used the matched colorectal cell lines
RKO and RKO™'*" and found that TPM3 induction in hypoxia was
abrogated by loss of HIF-1a (Fig. 11 and S1I-K). Notably, these data do not
rule out the possibility that HIF-2 could also regulate TPM3 expression at
specific oxygen levels or times. Together, these data confirm that TPM3 is
hypoxia-inducible in all the cell lines investigated and suggests that this
occurs in a HIF-1-dependent manner.

MDA-MB-231 and MDA-MB-453 cells were then exposed to hypoxia
(2% O,) and western blotting carried out for TPM3. TPM3 protein was
found to increase in response to hypoxia in both cell lines (MDA-MB-231
Fig. 1], K and MDA-MB-453 S2A, B). Hypoxia-mediated induction of
TPM3 was further confirmed in response to <0.1% O,, cyclic conditions and
a third TNBC cell line (BT-549) (Figure S2C-E).

TPM3 promotes motility and invasion in hypoxia

Next, we validated that TPM3 colocalised with F-actin (detected using
phalloidin)*. TPM3 appeared predominantly cytoplasmic with an apparent
filamentous structure. Notably, a punctate signal near to the nucleus was
also observed however this was unaffected by siRNA mediated knockdown
of TPM3 and was therefore considered non-specific staining (Fig. S2F, G). A
clear colocalisation of TPM3 and F-actin was observed which did not
change in response to hypoxia (Fig. 2A, B). Next, we analysed cell mor-
phology with and without siTPM3 knockdown and observed an increase in
elongated trailing edges following loss of TPM3, suggesting a loss of actin

filament structure and a reduced ability to contract the trailing edge during
migration. To confirm, we measured the circularity of cells and found a
significant reduction in cell circularity when TPM3 was depleted, in both
normoxic and hypoxic (2% O,) conditions (Fig. 2C). As loss of TPM3
appeared to impair the ability of MDA-MB-231 cells to recoil their trailing
edge, we hypothesised that TPM3 may also influence the leading edge,
where F-actin stabilisation in lamellipodia and focal adhesions is essential
for generating the mechanical force required for trailing edge recoil™. Loss of
TPM3 significantly reduced the intensity of phalloidin staining at the
leading edge under both hypoxic (2% O,) and normoxic conditions (Fig.
2D). Depletion of TPM3 had no effect on the width of the leading edge
under normoxia but had a significant effect under hypoxia, further sup-
porting a role for TPM3 in stabilising F-actin and cell motility (Fig. 2E, F).
Together, our data suggest the hypothesis that TPM3, through its role in
stabilising actin filaments, could promote the motility of hypoxic cells and
therefore drive metastatic progression in aggressive TNBC.

To test the role of TPM3 in hypoxia-mediated motility, we carried out
wound healing assays in MDA-MB-231 cells with siRNA-mediated deple-
tion of TPM3. Before investigating motility, we verified that cell cycle dis-
tribution and viability were not altered in the hypoxic conditions used (Fig.
S3A-C). Furthermore, we demonstrated that loss of TPM3 had no sig-
nificant effect on clonogenic survival of cells in any of the hypoxic conditions
tested (Fig. S3D-E). Depletion of TPM3 was found to significantly slow
down wound closure in hypoxic conditions but had no impact in normoxia
(Fig. 3A-C and S4A, B). A small molecule inhibitor of TPM3 has been
described (ATM-3507) which we also used to test the role of TPM3 in
hypoxia-mediated motility*’. Again, we first verified that ATM-3507 did not
significantly impact viability in both normoxic and hypoxic conditions at the
dose reported to inhibit TPM3 activity (Fig. S4C)". Cells exposed to ATM-
3507 were significantly less motile in hypoxic conditions (Fig. 3D, E and $4D,
E). Both motility and the ability to invade play important roles in metastatic
potential, therefore we investigated the contribution of TPM3 to hypoxia-
mediated invasion”. As expected, hypoxic cells showed a greater invasion
capacity compared to the normoxic however, this was significantly reduced
when TPM3 was depleted (Fig. 3F-H and S4F, G). In conclusion, TPM3 has
an important role in cell migration and invasion in hypoxic TNBC cells.

Combination of TPM3 inhibition with TNBC standard of care

The standard of care for TNBC patients includes Carboplatin, Doxorubicin,
Paclitaxel and radiotherapy. Inhibition of TPM3 has been shown to com-
bine effectively with Paclitaxel and Doxorubicin in normoxia, resulting in
the reduction of cell viability in neuroblastoma and ovarian cancer cell
lines'***. Here, we investigated the efficacy of combining TPM3 inhibition or
siRNA-mediated loss with the standard of care for TNBC in physiologically
relevant conditions. MDA-MB-231 cells were exposed to hypoxia (2% O,)
and a range of doses of ATM-3507 with Carboplatin, Doxorubicin or
Paclitaxel followed by an assay for viability. The Highest Single Agent (HSA)
model was used to investigate potential synergy and revealed a reduction of
cell viability across increasing concentrations of ATM-3507, Carboplatin,
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Fig. 2 | TPM3 affects F-actin organisation at the leading edge under hypoxia.
A Representative images of immunofluorescence of MDA-MB-231 cells. Cells were
stained for F-actin (phalloidin; red), TPM3 (green) and DAPI (blue). Scale bar is
50 um. B MDA-MB-231 cells were exposed to hypoxia (2% O,) for the times indi-
cated followed by staining for TPM3 and F-actin. Quantification of colocalisation of
TPM3 and F-actin was carried out using Costes’ thresholded Pearson’s coefficient.
C MDA-MB-231 cells were treated with a scramble siRNA or siTPM3 and then
exposed to 21% or 2% O, for 16 h. Cells were then stained for TPM3, F-actin and
DAPI. Quantification of cell circularity (a.u.) was determined and shown. Data
collected from >100 cells per condition. Statistical testing was done by one-way
ANOVA with Tukey’s multiple comparisons test. D Cells were treated as in part A.

Quantification of maximum phalloidin intensity at the leading edge was determined.
Data collected from >100 cells per condition. Statistical testing was done by one-way
ANOVA with Tukey’s multiple comparisons test. E Cells treated as in part A.
Quantification of the leading-edge width is shown. Data collected from >100 cells
per condition. Statistical testing was done by one-way ANOVA with Tukey’s mul-
tiple comparisons test. F Representative immunofluorescence microscopy images
showing TPM3 (green), F-actin (phalloidin; red), and DAPI (blue) at the leading
edge of MDA-MB-231 cells, transfected with scramble control (siSCR) or

TPM3 siRNA in 21% or 2% O,. Scale bar is 50 um. Data shown from three separate
experiments (n = 3) are displayed with mean + standard error of the mean (SEM)
unless specified otherwise. *p < 0.05, ****p <0.0001 and ns p > 0.05.

Doxorubicin and Paclitaxel (Figure S5A-C). In addition, strong synergy
(score >10) was observed with ATM-3507 combined with Doxorubicin or
Paclitaxel, no antagonistic or additivity regions were indicated (Fig. 4A, B,
C). To determine any effect on radiosensitivity, MDA-MB-231 cells were
treated with siTPM3 followed by irradiation in hypoxia (2% O,). Loss of
TPM3 had no impact on radiosensitivity in normoxia or hypoxia (Fig.
4D and S5D). In addition, inhibition of TPM3 in normoxia or hypoxia (2%
0,) did not significantly impact radiosensitivity (Fig. S5E). Together, these
data suggest that inhibition of TPM3 could be combined with standard of
care for TNBC to potentially reduce metastatic spread and improve patient
prognosis.

Hypoxia-induced TPM3 influences motility in normoxic cells
The hypoxic TME is known to impact neighbouring oxygenated cancer cells
although a role for TPM3 in this has not been described”. MDA-MB-231

cells were treated with siRNA TPM3, exposed to normoxia or hypoxia (2%
0,) and conditioned media collected and transferred to normoxic cells
followed by a wound healing assay (Fig. 5A, B). Conditioned media from
hypoxic cells (donor cells) when added to normoxic cells (recipient cells)
significantly increased the wound healing rate of the normoxic cells.
However, when the conditioned media from TPM3 depleted donor cells was
added to recipient cells no increase in the motility of the normoxic recipients
was observed (Fig. 5C, D). This finding suggests that TPM3 contributes to
factors present in the conditioned media or regulates the export of proteins
and/or EVs from hypoxic cells, thereby influencing the migratory behaviour
of normoxic recipient cells.

To investigate further, we again generated conditioned media from
normoxic and hypoxic (2% O,) cells and added it to wounded normoxic
recipient cells (Fig. 5E). However, this time we also included the dyna-
min inhibitor, Dynasore, to prevent EV uptake in the recipient cells (Fig.
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Fig. 3 | Hypoxia-mediated migration and invasion A B o o C
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C Representative images of wound healing assay in é: 20+ =
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of wound closure is shown in each condition. Sta- -t . * SITPM3
tistical testing was done using a two-way ANOVA 21 2 % O,
with Sidék’s multiple comparison test. D " E
E Representative images of wound healing assay in —
part D. Scale bars are 200 um. F MDA-MB-231 cells ns *k I
were treated with siTPM3 or a scramble siRNA 50 §
(siSCR) followed by exposure to 21% or 2% O, for 404 ! o
16 h. The invasion fold change relative to normoxic g
control is shown in each condition. Statistical testing é 304 .
was done by two-way ANOVA with Sidak’s multiple ° . -
comparison test. G Knockdown of TPM3 in cells é 204 . §
used in part F was validated by western blotting, q <
B-actin was used as a loading control. 104 =
H Representative images of invasion assay in part F. o
Data from three separate experiments (1 = 3) are . o4 ATM-3507
displayed with mean + standard error of the mean " . %0,
(SEM) unless specified otherwise. *p < 0.05,
**p < 0.01, ¥***p < 0.0001 and ns p > 0.05.
2 *okokok G .@c?' ‘ «Q\\Q’ H 21% O 2% O,
NN :
i, ns *okkk k%% = TPM3 5 ‘
e T 42 o — i 2
5 8- B-actin @
3
L 6
8
g e e
Qo o
5 2o |
2 .
o -
5 + & + siTPM3
21 2 % O,

5F). As previously, we saw a significant increase in wound healing with
the addition of hypoxic conditioned media. However, when Dynasore
was added a significant reduction in wound closure rate was observed
(Fig. 5F, G and S6A). This suggests EV uptake from the hypoxic con-
ditioned media is critical to the impact on recipient cell motility in
normoxia. To account for the known off-target effect of Dynasore in
reducing basal motility, data were normalised to control cells treated
with Dynasore alone™. Importantly, we confirmed that Dynasore did not
affect TPM3 expression validating that the reduction of wound healing
in hypoxic conditioned media following Dynasore treatment was not
due to TPM3 suppression in the migrating cells (Fig. S6B). These data
again confirm that hypoxia-induced TPM3 contributes to a conditioned
media which has the capacity to increase the motility of normoxic cells
and implicates EV transfer as the underlying mechanism. Therefore, we
isolated and purified EVs to confirm if they were responsible for the
impact on normoxic cell motility.

First, we verified using transmission electron microscopy (TEM) that
EV production could be seen in MDA-MB-231 cells in hypoxic conditions.
Late endosomes and EVs were observed in normoxia and hypoxia with an
apparent increase in vesicle release in hypoxia (2% O,) (Fig. 6A). A clear

increase in the abundance of mitochondria following 2% O, exposure was
also observed and has been reported previously”. To investigate the
apparent increase in EVs detected by TEM, we isolated EVs from the
conditioned media of normoxic and hypoxic (2% O,) MDA-MB-231 cells
and quantified them using nanoparticle tracking analysis (NTA). The total
concentration of EVs increased significantly in hypoxia (2% O,), while the
size distribution was similar in normoxic and hypoxic conditions (Fig.
6B-D). Next, to determine if EV's released by hypoxic cells impacted reci-
pient cell migration, MDA-MB-231 cells were again exposed to hypoxia (2%
0,) and TPM3 induction confirmed (Fig. 6E). EVs were then isolated and
added to wounded normoxic recipient cells to determine impact on wound
healing rate (Fig. 6F). EVs isolated from hypoxic cells increased the motility
of normoxic cells and this was abrogated in the presence of Dynasore
(Fig. 6G and S6C).

TPM3 is an EV cargo protein

These data led us to the non-mutually exclusive conclusions that TPM3
could play a role in EV production in hypoxic cells or that TPM3 could be
transferred as cargo through EVs to recipient cells. MDA-MB-231 cells were
treated with scramble siRNA or siTPM3 and exposed to hypoxia (2% O,)
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Fig. 4 | Inhibition of TPM3 combines effectively with standard of care for TNBC.
A MDA-MB-231 cells were treated with Carboplatin (1-64 uM) for 48 h and ATM-
3507 (1.5-12 uM) for 17 h. For the 16 h before an MTT assay was carried out the cells
were in hypoxia (2% O,). B MDA-MB-231 cells were treated with Doxorubicin
(1-64 uM) for 24 h and ATM-3507 (1.5-12 uM) for 17 h. For the 16 h beforean MTT
assay was carried out the cells were in hypoxia (2% O,). C MDA-MB-231 cells were
treated with Paclitaxel (1-64 nM) for 72 h and ATM-3507 (1.5-12 uM) for 17 h. For
the 16 h before an MTT assay was carried out the cells were in hypoxia (2% O,). In A,
B and C Highest Single Agent (HSA) synergy score was assessed by an interactive
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platform Combenefit, scores > 0 represent synergism (blue) and scores < 0 represent
antagonism (red). Dose-response matrices with drug concentrations on axes and
combination effects as a heatmap overlay are shown. Statistical testing was carried
out using the built-in analysis algorithm®. D MDA-MB-231 cells were treated with
siTPM3 or a scramble siRNA (siSCR) followed by exposure to 21% or 2% O, for 16 h
prior to irradiation using the doses indicated. Cells in hypoxia were irradiated in
hypoxic conditions (shown schematically). After irradiation, all cells were returned
to 21% O, and a colony survival assay carried out. Data from three separate
experiments (n = 3) are displayed with mean + standard error of the mean (SEM).

followed by EV isolation and NTA. Again, EV production was increased in
hypoxic conditions but loss of TPM3 did not significantly change EV
production or size distribution in normoxia or hypoxia (Fig. 7A, B, C). Next,
we again isolated EVs from normoxic and hypoxic cells and used NTA to
ensure equal loading for western blotting. ALIX is a well-characterised EV
protein and was used as a control™. Blotting for the mitochondrial protein
PRDX3 and Golgi-associated GM130 was also included to demonstrate the
purity of the EVs™. As expected, western blotting of whole cell lysates
showed that ALIX, PRDX3 and GM130 were expressed equally in normoxic
and hypoxic cells while TPM3 was induced in hypoxia (Fig. 7D). TPM3 was
found to be included in normoxic EVs and the levels increased in EVs
generated from hypoxic cells therefore validating TPM3 as an EV cargo
protein (Fig. 7E, F).

Discussion

In this study, we demonstrate that TPM3 is a hypoxia-inducible gene in
TNBC, and that this occurs in a HIF-1-dependent manner. Under hypoxic
conditions, TPM3 supports actin filament stability, maintaining cell shape
and enabling efficient migration and invasion. Loss of TPM3 disrupted
F-actin organisation at both the leading and trailing edges, reduced cell
circularity, and impaired motility. Importantly, TPM3 is also incorporated
into EVs released by hypoxic cells, which enhance motility in normoxic
recipient cells. Together, these findings demonstrate that hypoxia-induced
TPM3 enhances migration capacity across the tumour, extending its impact
beyond the hypoxic fraction (Fig. 7G). Our findings support that targeting
TPM3 during treatment of TNBC could reduce metastatic burden, by
reducing the migratory potential and invasiveness of residual hypoxic and
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Fig. 5 | Conditioned media from hypoxic cells increase migration in normoxic
cells in a TPM3-dependent manner. A Schematic representation of the wound
assay used to determine the impact of TPM3 loss in donor cells on recipient cell
migration. B MDA-MB-231 (donor) cells were treated with siTPM3 or a scramble
siRNA and exposed to 21% or 2% O, for 16 h, followed by western blotting to
validate TPM3 knockdown and HIF-1a stabilisation. C Representative images of
wound healing assay from cells treated as in part D. Scale bars, 500 um. D MDA-MB-
231 donor cells were treated with siTPM3 or a scramble siRNA (siSCR) followed by
exposure to 21% or 2% O, for 16 h Conditioned media was then collected and
applied to wounded MDA-MB-231 recipient cells in 21% O, for 16 h. Quantification
of normalised wound healing % is shown as fold change relative to control media.

Statistical testing was done by paired -test. E MDA-MB-231 donor cells were
exposed to 21% and 2% O, for 16 h, followed by western blotting to indicated
proteins. F Schematic representation of the wound healing assay used to determine
the impact of Dynasore. G MDA-MB-231 donor cells were exposed to 21% or 2% O,
for 16 h. Conditioned media was then collected and added to wounded MDA-MB-
231 normoxic recipient cells +/- Dynasore (50 uM) for 16 h. Quantification of
normalised wound healing % is shown as fold change relative to control media.
Statistical testing was done by paired t-test. Data from three separate experiments
(n = 3) are displayed with mean + standard error of the mean (SEM).

*p < 0.05, *p < 0.01.

normoxic cancer cells. Importantly, TPM3 is druggable and appeared well-
tolerated in vivo as evidenced by preclinical studies with ATM-3507 and its
precursor TR100'**%*,

Whilst our data demonstrate that TPM3 expression in hypoxia is
controlled by HIF-1 it should be noted that this does not conclusively
demonstrate a direct role for HIF-1 or rule out a role for HIF-2 in some
contexts. Interestingly, a previous study identified a HIF-1a binding peak
20-30 kb upstream of the TPM3 transcription start site in hypoxic colorectal
cancer cell lines (HCT116 and RKO0) which overlapped with H3K27ac

suggesting a possible distal hypoxia-responsive regulatory element”.
Notably, the previously reported proteomic analysis which determined a
direct interaction between TPM3 and RIOK3 suggests that in addition to the
mechanism of hypoxia-induction described here, TPM3 could also be
phosphorylated and potentially stabilised by RIOK3 in hypoxia'.

A previous report has shown that TPM3 mRNA is included in EVs
generated by platelet cells therefore raising the question of whether this also
occurs in TNBC cells and increases in hypoxia'®. Our study is the first to
experimentally validate TPM3 as an EV cargo protein. Notably, this is
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Fig. 6 | EVs generated by hypoxic cells increase migration of normoxic cells.

A MDA-MB-231 cells in 21% O, and 2% O, (12 h) were processed and imaged by
TEM. Images of late endosomes (enlarged in i, ii), EVs (enlarged in iii, iv) and
mitochondria (enlarged in v, vi) are shown. Scale bars are indicated on each image.
B MDA-MB-231 cells were exposed to 21% or 2% O, for 24 h followed by EV
isolation. Nanoparticle tracking analysis (NTA) was then carried out to determine
the total concentration of EVs. Statistical testing was done by paired ¢-test.

C Representative images of NTA from part B. D Particle diameter was determined
for the EVsisolated in part B using NTA. E MDA-MB-231 cells were exposed to 21%
or 2% O, for 24 h, followed by western blotting of whole cell lysates for the indicated

proteins. F Schematic representation of the wound healing assay to determine the
impact of addition of EVs from normoxic or hypoxic cells on normoxic recipient
cells. G MDA-MB-231 donor cells were exposed to 21% or 2% O, for 24 h. Con-
ditioned media was then collected and EVs isolated. EVs were then resuspended in
FBS free normoxic culture media and added to MDA-MB-231 normoxic recipient
cells 4-/- Dynasore (50 uM) for 16 h. Quantification of normalised wound healing %
is shown as fold change relative to control media. Statistical testing was done by
paired t-test. Data from three separate experiments (n = 3) are displayed with
mean = standard error of the mean (SEM). *p < 0.05, **p < 0.01, and

KD < 0,0001.

supported by previous proteomic datasets that also detected TPM3 in EV
preparations, although these studies were not focused on TPM3 and did not
pursue validation or functional investigation*. Although we have iden-
tified TPM3 as an EV cargo protein we are not able to conclusively conclude
that the TPM3 in hypoxic-EVs is responsible for the phenotype observed in
normoxic recipient cells. It is also possible that hypoxia-induced TPM3
influences EV content more broadly and the effect observed here is indirect.

It is important to note that hypoxic EVs have been described to contain
many proteins and micro RNAs which impact invasion, migration, pro-
liferation, angiogenesis and immunomodulation™.

In conclusion, our study identifies TPM3 as a novel, HIF-1-regulated
effector that links hypoxia to cytoskeletal remodelling, motility, and inter-
cellular communication in TNBC. By demonstrating its incorporation into
EVs and its functional contribution to both hypoxic and normoxic cell
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of EVs from each condition is shown. Statistical testing was done by paired t-test.
B Particle diameter distribution of the EVs isolated in part A. Statistical testing was
done using a paired t-test. C Western blotting of lysates from cells in part A to verify
TPM3 knockdown and HIF-1a stabilisation. D MDA-MB-231 cells cultured under
normoxic (21% O,) or hypoxic (2% O,) conditions for 24 h followed by western
blotting of whole cell lysates (WCL) as indicated. E Western blotting of purified EVs
isolated from cells in part D followed by NTA quantification to ensure equal loading.
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ns p>0.05.

behaviour, we highlight TPM3 as a mediator that bridges the heterogeneity
of the tumour microenvironment. Together, these findings position TPM3
as both a biomarker of hypoxic adaptation and a promising therapeutic
target to constrain TNBC aggressiveness and improve patient outcomes.

Methods

Cell lines and reagents

MDA-MB-231 (TNBC, provided by Dr Amanda Coutts, University of
Oxford), MDA-MB-453 (TNBC, provided by Dr Isabel Pires, University of
Manchester) and BT-549 (TNBC, provided by Prof. Katherine Vallis,
University of Oxford). Colorectal RKO and RKO™™ " cancer cells were
grown in DMEM”". Cell culture media was supplemented with 10% FBS and
cells were maintained in an incubator set at 37°C and 5% CO,. All cell lines
were verified mycoplasma free using a MycoAlert™ mycoplasma detection
kit (Lonza). Inhibitors/drugs used were ATM-3507 (Sigma-Aldrich,
1861449-70-8), Dynasore (Med Chem Express, 304448-55-3). For siRNA-
mediated knockdowns, MDA-MB-231 cells were transfected with siRNA to
a final concentration of 50 nM using Lipofectamine RNAIMAX (Invitro-
gen) following the manufacturer’s protocols. siRNA sequences are provided
in Table SL

Hypoxia

A Bactron IT anaerobic chamber (Shel Labs) was used for hypoxic treatment
at <0.1% O,. A Whitley M35 Workstation (Don Whitley Scientific) was
used for 2% O, or cyclic hypoxia. Cycling conditions were <0.1% O, for 2 h

followed by 2% O, for 2 h as described previously'. For all experiments
except MTT assays, cells were seeded on glass dishes and harvested inside
the chambers with equilibrated reagents.

Western blotting

Samples were lysed in UTB (9 M Urea and 75 mM Tris-HCI pH 7.5 sup-
plemented with 0.15 M B-mercaptoethanol prior to use). EV samples were
lysed in 1x RIPA lysis buffer (Millipore, 20-188) supplemented with pro-
tease inhibitor cocktail (Roche, 11873580001). After a brief sonication,
proteins were separated on a 4-20% polyacrylamide gel (Bio-Rad) and
transferred onto a nitrocellulose membrane (Bio-Rad). Primary antibodies
used were: TPM3 (Abcam, ab113692), B-actin (Santa Cruz, sc-69879), HIF-
la (BD Biosciences, 610958), GRP78 (BD Biosciences, 610979), KAP1
(Bethyl, A300-274A), KAP1-S824 (Bethyl, A300-767A), ALIX (Abcam,
ab275377), PRDX3 (Abcam, ab73349), GM130 (Abcam, ab52649). Sec-
ondary antibodies: IRDye 680RD goat anti-mouse IgG (LI-COR, 926-
68070), IRDye 800CW Goat anti-rabbit IgG (LI-COR, 926-32211), Goat
anti-mouse IgG HRP (Invitrogen, 31430), Goat anti-rabbit IgG HRP
(Invitrogen, 31460). Images were acquired by chemiluminescence using
Odyssey Infrared Imaging (LI-COR Biosciences) or ChemiDoc XRS+ Gel
Imaging System (Bio-Rad).

RT-qPCR
Trizol (Invitrogen) was used to isolate RNA, and the Verso enzyme kit
(Thermo Fisher Scientific) to reverse transcribe RNA. SYBR Green PCR
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Master Mix kit (Applied Biosystems) was used, and the reaction was carried
out on a StepOne Real-Time PCR System (Thermo Fisher Scientific) with
v2.0.5 software (Applied Biosystems). RNA fold change was measured using
a2 method relative to the 18S endogenous control gene. Data shown are
the mean of three biological replicates + SEM. All primers sequences are
available in supplementary Table S2.

Immunofluorescence

Cells were seeded onto autoclaved cover slips (Menzel-Glaser). Cells were
fixed in 4% (w/v) paraformaldehyde in PBS. Samples were permeabilised in
0.1% PBS-Triton X-100 and blocked with 5% (w/v) BSA (Thermo Fisher) in
PBS. A LSM710 confocal microscope (Carl Zeiss Microscopy Ltd) was used
for imaging. Antibodies/reagents used: TPM3 (Abcam, ab113692), B-actin
(Santa Cruz, sc-69879), Alexa Fluor 488-conjugated goat anti-mouse
(Invitrogen, A32723), Alexa Fluor Plus 647 Phalloidin (Invitrogen,
A30107).

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT) assay

Cells were seeded in flat bottomed 96-well plates. Each experiment was
carried out in triplicate. MTT reagent (5 mg/mL, Invitrogen) was added to
cells in the dark for 3 hours (37 °C, 5% CO,). After MTT containing culture
media was removed, DMSO was added to cells and incubated in the dark for
15 min (37 °C). The plate was then read using a POLARstar Omega plate
reader (BMG Labtech) (absorbance 570 nm). Cell viability was measured
relative to the untreated control.

Flow cytometry

Cells were fixed in ice-cold 70% ethanol. Propidium Iodide (Sigma Aldrich)
and RNaseA (NEB) were added to samples for 15 min incubation (37 °C).
Samples were run on a CytoFLEX flow cytometer (Beckman Coulter Life
Science) and results were analysed with FloJo software.

Wound healing assay

Cells were seeded and grown to 95-100% confluency before treatment. At
least five parallel wounds were made by scratching the cell monolayer with a
20 uL pipette tip. After rinsing in PBS, the cells were incubated in 0.5% FBS
containing culture media. EVOS M5000 (Thermo Fisher) was used to image
the wounds immediately after scratching and over time. The area of each
wound was measured by Image]J (National Institutes of Health). The wound
closure % was calculated using the following formula where A is the area of
the wound:

A_,— A
Wound Closure % = (M) x 100% (1)
t=0

A

Invasion assay

Cells were seeded in an 8pum pore size BioCoat™ Matrigel Invasion
Chamber (Corning). Trypsinised cells (5 x 10°) were added to the upper
chambers of a 24-well plate in DMEM containing 0.1% FBS. After treat-
ment, the motile cells at the bottom of the filter were stained with crystal
violet (0.5% w/v in 50% MeOH and 20% EtOH). The number of cells which
had invaded was measured by counting the stained cells using EVOS M5000
(Thermo Fisher).

Colony survival assay

Cells were seeded at the appropriate density for siRNA transfection/drug
treatment under normoxia or hypoxia for the indicated periods, each
experiment was carried out in triplicate. Colonies were allowed to grow for
8-10 days in a standard humidified incubator at 37 °C and 5% CO,. Once
the colonies formed (250 cells), crystal violet (0.5% w/v in 50% MeOH and
20% EtOH) was used for staining. Colonies were counted using an auto-
mated colony counter GelCount™ (Oxford Optronix) with GelCount
(version 1.2) software, or a manual cell counter (Stuart Scientific). The

survival fraction was calculated by number of colonies counted/number of
cells seeded x PE, where PE is the plating efficiency of the untreated control
(number of colonies counted/number of cells seeded). Colonies with
radiation treatment in hypoxic conditions were carried out as previously
described™.

Transmission electron microscopy (TEM)

Cells were seeded onto glass coverslips and cultured until approximately
70% confluency was reached. Following treatment, cells were fixed in
2.5% glutaraldehyde and 4% PFA in 0.1 M PIPES buffer (pH 7.2) fol-
lowed by washes in 0.1 M PIPES buffer, incubated in 50 mM glycine/
PIPES for 15min, washed once in 0.1 M PIPES, embedded in low-
melting-point agarose, chilled, trimmed into 1-2mm blocks, and
returned to buffer. Samples were then treated with 1% osmium tetroxide
and 1.5% potassium ferrocyanide in 0.1 M PIPES buffer for 1 h at 4 °C.
Samples were washed in Milli-Q water and incubated overnight in 0.5%
uranyl acetate at 4 °C in the dark, followed by washes in Milli-Q water.
Dehydration was performed on ice using a graded ethanol series (30%,
50%, 70%, 80%, 90%, 95%, and 3 x 100%) at room temperature. Samples
were infiltrated with Taab low-viscosity epoxy resin via ethanol:resin
series (3:1 for 1 hour, 1:1 for 1.5 hours, and 1:3 for 1 h), then 100% resin
at room temperature overnight. Resin was refreshed twice the next day,
with centrifugation (12,000 rpm, 3 min) between changes. Agarose-
embedded blocks were transferred to Beem capsules containing fresh
resin and polymerised at 60 °C for a minimum of 24 h. Ultrathin sections
(~90 nm) were prepared using a Diatome diamond knife on a Leica
UC?7 ultramicrotome, mounted onto 200 mesh copper grids, and post-
stained using Reynolds’ lead citrate for 5min at room temperature,
followed by washes in Milli-Q water. Sections were imaged using a JEOL
1400 transmission electron microscope equipped with a Gatan Rio
CMOS detector.

EV isolation and purification

After treatment, culture media (FBS-free DMEM) was collected and
transferred to a 50 mL Falcon tube for EV isolation. EV-containing media
was centrifuged at 111.8 x g for 5min at 4 °C (Jouan CR4i Centrifuge,
Thermo Electron Corporation). Supernatant was collected, transferred to a
new Falcon tube, and centrifuged at 1006.2 x g for 10 min at 4 °C. Super-
natant was collected, transferred to a new Falcon tube and centrifuged at
1788.8 x g for 30 min at 4°C. The supernatant was transferred to an
ultracentrifuge tube (Ultra-Clear centrifuge tubes, Beckman Coulter).
Ultracentrifugation was conducted in a pre-cooled SW 32.1 Ti Swinging-
Bucket rotor in an Optima XPN-80 Ultracentrifuge (Beckman Coulter) at
87,945 x g for 140 min at 4°C. Following ultracentrifugation, the media was
removed, and the pellet resuspended in cold, sterile PBS. Samples were
ultracentrifuged again at 87,945 x g for 140 min at 4 °C. Supernatant was
carefully aspirated leaving the purified EVs, which were resuspended in
sterile PBS or fresh 10% FBS supplemented DMEM for subsequent
experiments.

Nanoparticle tracking analysis (NTA)

Isolated EVs were resuspended in equal volumes of 1 x PBS across all
conditions. EV number and size distribution were assessed using ZetaView®
(Particlemetrix) according to the manufacturer’s instructions. Stock EV
samples were diluted in 1 x PBS to working concentrations ranging from
1:10,000 to 1:100,000 and loaded into the flow cell. Measurements were
recorded as videos from 8-11 separate positions across the flow cell. EV
number and size were estimated from this using the ZetaView analysis
software.

Statistical analysis

A two-tailed, paired Student’s t-test was used for the comparison of two
means and a two-way analysis of variance (ANOVA) with Tukey’s multiple
comparisons or Sidak’s multiple comparison test were used for the com-
parison of more than two means.
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Data availability

All data supporting the findings of this study are available within the paper
and its Supplementary Information or by request to the corresponding
author.
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