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Abstract

Metabolism is essential for life and is involved in disease. By studying
metabolism, we can understand basic cellular and organismal physiology, and try to
modulate metabolism to treat diseases where it is implicated. Nutr ient restriction,
through both pharmacologic and dietary methods, is one way metabolism can be
modulated because nutrients feed metabolism. In this dissertation, | examine both
pharmacologic and dietary strategies of limiting different nutrients, an d the impact on
metabolism, physiology , and on models of disease. | use different model systems
including mammalian cell culture, flies , and mice and examine their overall health
and/or growth under different types of nutrient restriction. | examine metabo lism using
a liquid chromatography -massspectrometry-based metabolomics method, which allows
the simultaneous measurement of the relative levels of hundreds of polar and semi-
polar metabolites. By using pharmacologic inhibitors that target glycolysis and
connected pathways, my colleagues and | found that cancer cell viability and growth are
reduced and showed how these metabolic pathways are used to benefit cancer growth. |
also used pharmacologic and dietary strategies to target cysteine metabolism and found
an unexpected connection with altered nucleotide metabolism when cysteine was
limited in cancer cells and flies. Finally, | examined the impact of restrictive diets in

mice, and my preliminary findings show that glucose metabolism is altered in these



mice. This work collectively shows how me tabolism can be altered by different methods
of nutrient restriction, and how these strategies could be useful for treating diseases like

cancer and promoting health and longevity .
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1. Introduction

1.1 Overview of Metabolism and Nutrition

Metabolism is the set of chemical reactions within living organisms that build
and break down molecules to sustain life. Metabolism serves three main purposes:
energy generation, breaking down large and complex molecules into smaller and
simpler molecules (catabolism), and building up small and simple molecules into larger
and more complex ones (anabolism). Energy is required for life because according to the
second law of thermodynam ics, entropy, or randomness, cannot decrease without the
input of energy. Living organisms are highly o rdered and are constantly combatting
entropy, for example using energy to pump sodium ions against their concentration
gradient out of cells. All energy -generating metabolic pathways are catabolic, but
catabolism also serves aseparate purpose of breaking down large mole cules such as
polysaccharides, lipids, proteins, and nucleic acids into smaller and simpler molecules
such as monosaccharides, fatty acids amino acids, and nucleotides, which can then be
used as building blocks for anabolic metabolism or excreted. Anabolism creates the
molecules that constitute all cellular structures such as DNA, proteins, lipid membranes,
and can be used to store energy in large molecules such as glycogen. It is also now
recognized that metabolism can serve purposes outside of these three main functions by
generating metabolites which affect cellular signaling and gene transcription.

Metabolism plays a large or small role in every biological process, and therefore



understanding metabolism allows us to not only understand basic biology, but also to
devise ways in which biological systems can be manipulated through metabolism to
serve human interests such as improving health and treating diseases.

Metabolism and nutrition are essentially intertwined. Metabolism could not
function w ithout an input of molecular material to act on. Nutrients are the molecules
that are consumed by cells and organisms which feed into metabolic pathways and
sustain life, growth, and specialized biological functi ons. Nutrients are divided into two
categories: micronutrients and macronutrients. Micronutrients are nutrients including
vitamins and minerals which are required in relatively small quantiti es compared to
macronutrients. The purpose of micronutrients is n ot to provide organisms with energy
or large quantities of material to feed into many different anabolic pathways. Most
micronutrients either act as metabolic coenzymes or cofactors, act as apecialized
metabolic precursor that cannot be synthesized by the organism, or in the case of
minerals such as sodium or potassium, are required for ion homeostasis and signaling.
Macronutrients are divided into three classes: carbohydrates, proteins, and lipids, and
are, by contrast, are used for energy generation andbiomass production. Overall,
adequateintak e of macro- and micronutrients is important for health. However, there
are circumstances in which restricting certain nutrients can be beneficial for promoting

health or treating disease.



1.2 Nutrient Restriction

Nutrient restriction can have a large impact on metabolism, which can then affect
cellular and whole -body physiology and health. This will be discussed more in the
subsequent subsections. Nutrients can be restricted through dietary and pharmacologic
methods, among others. Dietary nutri ent restriction simply involves de pleting the
nutrient of interest or its precursor in the food or media of an organism. Pharmacologic
nutrient restriction can be achieved by using chemical agents to blockade nutrient
transporters, increase nutrient excretion, or inhibit metabolic enzymes to limit nutrient
metabolism. Pharmacologic nutrient restriction has benefits in clinical settings, where
prescribed dietary nutrient restriction may be hard to adhere to as opposed to a
prescribed pill. Pharmacologic nutr ient restriction can also have more specific effects
than dietary, as inhibitors can be designed to target a specific metabolic pathway
downstream of a nutrien t that feeds many different metabolic pathways. Dietary
methods of nutrient restriction also have advantages in certain situations. Sometimes
pharmacologic methods for nutrient restriction are not available, could have off -target
effects, or could cause séety issues by restricting a nutrient and its metabolism too
much. Additionally, there are circum stances in which one may want to simultaneously
alter the many metabolic pathways a nutrient feeds into, and therefore the lack of

specificity when using dieta ry restriction could be advantageous. This dissertation



discusses uses of both dietary and pharmacologic-based nutrient restriction and their

effects on metabolism, health, and on diseases such as cancer.

1.3 Cancer

Cancer is a disease of uncontrolled cellproliferation, and cancer cells exhibit
unique metabolic alterations and increased nutrient upta ke to satisfy the biosynthetic,
bioenergetic, and signaling demands of uncontrolled growth. Metabolic inhibitors and
nutrient restriction can deprive cancer cells of some of the molecular building blocks
needed for cellular replication and rewire metabolis m to inhibit growth or promote cell
death. The limitation of many different nutrients and their metabolism have been

studied as anti-cancer strategies, a seleion of which will be further discussed.

1.3.1 Glucose and The Warburg Effect

Almost a century ago Otto Warburg made the discovery that tumors take up
significantly more glucose than normal non -proliferating tissues . He also noted that
tumors convert much of the glucose to lactate whereasnormal cells completely oxidize
glucose to carbon dioxide in the presence of oxygen and functional mitochondria. This
xT 1 0001 000wl EVWE T TEQUWI w11 8 ueddizl duug3el EEU8 WEEOET UUwUI
Warburg Effect (WE) to metabolize glucose is paradoxical because most of the lactate
that is produced is secreted from the cell, which precludes the glucose-derived carbons
from being used for biosynthesis. Additi onally, during WE cells produce approxima tely
90% less ATP per molecule of glucose compared to what could be generated if glucose
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were completely oxidized to carbon dioxide in mitochondria. Warburg later
hypothesized that defective mitochondria gave rise t o this phenomenon?, but it is known
that cancers cells do in fact have functional mitochondria and even cancers that display
WE still use respiration to varying extents 2. Proposed functions for the WE include more
rapid (although les s efficient) ATP synthesis, promotion of biosynthesis through NAD+
regeneration and glucose flux into biosynthetic pathways, generation of a favorable
tumor microenvironment through lactate -mediated acidification an d signaling functions
through altered re dox homeostasis or altered histone acetylation4s. While the
advantages the WE are still debated, the strategy of targeting WE andglucose
metabolism through dietary or pharm acologic methods as the basis of cancer prevention
and treatment strategies has shown promise.
1.3.1.1 Pharmacologic Warburg Effect Targets

Pharmacologically, glucose transporters and several glycolytic enzymes have
been seen as potential anHWE drug targets. The glucose transporter GLUT1 is
overexpressed in many cancers$, and there are a number of compounds which can
inhibit it either dire ctly or indirectly 78 The HK2 isoform of hexokinase, which catalyzes
the first step of glycolysis, has been of interest dueto its lack of expression in most non-
cancer cells, but its structural similarity with the HK1 isoform makes it difficult to
target®. The pyruvate kinase M isozymes PKM1 and PKM2, which catalyze the last step

of glycolysis, have also been studied aspotential anti-cancer targets® However, it is



unclear how to best target this step of the pathway to block WE and achieve anti-cancer
effects, as there have been conflicting reports as to which isozyme benefits ancers.
Previous studies have shown that PKM2, the less active isozyme, was beneficial to
cancer growth by promoting a nabolic metabolism and WE?*%4, but a more recent study
showed that PKMlexpression favors cancer growth, WE, and anabolic metabolism?5,
Previous work done by my colleagues has establishedthat pharmacologically
targeting a different glycolytic enzyme, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), which catalyzes the sixth step of glycolysis, can be a selective way of
targeting the WE and cancers that display high WE. Their work showed that the
GAPDH step serves as a bottleneck andccontrols flux through glycolysis and lactate
production more than any other glycolytic enzyme when the levels of upper glycolytic
intermediates are high6. Subsequent work confirmed that GAPDH exerts different
regulatory control over glycolysis depending on the state of glycolysis and showed that
inhibition of GAPDH reduces glycolytic flux more in cells displaying high WE than in
those with low WE 17, suggesting that GAPDH inhibitors could be selective cancer
therapies. This study also showed that a natural product, koningic aci d (KA), acts as a
selective GAPDH inhibitor , selectively kills high -WE cancer cells, andreduces tumor
growth in mice at tolerable doses. These studies show that pharmacologically targeting

WE through GAPDH inhibition could be a viable treatment option in  some cancers.



1.3.1.2 Targeting Warburg Effect and Glucose Metabolism through Diet!

Dietary strategies that seek tolimit WE and glucose metabolism have also been
explored with some success. In general, the goal of diets that target WE and glucose
metabolism in cancer is to lower blood glucose levels, thus depriving cancer cells of
glucose and limiti ng its metabolism. However, diets that lower blo od glucose also elicit
a host of other beneficial anti-cancer effects such as altered hormone levels and
signaling 8. These diets also affect more metabolic pathways than just glycolysis, which
can also play arole in the anti-cancer effect of the diet. This lack of specificity can make
it difficult to study how one physiological effec t of the diet, such as altered glucose
metabolism, affects cancer,but therapeutically, the combination of these many
physiologic al and metabolic effects is partially what makes dietary strategies against
cancer so appealing. Calorie restriction and ketogenic diets are the two best-studied
diets which can affectglucose metabolism, which will be further discussed.
1.3.1.2.1 Calorie Restriction and Cancer

Calorie restriction (CR) is a dietary strategy which involves reducing the overall
caloric intake of an organism by approximately 20-50% without inducing malnutrition.
CR has been shown to extend lifespan and delay the onset of ageelated diseases,

including cancer. This phenomenon has been widely studied in rodents and the anti-

i This chapter subsection waspartially adapted and modified from a published review: Bose S, Allen A.E,
and + O E E U E OliheuNlofedularwifk from Diet to Cancer Cell Metabolism 2 &laelecular Cell(2020). This
text was reproduced in accordance with the CC-BY license. All text included in this section was originally
written by A.E.A .
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cancer and longevity-promoti ng effects of CR appear to be conserved across species
ranging from worms to non -human primates %22 Numerou s animal studies show that
CR can prevent many cancers, as well as restrict progression and metastas#. These
positive effects have been shown in cancers from diverse tissues including mammary,
lung, prostate, brain, bladder, pancreatic, hepatic, skin, colorectal, and ovarian2122,
Calorie restriction lowers blood glucose levels, which can limit glycolysis through
reduced glucose availability and by reducing circulating insu lin and bioavailable
insulin -like growth factor -1 (IGF-1) levels?. Insulin and IGF -1 activate proliferative
signaling pathways which increase glucose metabolisn#324 In addition to its effects on
glucose metabolism and proliferative signaling, CR has been shown to have
antiangi ogenic and proapoptotic effects on tumors in mice, as well as systemic anti
inflammatory effects 24, slow basd metabolic rate?, and to alter other metabolic pathways
includi ng fatty acid metabolism 26, the carnitine shuttle pathway, sphingosine
metabolism, and methionine metabolism 27. Calorie restriction can therefore impact
cancer growth through multiple mechanisms including altered glucose metabolism .
1.3.1.2.2 Ketogenic Diet and Cancer

Ketogenic diet (KD) is another dietary strategy that h as been studied as a
potential way to reduce WE metabolism and cancer growth. The classical ketogenic diet
PUwUUI EwOOwWUUI ECwI x B OI -fat)modetat@ Hrotdin) avE-l | DOT EwWE UWE w
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and carbohydrates?s. Ketogenic diets result in lower blood glucose levels which leads to
ketosis involving reduced glycolysis and increased ¢-oxidation 2. The production of
ketone bodies from fatty acids in the liver provides energy -producing substrates for the
brain and other organs. This causes a number of effects orcentral carbon metabolism
including altered glucose and central carbon metabolism which tumors are known t o
require4303t Additionally, some cancers have lower expression of ketone-metabolizing
enzymes, suggestingthat these cancers could be highly sensitive to KD?33233 Ketogenic
diets have also been hypothesized to work through mechanisms similar to those
postulated in caloric restriction , including reducing anabolic hor mones like IGF-1 and
insulin and increasing oxidative stress in tumors 334 However, there is less evidence that
KD is effective at treating or preventing cancer than there is for CR. Mouse studies on
ketogenic diets as interventions in xenograft models have shown mixed results, with
some reports of reduced tumor growt h3538 others showing effects on tumor growth in
combination with chemoth erapy or radiotherapy 37, and others reporting no benefit of
KD3s. It should be noted that these studies have considerable differences in the
macronutrient compositions of t heir control and ketogenic diets, and in most of these
studies, protein intake was lower in KD groups. Because protein intake has been shown
to influence cancer?, this is a major confounding factor. However, two o f these studies
kept protein intake co nsistent between groups and still saw a beneficial effect of KD and

low -carbohydrate diets in prostate cancer xenograft models3s, suggesting low-



carbohydrate or ketogenic diets could be beneficial in some cancer setings. It is known
that tumors can vary widely as to their dependence on glucose metabolism®’. However,
PUOwbUwUOOOOP O wb irdfetehck Orglicnds th@abdligmipredicts its
responsiveness to diets that aler blood glucose levels. Currently there is no rigorous
evidence that low-carbohydrate or ketogenic diets decrease cancer incidence or improve

outcomes in humans# but much remains to be studied.

1.3.2 Methionine and Cancer

Methionine is an essential sulfur-containing amino acid involved in numerous
biological processes including modulation of gene expression through chromatin and
nucleic acid methylation, polyamine biosynthe sis, nucleotide biosynthesis, and redox
balance, among othergl. Most of these biological processes can be alteredbr upregulated
to benefit cancer growth in some way, which requires increased methionine uptake and
metabolism4z4, In fact, increased tumor methio nine uptake has shown considerable
clinical prognostic utility through measuring L-[methyl -11C] methionine (MET)
uptake4647,

Dietary and pharmacologic strategies have been tested to exploit altered
methionine metabolism in cancer. Dietary methionine restriction has shown efficacy in
reducing tumor growth and sensitizing tumors to radiation and chemotherapy in
numerous and diverse rodent cancermodels*®3, and in suppressing metastasis in a

triple negative breast cancer xenograft mouse modeF“. Dietary methionine restriction
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can also be achieved in humans and arewell tolerated over a 3-week period with no
significant side effects in healthy indivi duals3. How ever, a restrictive diet must be used
to achieve dietary methionine restriction in humans 4153 and therefore pharmacological
methods of targeting methionine may be more feasible clinically . A methionine
analogue, ethionine, was tested and showed preclinical efficacys, but ultimately found
to be toxic. Administration of an enzyme th at degrades methionine, methioninase and
its more stable recombinant form rMETase, has shown preclinical anti-cancer efficacy in
various mouse models®%59, and phase | clinical trials have shown its ability to lower
serum methionine levels without toxicity %62 Inhibitors have also been developed for the
enzyme MAT2A 6365 which converts methionine to the universal methyl donor S
adenosyl- methionine (SAM) . One of these inhibitors has moved into phase | clinical
trials with initial positi ve results . Other approaches have been to target downstream

processes that methionine metabolism feeds, such as polyamine metabolsm4:.

1.3.3 Cysteine and Cancer’

Cysteine is the other major sulfur -containing amino acid and can be synthesized
from methionine via the transsulfuration pathway ¢ or taken up in its oxidized form
cystine via the system x amino acid antiporter . However, many cancer cells cannot

meet their requirements for cysteine through t he transsulfuration pathway %, and certain

i This chapter subsection waspartially adapted and modified from a published review: Bose S, Allen A.E,
and Locasale J.W2The Molecular Link from Diett o Cancer Cell Metabolism? &laelecular Cell(2020).This
text was reproduced in accordance with the CC-BY license. All text included i n this sedion was originally
written by A.E.A.
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cancers have been shownincreased reliance onthe system xc¢ transporteré72. Cysteine is
limiting for glutathione production and therefore critical for cellular redox
homeostasis’ Intracellular cysteine depletion can lead to an oxidative, iron -dependent
form of non -apoptotic cell death termed ferroptosis 75, which is discussed in more detail
in Section 1.5. Cancer cells often have higher basal levels of reactive oxygen species
generation and can display increased iron uptake, therefore it has been proposed that
pharmacological induction of ferroptosis could be a selective strategy to treat cancers.
Although interesting, it remains for future study t o investigate whether dietary
strategies such as gsteine/cystine limitation, alterations in antioxidant consumption, or
iron supplementation could influenc e tumor responsiveness to ferroptosis and redox
processeg’’8

Several inhibitors for system xc exist and are being explored for use in cancer
treatment. Sulfasalazineis a system xc inhibitor that is already used clinically for
treatment of arthritis and shows efficacy in several preclinical cancer models’®8:, Erastin
and its analogs also target systemxc and have also shown preclinical efficacy against a
range of cancer types’®8284, Erastin treatment can also enhance theeffectiveness of
chemotherapy and radiotherapy 89, A different approach to target cysteine metabolism
in cancer involves the administration of a cysteine and cystine-degrading enzyme. This
cyst(e)inaseenzyme was capable of reducing the growth of breast and prostate cancer

xenografts and doubled the survival of mice in a chronic lymphocytic leukemia model®.
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Pharmacological strategies which bypass cysteine metabolismand lead to ferroptosis

through other means are also beingexplored?s.

1.3.4 Serine and Cancer

Serine is a nonessential amir acid which can be up taken through several amino
acid transporters or synthesized de novdrom glucose through the serine synthesis
pathway . Serine metabolism is critically important to a number of cellular processes
which are often dysregulated in cancer in order to increase survival and cell growth 92
Through the folate cycle, serine donates onecarbon units which are used for nucleotide
synthesis and to generate reducing power in the form of NADPH and NADH 9. Serine is
converted to glycine through this process, and along with me thionine is used for
cysteine production through the transsulfuration pathway, which can impact
glutathion e levels. The folate cycle also interfaces with methionine metabolism, allowing
regeneration of methionine from S-adenosyl-homocysteine through carbon donation.
Together, the folate cycle and methionine metabolism are defined as a larger metabolic
pathway called one-carbon metabolism, which can be thought of as a metabolic
integrator of nutrie nt status, impacting lipid, nucleotide, and protein biosynthe sis, redox
status, and epigenetics®,

Dietary serine and glycine restriction, inhibition of the serine synthesis pathway,
and interfering with metabolic pathways d ownstream of serine are all ways altered

serine metabolism can be targeted incancer. In fact, inhibitors of folate metabolism
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oldest cancer therapies and are still ued today4%. While circulating serine levels can be
maintained to some extent by synthesis in the liver and other organs?®29¢ dietary serine
and glycine restriction can effectively lower the circulating levels of these amino acids
by about 50%7%¢and shows success in reducing tumor growth in various mouse
models®#101, However, dietary s erine restriction may be limited in its effectiveness, as
many cancers can adapt to exogenous serine limitation by increasingde novcserine
synthesis through the serine synthesis pathway?29101 gnd certain cancers amplify or
increase expression of the enzyme fhosphoglycerate dehydrogenase (PHGDH) 102106
which routes carbon from glycol ysis into serine synthesis. Inhibitors of PHGDH have
been developed and show anti-cance activity in vitro and in vivol-109, Interestingly,
cancers thatoverexpress PHGDH still respond to its inhibition in the pre sence of
abundant exogenous sering3.105109.110whjch has prompted investigation as to why these

cancers ae so reliant on the serine synthesis pathwaye2

1.4 Diet and Aging
1.4.1 Calorie Restriction

In addi tion to its effects on cancer, calorie restriction is the beststudied and most
rigorously documented intervention to extend lifespan. This effect was first described in
the 1930sby McCay and colleagues, who showed that restricting calories without

induci ng malnutrition in rats prolonged mean and maximal lifespan 111112 Since then,
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lifespan extension through CR has been shown innumerous and taxonomically diverse
species including yeast, worms, fish, and mice!®113114 |n mice, CR prevents or delays
many age-related diseases including type 2 diabetes, cancer, nephropathies,
cardiomyopat hy, and neurodegenerationtts. Additional ly, the effects of CR in non-
human primates have beeninvestigated in three separate studies ofrhesus monkeys.
The overall results from these studies show decreases in agerelated diseasesin CR
monkeys, and two of the studies also found increased survival in CR monkeys?20.116120,
Natural experiments and o bservational studies in humans offer some evidence that the
beneficial effects of CRare conserved in humans?2s, This is further supported by
randomized controlled trials of calorie restriction which show similar CR -induced
metabolic and physiological chang es that have been observed and mechanistically
linke d to the beneficial effects of CR in animal studies!?!122 These alterations include
reductions in energy expenditure and basal metabolic rate, reduced levels of circulating
insulin, IGF -1, leptin, thyroid hormone s, decreased body temperature, improved
mitochondrial efficiency and r educed oxidative stress, reduced inflammation, increased
autophagy, changes in multiple signaling pathways, reduced blood glucose levels, and

changes in several mdabolic pathways includ ing those discussed in Sectionl.3.1.222128,

1.4.2 Protein Restriction

It has been argued that in some species, the effects of caloei restriction are due to

reductions in specific nutrients including protein an d certain amino acids as opposed to
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overall calorie reduction 129132 Protein restriction shows many of the same beneficial
effects as cdorie restriction including improvements in health and longevity in animal
models!33136 There is also evidence that this effect is conserved in humans, with one
study finding that 50-65-year-old American men and w omen who reported higher
protein intake had significantly higher risks of al I-cause and cancer mortality, but the
trend was reversed for those over age 65, indicating that higher dietary protein levels
may promote cancer and mortality in middle age, but be protective in old age .
Interestingly, this effect was significantly reduced or eliminated for respondents whose
main source of protein came from plant rather than animal sources, which can have
markedly different amino acid content. Another study examining over 100,000 American
men and women found similar results, with animal protein intake increasing the ris k of
cardiovascular mortality, and increased plant protein intake reducing the risk of all -
cause mortality*®7, and a similar trend was also found in a Japanese cohort®. Possible
mechanisms for the health-promoting effects of a low -protein diet include reduced
mechanistic target of rapamycin complexl (mTORC1) signaling, increased circulating
fibroblast growth factor 21 (FGF21)levels, decreased growth hormone (GH) and IGF-1
signaling, increased autophagy, reduced oxidative stress, and lower methionine and
branched chain amino acid levels, lower intake of which are indepen dently associated

with health and longevity 13313413241
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1.4.3 Methionine Restriction

Restriction of a single amino acid, methionine, can increase lifespan independent
of calorie consumption. This effect was first demonstrated in Fischer 344 rats, where the
reduction of dietary methionine from 0.86 to 0.17%esulted in a 30% longer lifespant42
Lifespan-prolonging effects of restricted dietary me thionine (MR), have since been
demonstrated in most major model organisms, in cluding yeast, worms, fli es, and
rodents!43, Human studies on this effect are limited, but sh ow that MR causes in increase
in fat oxidation in obese adults'#4, that long-term, high dietary met hionine intake was
associated with an increased risk of acute coronary events in middle-aged Finnish
men4s and that fasting plasma concentrations of SAM was positively correlated w ith
adiposity, fasting insulin, homeostasis madel assessment of insulinresistance (HOMA -
IR), and tumour necrosis factor-Y46. As previously noted, many of the detrimental
effects of a high-protein diet are eliminated if plant -based protein rather than animal is
consumed. Methionine is lower in plant -based protein4-147 and this may partially
explain the observed health benefits of plant-based diets4¢152. Mechanisms which have
been associated with MR-induced lifespan extension are similar to those proposed for
protein and calorie restriction and included reduced mitochondrial reactive oxygen
species generation, altered GCN2 and mTOR signaling, elevated hydrogen sulfide
production, and reduced levels of circulating IGF -1, insulin, and glucose!41.143

Additionally, MR affect s histone methylation by altering SAM levels , and changes in
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histone methylation have been connectedto aging®st. MR may also act by influencing
metabolic pathways connected to methionine metabolism such as polyamine

metabolism, which has been shown to influence lifespant51152

1.4.4 Ketogenic Diet

A ketogenic diet (KD) has dso been shown to influence lifespan under certain
conditions, but there is much less literature on this effect compared to the other lifespan-
extending diets discussed. It is hypothesized that in addition to its metabolic effects, the
elevated levels of ketone bodies sustained during a ketogenic diet might promote health
and increased longevity through signaling functions, as the ketone body beta-
hydroxybutyrate has been shown to inhibit histone deacetlases and the NLRP3
inflammasome, among others's3155 Two recent mouse studiesshowed that a ketogenic
diet can increase median lifespan, but does not alter maximal lifespan'>157 and a third
study found no effect on lifespan %8 Different studies on the ketogenic diet also have
conflicting results on how the diet influences metabolic health, including whether KD
improves or worsens glucose toleranceand whether it causes weight loss or gain15¢161,

The KD and control diets used in these studies often have very different macronutrient

compositions and feeding regimens, which can partially explain conflicting results.

However, there is no consensusO OwUT 1 w? EOUUI EU» whEaAawUOOwbOx Ol Ol C
while the classic ketogenic diet used in the treatment of epilepsy is defined asE w? I- D1 |

fat, moderate-protein, low -E E UE O1 a E Umbllbng &sBustdined ketosis is observed,
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a low-carbohydrate diet is considered ketogenic. As previously mentioned, often studies
of ketogenic diets have lower protein content than the contr ol diet they are compared
to1s6.158.161 Gjven the strong effect of protein content on lifespan, this can make it difficult
to disentangle the ketosis-specific effects from those related to protein restriction. One
study found that the beneficial metabolic effects of KD were lost when methionine was
supplemented into the diet to levels in the control diet 162 Human studies on KD
generally show beneficial metabolic effects and weight loss!6315 but it is unclear
whether these effects could be attributed to lower caloric intake in KD groups, and
safety concerns over long-term KD have arisen over reports of liver steatosis, increased
inflammation, increased low-density lipoprotein cholesterol , and decreased bone
mineral density 164167169 |n conclusion, more work needs to be done to determine how

ketogenic diets impact not just longevity, but overall health.

1.5 Ferroptosis

Ferroptosis was discovered over ten years ago as anoxidative, iron -dependent
form of cell death that was induced by the small molecule erastin, and which did not
share features of any other known types of regulated cell death such as apoptosis®.
Erastin inhibits system Xxc¢, which imports extracellular cystine at the expense of
intracellular gluta mate”s85.170 After uptake, cystine is reduced to cysteine, which is
essential for glutathione biosynthesis 7374171 Because glutathione is a cofactor for the

glutathione p eroxidase enzyme GPX4, decreased levels of glutathione can diminish the
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ability of GPX4 to detoxify potentially destructive lipid peroxide species 172 Ferroptosis is
defined as the cell death that occurs when cellsare unable to adequately detoxify these
species, whether that be due toglutathione depletion or direct loss of GPX4 function.

Ferroptosis contribute s to pathological cell death in numerous disease models
including those of glutamate -induced neurotoxicit 8 Ow"' U O U Bi€ebsd,0 Oz U w
periventricular leukomalacia, renal tubular in jury and acute renal failure,
ischemia/reperfusion injury, and liver damage 75173179, Additionally, ferroptosis has
shown considerable significance in the context of cancer’6180.18L This js partially due to
studies showing many drug -resistant cell types are sensitive to erastin and the GPX4
inhibitor RSL3, or thaterastin can enhance the effectiveness othemotherapy and
radiotherapy 8690.180.182183 There are also data which suggests certain cancers have
increased reliance on system x%71 prompting the investigation o f whether its bl ockade
could be a selective cancer therapy?

Numerous metabolic pathways have been shown to influence ferroptosis8s186
but there remains a lack of understanding on what type of cellular damage oc curs
during ferroptosis, and how cells undergoing ferroptosis ultimately die 187. Metabolic
profiling of cells undergoing ferroptosis can point to specific cellula r dysfunctions and

lead to a better understanding of these outstanding questions.
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2. Serine synthesis through PHGDH coordinates
nucleotide levels by maintaining central carbon
metabolismi

2.1 Background and Context

As discussed in Chapter 1.3.4, serine catributes to num erous cellular processes
which are often dysregulated i n cancer to promote cell survival and growth, and
inhibiting serine metabolism pharmacologically or through dietary serine and glycine
restriction are two potential met hods to treat cancer. Pharmacologcal inhibitors
targeting the first enzyme of the serine synthesis pathway, phosphoglycerate
dehydrogenase (PHGDH), have been developed and shown preclinical success in
slowing cancer growth. The use of these inhibitors along with genetic PHGDH depletion
has also allowed for investigation of the outstanding qu estion of why the serine
synthesis pathway is so important to certain cancers even when extracellular serine is
abundant. To examine this question, my colleagues and lused an allosteric PHGDH
inhibit or, WQ-2101%, and investigated how global metabolism and cellular fithess were

affected under PHGDH inhibition. We f ound that PHGDH inhibition caused defects in

i This chapter was adapted and modified from published work: Reid M.A., Allen A.E., Liu S., Liberti M.V.,
Liu P., Liu X., Dai Z., Gao X., Wang Q., Liu Y., Lai L.,and + O E E U E GSernin $y@hesisArough PHGDH
coordinates nucleotide levels by maintaining central carbon metabolism 6 Nature Communic ations (2018).
This text was reproduced in accordance with the CC-BY license. Author contributions: J.W.L. and M.A.R.
conceived the study, designed experiments, and wrote the manuscript. M.A.R., A.EA., M.V.L,, and X.G.
performed experiments and analyzed the data. S.L. and Z.D. developed the quantitative flux analysis
model and analyzed the data. X.L. developed and advised on metabolomics methods. P.L., Q.W., Y.L.,and
L.L. provided essential reagents.
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the pentose phosphate pathway and the citric acid cycle, both of which impacted
nucleotide synthesis and cdlular proliferation. Our study offers an explanation as to
why many cancers rely on PHGDH and the serin e synthesis pathway despite sufficient

environmental serine.

2.2 Results
2.2.1 Inhibition of PHGDH induces broad changes to metabolism

A previous stud y identified and validated the selectivity of compounds with
PHGDH inhibitory activity and nominated WQ -2101 as a specific, allosteric inhibitor of
PHGDH 1 (Fig. 1a).In agreement, cells cultured with increasing concentrations of WQ-
2101 displayed dosedependent reduction in cell proliferation ( Fig. 1b). Consistent with
other approaches targeting the serine synthesispathway 103.105108.109 cells with PHGDH
amplification or h igh expression of PHGDH were more sensitive to WQ-2101 due to
higher reliance on this pathway (Fig. 1c). We then sought to examine how acute PHGDH
inhibition affected global cellular metabolism, which has not to our knowledge been
previously reported. To t est this, we used Liquid Chromatography coupled to High -
Resolution Mass Spectrometry (LC-HRMS) to generate a metabolite profile of HCT116
cells treated either with PHGDH inhi bitor WQ -2101 or an siRNA targeting PHGDH. In
addition to reducing de novo serine synthesis (Fig. 2a,b), we observed large-scale
metabolomic changes in response to PHGDH inhibition ( Fig. 1d). A pathway analysis

revealed that the pathways most affected were relatedto serine-glycine-one carbon
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(SGOC) metabolism, central carbon metabolism(glycolysis and the TCA cycle), and
nucleotide metabolism (Fig. 1€). Although the inhibitory kinetics of a small molecule

and siRNA are inherently different and thus we would not ex pect complete concadance
between the genetic and pharmacological approaches, a statistical analysis
demonstrated that a majority of the metabolic pathways affected by PHGDH inhibition
were consistent among the two approaches, further validating the overal | specificity of

WQ-2101 and defining the global changes to metabolism upon inhibition of PHGDH

(Fig. 1f).
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Response to PHGDH inhibition
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Figure 1: Inhibition of PHGDH induces broad changes in metabolism
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a) Chemical structure of PHGDH inhibitor WQ -2101. ) Dose-dependent response of cell

lines treated with PHGDH inhibitor WQ -2101i OUwA | o1 § w# EVUEWEUT wUT 1 wOl E
biological replicates, and error bars represent s.e.m. ¢ Immunoblot demonstrating the

expression level of PHGDH in cell lines. d ) Volcano plots of metabolites in response to

E1l OOUwUUI EUI EwbpDUT wl k®4uy lwwi O 'wuB Gl uspdl O UieOwd U u
UEUT 1T UDPOT w/ ' &ransfectidn @ight)l >Caldidd dots represent metabolites

significantly changed between control and treated conditions ®/ @ @Y 8 Y kmédnhwi# E UE wE L
three biological replicates. €) Network -based pathway analysis of statistically significant

metabolites altered in each condition. f) Scatter plot for correlation of metabolic pathway

impact scores between WQ2101 and siRNA targeting PHGDH .
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Figure 2: Serine synthesis under WQ-2101 treatment and PHGDH siRNA.

a) Cells were pre-treated with DMSO control or WQ -2101 for 4h followed by 13C-
glucose tracing for 20h in the presence of DMSO or WQ2101. Data arethe mean of
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three biological replicates, and error bars represent s.e.m.P < 0.01 [**], P < 0.005 [***],

2 UU E | €@§1.20))ael@ were transfected with 20 nM control siRNA or 20nM siRNA
targeting PHGDH and 72h post -transfection 13C-glucose tracing was performed for 6h.
Data are the mean of three biological replicates, anderror bars represent s.e.m. P < 0.005
[**+], Studl O U-fest.w U

2.2.2 PHGDH regulates central carbon and nucleotide metabolism

The observation that PHGDH inhibition affected central ¢ arbon and nucleotide
metabolism promoted us to look more deeply into the mechanism. Indeed, we found
HCT116 and BT-20 cells treated with WQ-2101 displayed alterations in glycolysis, TCA
cycle, pentosephosphate pathway, and both purine and pyrimidine biosy nthesis
compared to control (Fig. 3at e, Fig. 4at e). Alterations in these metabolic pathways were
also observed in cells with PHGDH knocked down (Fig. 5). Numerous metabolic
processes are located both upstream and downstream of PHGDH activity ( Fig. 3f). These
include other p athways connected to and involving glycolysis including NADH/NAD+
redox balance, pentose phosphate pathway, the TCA cycle andthe network downstream
of serine that involves redox and nucleotide metabolism. To determine which metabolic
processes may be invdved in the effects of PHGDH inhibition, we supplemente d cells
with various metabolites related to PHGDH metabolism in the pre sence of WQ2101

ketoglutarate, ribose, and nucleosides (Fig.3g). Only the addition of nucleosides was
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sufficient to rescue cells from PHGDH inhibition (Fig. 3g, h, Fig. 4f,g), confirming the

major function of PHGD H is to promote nucleotide synthesis as has been reported.
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Figure 3: PHGDH inhibition disrupts central carbon and nucleotide
metabolism.

a) Relative integrated peak intensities for gl ycolysis-related metabolites. G6P/F6P
(glucose-6-phosphate/fructose-6-phosphate); FBP (fructosel,6-bisphosphate); DHAP
(dihyd roxyacetone-phosphate); 3PG/2PG (3phosphoglycerate/2-phosphoglycerate); PEP
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(phosphoenolpyruvate). Data are the mean of three bidogical replicates, and error bars
represents.e.mPo @ oY 6Py B m ¥ ¢ BauaZydddyrYk w Z d-est, i) Qelstivie UET OUz U
integrated peak intensities for TCAcycle-UT OEUIT EwO1 UE E-KeOduihtatd.d wopVY* & A w Y
Data are the mean of three biological replicates, and error bars repesent s.e.mPo @ oY 6 Y k w

[*, Po @ @Y 6 Rah@uwZydddyrYk wZ d-test. ¢ Ralagve iokégiat®dpealt intensities for

pentose phosphate pathway-related metabolites. 6PG (6phosphogluconic acid); R5P
(ribose-5-phosphate); S7P §edoheptulose-7-phosphate); E4P (erythrose-4-phosphate).

Data are the mean of three biological replicates, and error bars repesent s.e.mPo @Y 6 Y k w

[*], Po @ @Y 6 Rah@uaZyoddyrYk w ¢ d-test, f) Qelaive lutEgrat@dipeak intensities for

purine bi osynthetic precursors. R5P (ibose-5-phosphate); SAICAR ((S)2-[5-Amino -1-(5-
phospho-D-ribosyl)imidazole -4-carboxamido]succinate); AICAR (5-amino-1-[3,4-

dihydroxy -5-(hydroxymethyl)oxolan -2-yllimidazole -4-carboxamide); IMP (inosine

monoph osphate); AMP (adenosine monophosphate); ADP (adenosine diphosphate);

ATP (adenosine triphosphate). Data are the mean of three biological replicates, and error

bars represent s.e.mPo @ o Y 6Py B m g § BaileZydddyryk wZ d-test, @) Ralagve UET OUz U
integrated peak intensities for pyrimidine bio synthetic precursors. UMP (uridine

monophosphate); UDP (uridine diphosphate); UTP (uridine triphosphate). Cells were

UUl EVI EwPWQ@Il wy @it QUwWI Kol 6 w( OUI T UEUTI Ewx]l EOQOwDOUI
DMSO control. Data are the mean of three biological replicates, and error bars represent
semPodoY PpReE d ¥ OwZ d-tpgt. ©) Scheinbtié of B&RHGDH metabolic

network. 3PHP (3-phosphohydroxypyruvate); 3PS (3-phosphoserine); 1C (onecarbon

unit); GSH (reduced glutathione); PHGDH (phosphoglycerate dehydrogenase); PSAT

(phosphoserine aminotransferase); PSPH (phosphoserine phosphatas).g) MTT assay of

cells treated with DMSO EOOU U OO O will ool QO un® 0 ws21R1csépplemeried
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Figure 4: BT-20 central carbon and nucleotide metabolism.

a) Relative integrated peak intensities for glycolysis -related metabolites. G6P/F6P
(glucose-6-phosphate/fructose-6-phosphate); FBP (fructose1,6-bisphosphate); DHAP
(dihydroxyacetonephosphate); 3PG/2PG (3phosphoglycerate/2-phosphoglycerate); PEP
(phosphoenolpyruvate). Data are the mean of three biological replicates,and error bars
represent s.e.m.P< 0.05 [*],P<0.01 [**],P<Y 6 Y Y k wZ d d d-eh h) R&dilvel OUz Uw
integrated peak intensities for TCA cycle related metabolites. (YKG) Y-ketoglutarate.
Data are the mean of three biological replicates, anderror bars represent s.e.m.P< 0.05
[, POwY 8 Y YKk we d ttdsg ) Rexatydlifdg@tedpeaiintensities for pentose
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phosphate pathway -related metabolites. 6PG (6phosphogluconic acid); R5P (ribose5-

phosphate); S7P (sedoheptulose7-phosphate); E4P (eythrose-4-phosphate). Data are the

mean of three biological replicates, and error bars represent s.e.mP<0.05 [*],P< 0.005

Zd dd ¢ OuwtaddtitfRelGtVeindegrated peak intensities for purine biosynthetic

precursors. R5P (ribose5-phosphate); AICAR (5-amino-1-[3,4-dihydroxy -5-

(hydroxymethyl)oxolan -2-yllimidazole -4-carboxamide); IMP (inosine monophosphate);

AMP (adenosine monophosphate); ADP (adenosine diphosphate); ATP (adenosine

triphosphate). Data are the mean of three biological replicates, and error bars represent

s.e.m.P<0.05 [*],P<0.00% d d d ¢ O wt2dstlbFRel@tiVeintegrated peak intensities for

pyrimidine biosynthetic precursors. UMP (uridine mo nophosphate); UDP (uridine

diphosphate); UTP (uridine triphosphate). Cellswl Ul wOUI EUI E w®Ufbrwl k%, w6 0
24h. Integrated peak intensities were hormalized to DMSO control. Data are the mean of

three biological replicates, and error bars represent s.e.mP@wyY 6 Y Y k w d ttesf Ow2 OUE |
f) MTT assay of cells treated with DMSOE OO U U OO O ull Heyrhy Que®U wdl®ly , w6 0
supplemented with reagents as indicated for 72h. OD540 values are relative to DMSO

control. P< 0.005 [***], oneway ANOVA. g) Representativeimage of cells upon

OUEOI OUPET wUI UEUI GwW2EEOT WEEUWA whuyy 45 038
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Figure 5: PHGDH knockdown central carbon and nucleotide metabolism.

a) Relative integrated peak intensities for glycolysis-related metabolites. G6P/F6P
(glucose-6-phosphate/fructose-6-phosphate); FBP (fructosel,6-bisphosphate); DHAP
(dihydro xyacetonephosphate);3PG/2PG (3phosphoglycerate/2-phosphoglycerate); PEP
(phosphoenolpyruvate). Data are the mean of three biological replicates, and error bars
represent s.e.m.P < 0.05 [*],P< 0.005 [***], Studenis t-test. b) Relative integrated peak
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intensities for TCA cycle-related metabolites. (YKG) Y-ketoglutarate. D ata are the mean
of three biological replicates, and error bars represent s.e.mP < 0.05 [*], Students t-test.
¢) Relative integrated peak intensities for pentose phosphate pathway-related
metabolites. 6PG (6phosphogluconic acid); R5P (ribose-5-phosphate); S7P
(sedoheptulose-7-phosphate); E4P (erythrose4-phosphate). Data are themean of three
biological replicates, and error bars represent s.e.m.P < 0.05 [*],P < 0.005 [***],Studentz
t-test. d) Relative integrated peak intensities for purine biosy nthetic precursors. R5P
(ribose-5-phosphate); AICAR (5-amino-1-[3,4-dihydroxy -5-(hydroxymethyl)oxolan -2-
yllimidazole -4-carboxamide); IMP (inosine monophosphate); AMP (adenosine
monophosphate); ADP (adenosine diphosphate); ATP (adenosine triphosphate). Data
are the mean of three biological replicates, and error bars represent s.e.mP < 0.05 [*],P <
0.01 [**],P < 0.005 [***] Studenis t-test. e) Relative integrated peak intensities for

pyri midine biosynthetic precursors. UMP (uridine monophosphate); UDP (uridine
diphosphate); UTP (uridine triphosphate). Data are the mean of three biological
replicates, and error bars represent s.e.mP < 0.05 [*],P < 0.01 [**],P< 0.005 [***],
Studentz t-test. For all panels, cells were transfected with 20 nM control SRNA or 20nM
SiRNA targeting PHGDH and assayed 72h posttransfection. Integrated peak intensities
were normalized to control sSiRNA.

2.2.3 De novo nucleotide synthesis is altered by PHGDH inhibition

It is thought that the major mechanism of how PHGDH regulates nucleotide
synthesis in proliferating cells is by maintaining folate pools and providing glycine for
the purine backbone%8 However, from global metabolite profiling, our results indicate
that simultaneous alterations of many other pathways and metabolic processes may
contrib ute to reduced nucleotide synthesis. To study how PHGDH regulates nucleotide
metabolism, we used stable isotope tracing by alturing cells in medium supplemented
with uniformly labeled glucose ([U -13C] glucose), and measured glucose incorporation
into nume rous pathways that are involved in purine and pyrimidine synthesis with and
without PHGDH inhibition via LC -HRMS. Glucose cantributes carbons to the purine

precursor IMP through ribose -5-phosphate generation in the pentose phosphate
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pathway, and through gl ycine and 10-formyl -tetrahydrafolate from the serine synthesis
pathway (Fig. 6a). Interestingly, HCT116 cells treated with PHGDH inhibitor WQ -2101
displayed altered isotopomer distributions of IMP (Fig. 6b). For the pyrimidine
intermediate UMP, in addition to ribose-5-phosphate, glucose can contribute carbons via
aspartate derived from the TCA cycle (Fig. 6¢). As with IMP, HCT1 16 cells treated with
WQ-2101 also resulted in altered isotopomer distributions of the pyrimidine

intermediate UMP ( Fig. 6d). Similar results were obtained in BT-20 cells treated with
WQ-2101 and cells treated with a different PHGDH inhibitor compound, NCT -5035 (ig.
7). Of particular significance, the m+5 isotopomers of IMP and UMP were reduced,
demonstrating a reducti on in ribose-5-phosphate incorporation from glucose.
Importantly, the altered labeling patterns were not the consequence of off -target effects
of WQ-2101 as cells with CRISPRCas9mediated knockout of PHGDHtreated with
WQ-2101 showed labeling patterns consistent with vehicle control treated cells (Fig. 8).
Together, the observed isotope labeling paterns along with our findings that PHGDH
ablation affected other glycolysis-related pathways such as the TCA cycle and pentose
phosphate pathway show that PHGDH inhibition alters de novo synthesis of both

purine and pyrimidine nucleotides through a mechan ism that may occur independent of

serine-dependent one carbon metabolism.
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Figure 6 Glucose incorporation into nucleotides is altered upon PHGDH
inhibition.

a) Schematic of [U-13C] glucose labeling of purines. b) Mass-isotopomer distribution

(MID) of IMP (inosine monophosphate) from[U -*' ¢ wl OUEOUI wbOwEI OOUwUUI E
WQ-2101. Data are the mean of three biological replicates, and error bargepresent

semPo@ oY PHRPeE § ¥ Ow d-thst. €) Gchdinétie bf (WG] glucose labeling of

pyrimidines. d) Mass-isotopomer distribution (MID) of UMP (uridine monophosphate)
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Figure 7: Supplementary [U -13C]Glucose labeling of nucleotides.

a) Schematic of [U-13C] glucose labeling of purines. b,c) Massisotopomer

distributio n (MID) of IMP (inosine monophosphate) from [U -13C] glucose in BT-20 cells
37



UUl EUI Ewb b GA10ub)E ®F wb 0 3 uhut wET OOU wU U-b0Bd).D&aubP DUT wl k
are the mean of three biological replicates, and error bars represent s.e.m.P< 0.01 [**],P

<0Y Yk wZd d d gtaeat.2)(SchEmaticdi[Wec] glucose labeling of pyrimidines. e,f)
Mass-isotopomer distribution (MID) of UMP (uridine  monophosphate) from [U -13C]

glucose inBT-l Y wET OOUwUUI E U-R1B1Y® Brid HOTN ecells webitdd with

| kK4, w-5038. Data are the mean of three biological replicates, and error bars

represent s.e.m.P< 0.05 [*],P< 0.01 [**,POwY 6 Y Y k w¢ d tites¢ FpuavélingE | OUz Uw
experiments, cells were pre-treated with inhibitors for 4h followed by introduc tion of

[U-13C] glucose-containing medium including inhibitors for 20h.

a Serine b Glycine
o 1mme +  GFP-sgRNA DMSO 1070 m e m
B os = GFP-sgRNA 25uM B o0 * GFP-sgRNA DMSO
a o1 +  PHGDH-sgRNA DMSQ 8 = GFP-sgRNA 25(M
3 os *  PHGDH-sgRNA 25;M 3 058 + PHGDH-sgRNA DMSQ
S 0.03 5° PHGDH-sgRNA 25:M
E 0.02 E 0.010
i 0.01 & 0.005 ll N mh
0.00- 0.000- T ¥
fp
& & & N
¢ IMP d UMP
08 8-
« GFP-sgRNA DMSO 81 . GFP-sgRNA DMSO
o 06 * GFP-sgRNA 25uM B pel * GFP-sgRNA25:M ih
. . _
8 PHGDH-sgRNA DMSO g PHGDH-sgRNA DMSO
= 04 PHGDH-sgRNA25:M 0.4 - PHGDH-sgRNA 25.M
o o
- -
S 02 S 0.2 nT'
w - w .r "
0.0 m 0.0- A S m
NS b g A o N ok oA DS
SELELLELLLEE SELLILSLES
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mean of three biological replicates, and error bars represent s.e.m.d) Mass-isotopomer
distribution (MID) of UMP (uridine monophosphate) from [U -13C] glucose in cells

OUIl EUI Ewb b U101l Data areutBeOmean of three biological replicates, and error
bars represent s.e.mFor labeling experiments, cells were pre-treated with inhibitors for
4h followed by introduction of [U -13C] glucose-containing medium including inhibitors
for 20h.

2.2.4 Quantitative flux analysis of nucleotide metabolism

In general, isotope labeling patterns are not sufficient to inf er the extent of
metabolic flux through a given pathway 19194 Therefore, we developed and applied a
guantitative model that computes carbon fluxes into nucleotides with and without
PHGDH inhibition from the mass -isotopomer distributions (MIDs) obtained from
experiments in Fig. 6. The metabolic network includes flux estimates for 3PG to serine,
serine to glycine, glucose-6-phosphate (G6P) to R5P, pyruvate to acetylcoA, pyruvate to
oxaloacetate, exogenous serine inpit, exogenous glycine input, exogenous aspartate
uptake, IMP synthesis, IMP salvage, UMP synthesis,and UMP salvage (Fig. 9a). As
expected, aur calculations found that PHGDH inhibition reduced carbon flux to
nucleotides from the serine synthesis pathway (3PG to serine), although this was a
relatively small flux in general ( Fig. 9b). Of significance, we found fluxes into
nucleotides from the TCA cycle (Pyruvate to Acetyl-CoA and Pyruvate to OAA) and the
pentose phosphate pathway (G6P to R5P) were with greate magnitude reduced by
PHGDH inhibition relative to the decrease in flux to the serine synthesis pathway ( Fig.
9b). Interestingly, the serine to glycine flux into nucleotides was relatively unchanged,

suggesting folate availability is uncompromised when th e serine synthesis pathway is
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inhibited ( Fig. 9b). These results demonstrate that PHGDH activity is critical for
supporting central carbon metabolism through mass balance. Thus, the results
demonstrate that carbon fluxes into nucleotides from the pentose phosphate pathway
and TCA cycle were reduced to a greater extent than those in the serine synthesis
pathway. In addition, the magnitude of these fluxes were larger than those in the serine
synthesis pathway suggesting that disruption of these carbon fluxes may be more

detrimental to overall de novo nucleotide synthesis.
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Figure 9: Quantitative flux analysis reveals that PHGDH supports central
carbon metabolism.

a) Schematic of metabolicflux analysis model. R5P (ribose-5-phosphate); G6P (glucose6-

phosphate); Ser (serine); Gly (glycine), 3PG (Zphosphoglycerate); CO2 (carbon dioxide);

PYR (pyruvate); Ac-CoA (acetyl-coA); OAA (oxaloacetate); Asp (aspartate); CAP

(carbamoyl phosphate); UMP (uridine monophosphate); IMP (inosine

monophosphate).b)1 1 OEUDYIT wi OURWUEUI wOi wOi UEEOOPEwWxEUT P
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WQ-2101. Data are the mean of three biological replicates, and error bars represent

s.eMPo @ oY 6 RahAuaZyoddyryk wesd-testi ¢ Ow2 OUET OUz
2.2.5 Kinetic profiling of central carbon metabolism

Given the complexities of flux estimation, we next considered an alternative
approach aimed to directly measure flux into metabolic pathways using kinetic flux
profiling 19>199to further confir m the mechanism. We cultured HCT116 cells in the
presence of DMSO or WQ-2101 for 24h in 12C glucosecontaining medium, then fed cells
[U-13C] glucose-containing medium (with the same treatments) and extracted
metabolites at numerous time points. We then used LC-HRMS and examined glucose
incorporation over time at three different branch points of glycolysis important for
nucleotide synthesis: the pentose phosphate pathway (ribose-5-phosphate), serine
synthesis pathway (3PG, serine,glycine), and the TCAcycle pEDUUEUI yDPUOEDPUUEUI
succinate, fumarate, malate, aspartate) Fig. 10a). Strikingly, we observed flux through
the serine synthesis pathway was largely unchanged in responseto PHGDH inhibition
(Fig. 10bt d). In contrast, there was a dramatic reduction in flux through the pentose
phosphate pathway (Fig. 5e) and the TCA cycle (Fig. 10ft k). Similar reductions in flux
through the pentose phosphate pathway and the TCA cycle were found in BT-20 cells
treated with WQ -2101and in cells treated a different PHGDH inhibitor compound,
NCT-5035 fig. 11). Moreover, [U -13C] glutamine tracing of cells treated with DMSO or
WQ-2101 revealed labeling pattems consistent with reduced TCA cycle flux upon

PHGDH inhibition ( Fig. 12). Taken together, the metabolic flux analysis and kinetic flux
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profiling reveal that PHGDH inhibition has a larger effect on central carbon flux than the
serine synthesis pathway, and that the mechanism of how PHGDH inhibition leads to
reduced nucleotide synthesis is through the loss of mass balarce from altered anabolic

central carbon flux.
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a) Schematic of [U-13C] glucose labeling of serine, glycine, and central carbon
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phosphoglycerate) labeled in the presence (red)OU wEE Ul OET wpE OPI0OK woOi wl k o4
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mean of three biological replicates, and error bars represents.e.mPo @ oY Pp B @i § i w
*,PoB oY 6 YYKkwe dwstd) GWEBUPOOWHU wUT 1 wOhoHe! wbUOUOX O
DOwUT T wxUI Ul OET wepUl E A wo 2i0E. Datd atefhe mepk dtbreeA wOil wl k @
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Zddd¢ OuwtaddtlefFAradtiorzofthe m+5 isotopomer of ribose-5-phosphate labeled in

UT T wxUIl Ul OET wopUI E A wbdU wlkml Ddbmaie thepearUof threeOl wl k @4, w
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2U0VEIt-@EH#HWWUEEUDPOOWOl wili 1 wOheoHe! wbUOUOx OO UUwOI u
ketoglutarate), succinate, fumarate, malate, and aspartate labeled in the presence (red) or

EEUI OEIl wpE OUI-ZaiOData hré thebmean ®fbree biological replicates, and

error bars represent s.e.mPo @ ® Y 6P B m ¥ ¢ RabtleZydddyrYk wZ d-test, h@iw2 OUET OU
experiments, cells were preUU T EUI E wb b U210dlfck 24k follandd by

introduction of [U -13C] glucose-containing mediu m including inhibitor for the indicated

times.
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Figure 11: NCT -503 kinetic flux profiling.

a) Schematic of [U-13C] glucose labeling of serine, glycine, and central carbon

metabolites. b) Fraction of the m+3 isotopomer of 3PGE2PG (3-phosphoglycerate/2-

xT OUxT O1 OAaEI UEUI AWOEEIT Ol EwPOwWUT T wx U003 OET wpUI E
3PG/2PG (3phosphoglycerate/2-phosphoglycerate). Data are the mean of three

biological replicates, and error bars represent s.e.m. P < 0.01 [*}]SU E 1 O {iest\d)w U

Fraction of the m+3 isotopomer of serine labeled in the presence “(red) or absence (blue)

Oi wl k4 -508- Daa are the mean of three biological replicates, and error bars
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Figure 12: [U-13C]Glutamine labeling of TCA cycle.

a) Schematic of [U-13C] glutamine labeling of TCA cycle intermediates. b) Mass-
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Data are the mean of three biological replicates, and error bars represent s.e.m. K 0.005

Zddd¢ Ow2addtUdi MID OF judareie from [ U-13C] glutamine in cells treated with

#, 2. wEOOUUOOwALMwWDakaare thé rbean of three biological replicates, and

l UUOUWEEUUwWUI xUIl Ul 00 wU 3 kedtOsh MID of Bhalafedrgny [k 4@ d d d ¢ Ow?2

UT Ul 1l wEPOOOT PEEOwWUI xOPEEUI UOWEOEwWI UUOstEEUU WU
f) MID of citrate/isocitrate from [ U-13C] glutamine in cells treated with DMSO control or

| k4%, wBl01l. Data are the mean of three biological replicates, and error bars

Ul xUT Ul O0wUGB1 606 w/ wdwy 6 Y-fesu & dlfeperimant ucylls Wekek wZ d d d ¢
pre-0UT EUI EwbPDUT w# , -210Li6) dhdollokvéd byuirréduction of [ U-13C]
glucose-containing medium including DMSO or WQ -2101 for 20h.

2.2.6 Restoration of TCA cycle and PPP rescues PHGDH inhibition

We then asked whether simultaneous restoration of pentose phosphate pathway
and TCA cycle metabolism could rescue cells from PHGDH inhibition. Indeed,
supplementing cells treated with WQ -2101 with ribose and cellkx | UO1 E-EOI wY
ketoglutarate was sufficient to attenuate the proliferative defects of PHGDH inhibition
(Fig. 13a, b, Fig. 14a, b), while supplementation with ribose and the one -carbon donor
formate was not, consistent with the hypothesis that one-carbon unit availability is
uncompromised during PHGDH inhibition ( Fig. 14c). Furthermore, we performed LC-
HRMS on cells under the rescue conditions and observed an almost complete reversal in
TCA cycle (Fig. 13c) and pentose phosphate pathway (Fig. 13d) metabolites.
Importantly, we also found cells with PHGDH inhibition supplemented with ribose and
cell-permeE E O-ketodlutarate had restored levels of purine (IMP) and pyrimidine
(UMP) precursors (Fig. 13e). In all, our data supports the mechanism whereby PHGDH

regulates the mass balance of central carbon metabolism and thus controls the fluxes
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into the TCA cycle and pentose phosphate pathway to a greater extent than the SGOC
network. Thus, the nucleotide deficiencies in response to PHGDH inhibition are largely

due to reductions in central carbon flux ( Fig. 13f).
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Figure 13: Restoration of TCA and PPP metabolism rescues cell proliferation
during PHGDH inhibition.
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test. ¢) Relative integrated peak intensities for TCA cycle-related metabolites. Data are
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Figure 14: PHGDH siRNA and NCT -503 TCA cycle and pentose phosphate
pathway rescue.

a) MTT assay of cells transfected with 20nM control siRNA or 20nM PHGDH siRNA for

48h followed by supplementation with ribose (15mM) and di -O1 U1 &&aglitarate

oY * & O itord2h. OD540 values are relative to DMSO control. P < 0.005 [***], one

way ANOVA. EAw, 33wWEUUVUEa wOi wEl OOUwlUIT EURBLGEDUOT w#, 2.
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| kK4, wb Y hwUUxx Ol O OUI EwpDUT wUD-BOUDWUGWKEUE WE QY
3mM) for 72h. OD540 values are relative to DMSO control. P < 0.005 [***], onevay

ANOVA. c¢)MTTassay ofceOOUwUOUI EUI EwbDPUT w# ,-Ruyul OO0 W DIO0N4u, bk
WQ-2101 supplemented with ribose (15mM) and formate (0.5mM) for 72h. OD540

values are relative to DMSO control. P < 0.05 [*], oneway ANOVA.

2.3 Discussion

Leading up to this study, the current paradig m was that the major function of
PHGDH in proliferating cells is to maintain folate pools for nucleotide synthesis and
contribute to the glycine backbone of purines1, In our study, we confirmed that
PHGDH is crit ical for nucleotide synthesis, and defined a new mechanism by which
PHGDH contributes to and is required for nucleotide metabolism. Namely, PHGDH
regulates and is required for nucleotide metabolism by supporting the backbone of
central carbon metabolism. Thus, diversion of glycolysis into serine synthesis also
coordinates anabolic fluxes related to central carbon metabolism?°. Notably, these fluxes
controlled by PHGDH include ribose synthesis from the pentose phosph ate pathway
and the nucleobases from the TCA cycle. Supporting this model, our calculations using
metabolic flux analysis and measurements using kinetic flux profiling demonstrated that
the major fluxes affected upon PHGDH inhibition that alter nucleotide metabolism are
related to central carbon metabolism, and not the serine synthesis pathway. Our
findings are thought to be a direct mechanism of PHGDH inhibition rather than a

general consequence of reduced cell proliferation, consistent with previous reports
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showing metabolic flux and metabolite availability may not coordinate with
proliferation status 200201

Furthermore, these findings define a mechanism whereby the diversion of flux
into one pathway is coupled to and thus controls numerous other pathways through
long range interactions. This regulation has been in shown in other cases to occur via
allosteric mechanisms?2where changes in the concentration of metabolites in one
pathway bind to enzymes and regulate the activity of other pathways. This study
provides an additional example of how such a long-range regulatory mechanism in
metabolism can be achieved. In this study, however, it is the mass balance and he
requirement of maintaining flux balance is sufficient to regulate the flux into other
neighboring anabolic pathways.

Conversely, other mechanisms have been proposed that lead to increased serine
synthesis by accumulation of glycolytic intermediates 203205 |n these scenarios, serine
synthesis would serve additional biological functions by also coupling flux into related
anabolic pathways. Furthermore, disruption of any of these mechanisms that push flux
into serine synthesis would also affect both mitochondrial and pentose phosphate
metabolism. Thus, these findings underscore the need for quantitative flux analysis to
understand the metabolic requirements of altered enzyme activity, which may not be

apparent from measurements of metabolite levels, and ultimately in understanding
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unanticipat ed contexts in which targeting PHGDH might be effective in proliferative

disease.

2.4 Methods
2.4.1 Cell culture and reagents

HCT116, MDA -MB-468, and MCF7 cells were purchased from ATCC. BT-20 and
MDA -MB-231 cells were kindly provided by Dr. Donald McDonn ell (Duke University).
SCOV3 CRISPRCas9 mediated PHGDH knockout cells were generated as previously
described®, All cells were maintained in RPMI 1 640 (GIBCO) supplemented with 10%
heatDPOEEUDYEUI Ewi Il UEOQWEOYDOI wUI UUOwm2bDT OEQw%l KKI
UOUI xUOOAEDOwW®&(!" . AGw" 1 OOUwPI Ul WEUOUUUI EwbOWE
were authenticated by their source using short-tandem repeat (STR) profiling, and tested
negative for mycoplasma contamination. MCF -7 and BT-20 are listed in the ICLAC
database of commonly misidentified cells; the use of these cell lines is justified by STR
profiling authentication and their respective PHGDH levels (Fig. 1c). For isotope tracing
experiments, dialyzed fetal bovine serum (Thermo Fisher Scientific, 88440) was
substituted for fetal bovine serum upon administration of the isotope -containing
medium. WQ -2101 was synthesized as previously described®. Sodium DL -lactate
@A UA | Y K O uketdhér@die@od75), Dimethyl -Y-ketoglutarate (cell-x 1 UOT EEEOT wY
ketoglutarate) (349631), N-Acetyl -L-cysteine (A9165), DRibose (R9629), and NCT503

(SML1659) were purchased from Sigma. Formic a&id was purchased from Fischer
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Scientific (A117). Sodium pyruvate was purchased from Santa Cruz Biotechnology (sc¢
208397A). EmbryoMax Nucleosides was purchased from Millipore (ES-008-D). U-13C-
glucose and U-13C-glutamine were purchased from Cambridge Isoto pe Laboratories

(CLM-139610 and CLM-1822H -PK).

2.4.2 MTT and proliferation assays

MTT (3-[4,5-Dimethylthiazol -2-yl] -2,5-diphenyltetrazolium bromide) was

purchased from Thermo Fisher Scientific (M6494). Cellswere seeded at a density of 2

k @ Rcelisper wellin96-p1 OOwx OEUT UWEQOEWEOOOPT EWUOWEET 1 Ul wi
%O000PDHOT wOUI EVUOI OUOwWOI EPUOwWPEUVUWEEUI I UOOawWEUXxD
YOkoOl *O+ w, 33 wUOO UgebRPRAIUBIORuK T T OHOEOE EPOEUEEUT Ew
i OUwhdk ol 6 wndOO0OPPOT WPDOEUEEUDPOOOW, 33wlOOUUPOOW
PEUWEEEI EwUOWEDUUOOYI wUOI | wi OUOEAEOSwWw EUOUEEOEI
xUOOPI 1 UEUDOOWEUUEAaAUOWEIT OO0 U4estd periwell thi12-viell E wE U WE wE
x OEUl UWEOEWEOOOPT EWUOWEET T Ul wi OUwl Kol wxUbOUwWUO
each condition (day 0) prior to administration of indicated treatments, followed by cell

counting at indicated time points using a MOXI Z automat ed cell counter (Orflo).

2.4.3 Immunoblotting

Cells were lysed in RIPA buffer (VWR International) containing freshly added
xUOUI EUIl wbOl PEPUOUWEOOXxOI Rwepl OET T ABdwl Youl wOi wx
Bis-Tris gels (Thermo Fisher Scientific) followed by transfer onto nitrocellulose.
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Chemiluminescent signals were detected with Western Lighting Plus -ECL (Perkin
Elmer, NEL103001) and imaged with the ChemiDoc Touch Imaging System (Bio-Rad).
Anti -PHGDH antibody was purchased from Sigma (WH0026227M1), and was used at
1:1000 dilution. Anti -¢-ACTIN antibody was purchased from Cell Signaling (3700S), and

was used at 1:2000 dilution.

2.4.4 Microscopy

Cells were seeded at a density of 2k ® & celis\per well in 96-well plates and
EOOOPT EwUOWE ET ItoUrbatmiert. Balldwitgotieatrmett Pr@diun was
replaced with 1x PBS prior to imaging. Images were captured using a Leica DM IL LED
microscope equipped with a Leica MC170HD camera at x10objective using LAS EZ
UOI UPEUI wp+1 PEEASW2EEOI WEEUUmA ohyYos 08
2.4.5 siRNA transfections

ON-TARGETplus Non -targeting control siRNA (D -001810601-05) and
SMARTpool ON -TARGETDplus siRNA oligonucleotides targeting human PHGDH (L-
00951800) were purchased from Dharmacon. siRNA transfections were performed

using Lipofectamine RNAIMAX (Thermo Fisher Scientific) according to the

2.4.6 Metabolite extraction

Polar metabolite extraction was conducted as previously described”20¢, Briefly,
1.5t ® & cehsper well were seeded into sixp 1 OOwx OEUTI UWEOE WEOOOPT EwlO
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prior to treatment. Cell confluence was equal across conditions at the time of extraction.
%OO000PDPOT wOUI EUOI OUOwOI E D U O wmdbidh Savent(80BUE U1 EwWEOE w
Ol UT EQOOOYPEUI UAWEOOOTI EwUOWNWY ®S" whEUwWDOOI EPEUI
transferringthe x OE U1 UwU O wN WYhs Blatas ivebethamrknoo s, Placed on dry

ice, and the cells were scraped into the extraction solvent and tranderred to Eppendorf

solvent in each sample was then transferred to a new Eppendorf tube and evaporated

using a speed vacuum. For polar metabolite analysis, the evaporatedcell extracts were

i PUUUDWEDPUUOOYI EwbOwhk o4 +wbPEUI UWEOGEwWUT T OWEDPOUUI
vIv). Finally, samples were centrifuge E WE Uwl YOYYY oA ®l wWEOwWK®S" wi OU wh

AN N o~ s

2.4.7 High-performance liquid chromatography

Compound separation was performed using an XBridge amide column
phyY Y oA ol 6 ue OXate)5ok @ Diondx 6lfimate 80A0UWHPLC at room
Ul Ox1 UEUUUI dw, OEDPOIT wxi EUI w owbpEUBYMIRUI wk o0, WE
xT EUIl w! o whYYUwWEET UOOPUUPOT w3l 1 wi 660066 OT wODPOI
hé k @ OB OO uBKOOWU+ G uli kb kOqu gy GkO@BOMUGD i iyl ud! uduuhul 8 kK Owhuy U
Wk dw! Owl YoODPOOwWWK G w! 8 wnOOPwWUEUT wb b wynblok o000y OB
UOwhYdk aOPOOwYdt oO0O0Y¥OPOwi UOOwhYdt wOOwhAENaODPOO
solvents used were LC-MS grade, and were purchased from Fisher Scientific.
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2.4.8 Mass spectrometry

Mass spectrometry was performed using the Q Exactive plus (Thermo Scientific)
instrument as previously described 17206 The Q Exactive Plus MS is equipped with a
heated electrospray ionization probe (HESI) and the relevant parameters are as follows:
evaporation temperature O whil Y ®S" OwUi 1 EUT wl EVUOwt YOWEURPODPEUA
YOOUET I Owt 8t wO5 wi OUwxOUPUDLYI wOOET wEOCEwW! 8k @05 wi
wassetatt | YoS" OWEOE w2 wOl OUwPEUwk kdw WUEEQWUEOT I wi
Resolution was set at 0,000. The maximum injection time was 200 ms, and the
EUUOOEUI Ewl EPOWE 00 Ay wrB@WOWBUT 1 U1 EWwEOwt o
2.4.9 Metabolite peak extraction and data analysis

Raw peak data was processed on Sieve 2.0 software (Thermo Scientific) with
peak alignmentand detetE UDOOQuwx1 Ul OUOI EWEEEOQUEDPOT wOOwUT 1 wOE
Ol U1 OEw?x1 EOWEODPT 001 OUWEOGE wi UEOI wi BROUUEEUDOO? wh
analysis. An inpu t file of theoretical m/z and detected retention time was used for
targeted metabolite analysis, EOE wUT 1 wOYAwbPEUT whEUwWUI OwUOOwk ox x
obtained after data processing that included detected m/z and relative intensity in the

different sample s. For isotope tracing experiments, the mass isotopomer distributions

were calculated and normalized by comparing the ratio of labeled to unlabeled

Ol UEEOOPUIl UwbOuwi EET WUEOXx Ol 6 wnOUWUDPEOUI WEDBEWY* &
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impacts were determined by Me taboAnalyst pathway analysis [www.metaboanalyst.ca]
using the following parameters: Over Representation Analysis - Hypergeometric Test;
Pathway Topology Analysis - Relative-betweeness Centrality. Volcano plots were

generated using GraphPad Prism 7.

2.4.10 Metabolic flux analysis

A metabolic model including 19 reactions and 21 metabolites in pentose
phosphate pathway, serine synthesis, TCA cycle and nucleotide synthesis pathway was
used. Biomass synthesis was modeled based on literature values for molecular
composition of dry cell weight 2°7. The model was then converted to elementary
metabolite units (EMUSs) 26 acoording to the stoichiometry and carbon atom mapping
relationships. The EMU model was used in estimation of the fluxes from mass
isotopomer distributions (MIDs) of metabolites measured by LC -HRMS. Flux ratios
were solved from MIDs of metabolites at the bran ch points. Metabolic fluxes relative to
growth rate were then solved analytically from the combin ation of flux ratios at branch
points and the stoichiometric matrix. Mean and standard deviation values were
computed based on fluxes estimated from three biological replicates. Construction of the

metabolic flux analysis model is reported in Reid et al. (2018).

2.4.11 Statistics

All experiments contained three biological replicates. Results shown as means;

error bars represent the standard error ofthe mean.3 1 | wUOx EDUI HestavisUET OUz Uw
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used to determine statistical significance of differences betweenO1 EQU wp/ o PBoY d Y k wZ d
| o8oY8YhwZddgOw/ oloyYdYYkwZdddé¢ AwUOOT UUwOUT T UPD
2.4.12 Code availability

Source code for the metabolic flux analysis model is available on GITHUB via

https://githu b.com/LocasaleLab/Reid-et-al-2018

2.5 Author Contributions

This chapter is from a collaborative study. Annamarie Allen assisted th e lead
author of the study, Michael Reid, with collecting experimental data , data analysis, and
figure presentation and organization . Specifically, Annamarie contributed signi ficantly
to the nucleoside rescue experiments shown in Figures3 and 4, analysis of the tracing

data shown in Figures 6, 7, and 10, and creation of the Schematicshown in Figure 13.
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3. Evolved resistance to partial GAPDH inhibition results
in loss of the Warburg effect and a different state of
glycolysisV

3.1 Background and Context

As discussed in Chapter 1.3.1.1, inhibition of the glycolytic enzym e GAPDH is a
selective way to disrupt metabolism in cancer cells that are heavily reliant on the
Warburg Effect. The natural product koningic acid (KA) is a selective GAPDH
inhibitor 17209 and use of this compound not only offers a potential cancer therapy, but
also a usetlll tool for studying the properties of the Warburg Effect. W hether glucose
metabolism is functionally different during fully oxidative glycolysis or during the WE
is unknown, so my colleagues and lused KA to investigate this question. To do this, we
evolved resistance to KA in a high-WE cell line, and examined what aspects of global
metabolism changed. We found that KA -resistant cells lose the WE but continue to
conduct glycolysis and surprisingly remain dependent on glucose as a carbon source.
Consequently, this altered state of glycolysis led to differential metabolic activity and

requirements, including emergent activities in and dependences on fatty acid

v This chapter was adapted and modified from publishe d work: Liberti M.V. , Allen A.E., Ramesh V., DaiZ.,
Singleton K.R., Guo Z., Lui J.0., Wood K.C., and + O E E U E GHvalvpdré&istanle to partial GAPDH
inhibition results in loss of the Warburg effect and in a different state of glycolysis 6 dournal of Biological
Chemistry (2020). This text was reproduced in accordance with the CC-BY license.Author Contributions: M.
V. L.and J. W. L. conceptualization; M.V.L., A.[EA., V.R,, and ZD. data curation; M.V.L., V.R,, ZD., K.R.S,,
Z.G.,JO.L., K.C.W., and JW.L. formal analysis; M.V.L. and JW.L. supervision; M. V.L. and JW.L.
validation; M. V.L., K.R.S., and JW.L. investigation; M. V.L., Z.D., K.R.S., KC.W., and JW.L. methodology;
M.V.L. and JW.L. writing -original draft; M. V.L. project administration; M. V.L., A EA., JO.L., K.C.W., and
JW.L. writing -review and editing; Z. G. and JO.L. resources.
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metabolism. These findings reveal that aerobic glycolysis is a process functionally
distinct from co nventional glucose metabolism and leads to distinct metabolic

requirements and biological functions.

3.2 Results

3.2.1 GAPDH inhibition leads to different phenotypic outcomes from
targeting glucose uptake

We first sought to determine whether disrupting GAP DH activity results in
different outcomes from other perturbations to glycolysis. Because GAPDH has
differential rate control in cells undergoing the WE (i.e. high glucose up take and lactate
secreion)'?, we used ahigh-WE cell line, BT-549, and compared inhibition of GAPDH
with KA with inhibition of glucose uptake and deprivation of glucose from the culture
medium (Fig. 15A). First, we measured the IC50 ofE11, a validated, highly potent
inhibitor of GLUT-1 and thus glucose uptake?© (Fig. 16A). We then compared cell
viability of BT -549 treated with doses of KA above and below the known IC50 7" and/or
E11. We found that cotreatment of KA and E11 caused a greater significant decrease in
cell viability than treat ment with either compound alone ( Fig. 15B).

We further found significant changes between KA-treated cells and cells cultured
in glucose-deprived medium ( Fig. 15C). To assess these differential effects on cells at a
metabolic level, we used LC coupled to high-resolution MS (LC-HRMS)-based
metabolomics, which revealed gross differences in global metabolism when comparing

KA -treated BT-549 cells with glucose-deprived cells (Fig. 15D). An analysis of glycolysis
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indicated an accumulation of glycolytic intermediates up stream and depletion of those

downstream of GAPDH in c ells treated with KA, wherea s glucose-deprived conditions

revealed an overall depletion of metabolites throughout glycolysis ( Fig. 15E). Thus, cells

exhibit a differential metabolic response to GAPDH in hibition compared with other

modes of glycolysis inhib ition. These findings raise the possibility that cells utilize and

rely on the WE differently from glycolysis, providing rationale that the WE is different

from other forms of glucose metabolism.
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A) Schematic representing the comparison of KA treatment with glucose transporter -1
(GLUT-1) inhibition with E11 or deprivation of gluco sefrom the growth medium. B)
Cell viability of BT -549breast cancer cells treated with E11 (26 m) with or without KA
@Y 6+ wrd &ftari24s *,p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001 as
determined by one-way ANOVA. C) cell viability of BT -549 breast cancer cells cultured
in complete or glucose-restricted medium and treated withor PP UT QU0 w* mpYydt wOUL
after 24 h. *, p < 0.05; *p < 0.01; **p < 0.001; ****p < 0.0001 as determined by onenvay
ANOVA. D) hierarchical clustered heat map quantile-normalized of BT -549 cells with
condition annotations of global metabolic responseU wU O wY I m RA @ hl@ose- w4
restricted conditions for 6 h with annotations of metabolic pathways. The scale
represents 0 to 1 for row minimum and row maximum, respectively, after quantile
normalization. E, BT-549 glycolysis profile for vehicle, KA, o r glucose-restricted
conditions for 6 h. G6P, glucose 6phosphate; F 1,6BP, fructose 1,6bisphosphate; DHAP ,
dihydroxyacetone phosphate; 3PG, 3-phosphoglycerate; PEP, phosphoenolpyruvate. All
data are represented as mean = S.Eefror bars) from n = 3 bidogical replicates. *, p <
0.05; ** p < 0.01; **p < 0.001; ****p < 0.0001 as determined by tweway ANOVA unless
otherwise indicated.

3.2.2 Cells evolve resistance to GAPDH inhibition independent of
drug metabolism

To investigate whether glycolysis exists in different biological states from the
WE, we hypothesized that cells could transition from the WE to another state of glucose
metabolism when faced with a selective pressure against maintaining glycolysis in a
certain state. Given that KA was previ ously shown to be selectively toxic to cells
undergoing the WE, we suspected that it could be a useful tool to investigate this
concept. We cultured BT-549 cells with incrementally increasing concentrations of KA
and monitor ed their growth rate over a peri od of 20 weeks with parental cells
maintained in cell culture in parallel ( Fig. 16, A and B). The specific growth rate of
parental cells measured after 1 week in culture was recorded as 0.0173 %"and was used

as the week 0 laseline measurement for beginning KA treatment for acquired resistance.
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Three clonal cell populations that developed resistance to KA exhibited growth rates
between 0.0022 and 0.0058"ud w31 1 Ul wpki Ul wbUOOEUI EwEOEwWOEDPOUE
remainder of the study (BT-549(R)% 3) (Fig. 16C). IC50 values for KA in each of these
EOOOI Uwbi Ul wi OUOEWUOWET wi Ul EUI UualcklE®aul YY ws OWEO
exhibited an IC50 of D1 >m KA (Fig. 16D).
For this system to be an effective model for evolving a transition out of the WE, it
was necessary to first confirm that resistance to KA was not occurring due to
mechanisms outside of cellular metabolism. There are several known pharmacological
mechanisms that are commonly implicated in drug resistance that include alterations in
drug metabolis m and target disengagement?%, To test for altered drug metabolism, such
as a difference in drug efflux, we used LC-HRMS to measure intracellular concentrations
of KA in BT -549 sensitive and acquired resistant cellsas well as in MCF-7 KA-intrinsic
resistant cells (Fig. 16E). Intracellular concentrations of KA in BT -549 aquired resistant
El 00U wOE b O U E b @matheddhsistent with woncentrations detected in BT-549
parental and MCF-7 intrinsic resistantcellUwUT EUwpP1T Ul wOUI Figl1@FwP D UT wt w*
and Fig. 17A). We also found similar intracellular concentrations of KA between BT-549
parental and acquired resistant cells at different time points following culture of cells
with KA ( Fig. 17 Bt D). Together, these data confirm that drug efflux is not contributing

to acquired resistance to KA in these cells.
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To verify t hat KA was still engaging its target (i.e. t he catalytic site of
GAPDH) 209.212 we carried out a GAPDH activity assay in the presence or absence of KA
and found that KA maintains ta rget engagement through decreasing GAPDH activity in
BT-549 acquired resistant cells comparable with that of BT-549 parental cells Fig. 16G
and Fig. 17 E and B and MCF-7 cells (Fig. 17G). In support of these findings, we
observed little difference in GA PDH protein expression between BT-549 parental and
acquired resistant cells (Fig. 17H). We also found that acquired resistant cells can
become resensitized to KA upon KA removal for 2 weeks, followed by the addition of
KA again (Fig. 171), further arguing against an inability to maintain ta rget engagement.
Together, these data indicate that acquired resistant cells retain normal KA drug
metabolism properties with continued target enga gement at the active site of GAPDH.
Thus, independent of drug pharmacology , biological mechanisms related to glucose

metabolism may underlie the resistance to GAPDH inhibition.
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Figure 16: Cells evolve resistance to GAPDH inhibiti on independent of drug
metabolism.

A) schematicrepresenting progression to acquired resistance model of BT-549 cells.
After 20 weeks of incrementally increasing doses of KA, clonal populations of acquired
resistant cells were isolated and maintained in 3 4m KA for the duration of the study. B)
recorded growth rates of BT-549 cells during the 20week period of p rogression to
acquired resistance.C) representative images of BT-549 parental ¢op left) and three
clonal acquired resistant cells (top right , bottom row ). D) cell viability of BT -549 parental
and acquired resistant cells treated with 0t Y YulkA and reported IC50values. E)
mass spectra of KA in a spiked sample and KA-treated acquired resistant cells using LC-
MS with a representative sample. F) intr acellular KA concentrations from BT -549
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All data are represented as mean + . (error bars) from n = 3 biological replicates unless
otherwise indicated. *, p < 0.05; **p < 0.03 ***, p < 0.001; ***p < 0.0001 as determined
by multiple t tests.
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A) Mass spectrometry intensities of intracellular KA in vehicle or KA (3uM) treated cells
using liquid chromatograph y-mass spectrometry (LC-MS). Dotted line denotes noise
level. B) Standard curve of KA spiked into untreated BT-549 parental cells.C) MS
intensity values of KA concentrations after treatment with vehicle or 3uM KA for 2, 6,
and 24 hours. D) Absolute intracellular KA concentrations after treatment with vehicle

or 3uM KA for 2, 6, and 24 hours. E) Rdative NADH production from 0 -27 minutes in
kinetic mode of BT-549 parental and acquired resistant cells with and without KA (3uM)
treatment (n=2). F) Reltive NADH production of MCF -7 cells as in (B) (n=2)G) Relative
GAPDH activity in MCF -7 cells in reponse to vehicle or 3uM KA (n=2). *p<0.05,
ddx@Yyoéyhowdddx@YdYYhOuwdddd x Btgsh i) ynyrunaliditingE | U1 UOD O
of GAPDH in BT -549 paental and acquired resistant cells with quantitation normalized
to actin. 1) BT-549 acquired resistantcells were passed either with KA or without KA (as
indicated by superscript -KA, p.3) for 3 passages (a totalof 2 weeks). After 2 weeks, cells
were treated with vehicle, 0.5uM KA, or 3uM KA and compared to BT -549 parental
cells.

All data are represented as mean + SEM from n=3 biological replicates unless otherwise

indicated. *p<0.05, **p<0.01, ***p<0.001, **<0.0001 as determined by TweWay
ANOVA unl ess otherwise indicated.

3.2.3 Acquired resistant cells lose the Warburg effect but remain
dependent on glycolysis

Using our evolved resistance model to the glycolytic enzyme GAPDH, we
sought to determine whether these cells continue to undergo the WE. We treated BT549
acquired resistant cells with KA and found that acquired resistant cells still undergo
glycolysis marked by increases in fructose 1,6bisphosphate compared with untreated
BT-549 parental, which areindicative of slower rates of glycolysis ¢213and decreases in
lactate levels compared with parental cells, suggestive of a lower WE (Fig. 18A).
Interestingly, we also found that acquired resistant cells exhibited similar or lower levels

of pentose phosphate pathway metabolites compared with parental cells ( Fig. 20, At D).
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Because low lactate levels were deteted in the acquired resistant cells compared
with parental cells, we next sought to examine lactate producti on from glucose carbon
using uniformly labele d [U-13C]glucose in BT-549 parental and acquired resistant cells.
We observed decreased lactate prodution in the acquired resistant cells compared with
untreated parental cells at levels comparable with the lactate production observed in the
parental cellUw U UIT EUI E wb Bid) i8RuandiFiglR0B). In@dgition, we measured
intracellular glucose and lactate levels in parental and acquired resistant cells (Fig. 20F).
As expected, parental and acquired resistant cells exhibited similar intracellular glucos e
levels, indicative of similar glucose uptake. Parental and acquired resistant cells had
similar intracellular lactate levels, which we reasoned was likely due to the majority of
lactate produced by cells being immediately secreted out of cells and into the
environment 4214 Indeed, upon measuring excreted lactate from cells in spent medium
from O to 6 h, we found significantly less excreted lactate from BT-549 acquired resistant
cells compared with parental cells treated with either vehicle or KA, with a similar
finding after 24 h (Fig. 18 (C and D) and Fig. 20G). In addition, the decreases in lactate
levels were not immediately reversible upon removal of KA ( Fig. 20H). Quantitative
measurements of the WE via relative lactate flux calculations revealed lower lactate flux
(i.e. low WE) in acquired resistant cells compared with parental cells, with a lactate flux
value comparable with the low glycolytic cell line, MCF -7 (Fig. 201). Together, these data

indicate that acquired resistant cells evolved a loss of the WE.
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Because acquired resistant cells no longer umlergo the WE, we asked whether
they remained dependent on glucose uptake and depend on glycolysis for survival,
because previous studies have indicated that celk are either glycolysis-dependent or -
independent?215216 \WWe reasoned that if these cells do continue to rely on glycolysis, which
would be different from WE or non -WE cells, then another glycolytic state could have
emerged. We treated the acquired resistant cells with E11 and/or KA and determined
cell viability. Whereas these cells remained resistant to KA as expected, we surprisingly
observed differences in sensitivity upon treatment with E11 in combination with KA
(Fig. 18E). To further investigate this differential dependence on glycolysis, we studied
the response to glucose deprivation. After 24 h of culture in glucose-deprived growth
medium and KA, we found that the viabi lity of BT -549 acquired resistant cells decreased
compared with cells cultured in full growth medium and maintained in KA (Fig. 18F). In
addition, metabolite profiling of BT -549 acquired resistant cells in glucosedeprived
growth medium compared with those OEDOUEDP Ol EwbOwt wsy Ow* wUI YI EOI
differences in overall metabolic levels (Fig. 19). Together, these data indicate that BF549
acquired resistant cells no longer exhibit or require the WE but remain dependent on
glycolysis for survival.

Interestingly, we further found that acquired resistan t cells displayed decreased
fraction labeling and carbon contribution from glucose through glycolysis, decreased

fraction labeling with a small increase in carbon contribution from glucose through the
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pentose phosphate pathway, and decreased fraction labeing and carbon contribution
through the citric acid (TCA) cycle ( Fig. 20, 3 T). Taken together, these data further

clarify the existence of multiple states of glucose metabolism.
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Figure 18: Acquired resistant cells lose the Warbu rg effect but remain
dependent on glycolysis.

A) glycolytic metabolite levels measured after 6 h. All glycolysis metabolite levels
measured from parental cells were normalized to 1. All glycolysis metabolite levels
measured from acquired resistant cells are normalized to parental cell levels. *, p < 0.05;
** p<0.01; **p <0.001; ***p < 0.0001 as determined by multiplet tests. B) [*3C]lactate
from [U -13C]glucose in BT-k K Nwx EUT OUEOQwUUI E Un KA and BcquiredY 1 | DEOIT w:
resistant cells for 0t 4 h. C) excreted lactate detected in medium from 0 to 6 h.D) excreted
lactate detected in medium after 24 h. E) cell viability of BT -549 acquired resistant carcer
cells treated with E11 (26 nm) with or without KA (3 4m) after 24 h. *,p < 0.05; *p <
0.01; ***, p < 0.001; ***p < 0.0001 as determined by onevay ANOVA. F) cell viability of
BT-549 acquired resistant cancer cells cultured in complete or glucoserestricted medium
EQOEwUUI EUIl Ewb b UT mlattau2tib.3,p ©00B;wp < 0udpi*wdh< 0.001;
***% p < 0.0001 as determined by onevay ANOVA.
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All data are represented as mean * S.E.4rror bars) from n = 3 biological replicates. *,p <
0.05; **,p < 0.01; **p < 0001; *** p < 0.0001 as determined by tweway ANOVA u nless

otherwise indicated.
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Figure 19: Hierarchical C lustering -Acquired resistant cells lose the Warbu rg
effect but remain dependent on glycolysis

Hierarchical clustered heat map quantile-normalized of BT -549 cells with condition

annotationU wOi wi OOEEOwWOI UEEOODPE wUI Usuédépebtitted OwY 1l T DEO
conditions for 6 h with annotations of metabolic pathways. The scale represents 0 to 1

for row minimum and row maximum, respectively, after quantile normalization. G6P,

glucose 6phosphate; F 1,6BP, fructose 1,6bisphosphate; DHAP, dihydr oxyacetone

phosphate; 3PG, 3phosphoglycerate; PEP, phosphoenolpyruvate.
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Figure 20: Supplemental -Acquired resistant cells lose the Warburg effect, but
remain dependent on glycolysis
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A) R5P levels in BT-549 parental andacquired resistant cells treated with vehicle or KA
for 6 hours. B) E4P asinA.C) S7P asn A.D) S 1,7BP as inA. E) MS intensity of 13C-
lactate in BT549 parental and acquired resistant cells treatedwith vehicle or KA for 6
hours followed by U -13C-glucose labeling for 24 hours.F) Levels of intracellular glucose
and lactate in BT-549 parental and acquired resistant cells after 6 hours. G)
Representative images of spent media (top row) and cells (botom row) at confluency in
BT-549 parental, BT-549 aqquired resistant, and MCF-7 intrinsic resistant cells after 48
hours. H) Lactate levels in BT-549 acquired resistant cells upon removal or maintained
in KA (3uM) KA after 24 hours. Not significant denote E wE Uw? OU~> wEI U1 UODPOI EwE
t-tests.|) Relative lactate flux calculated for BT-549 parental and acquired resistant cells
as well as in MCF-7 cells. Value are normalized to lactate flux of BT-549 parental cells.
Key denotes low to high Warburg effect and respective values.J) 13GG6P in BT-549
parental and acquired resistant cells treated with vehicle or KA for 0 -4 hours. K) 13C-
pyruvate as in J L) B3C-R5P as inJ M) 13C-E4P as inJ N) 13C-citrate as inJ O) 13C-G6P
as inE. P) 3C-F1,6BP as h E. Q) 3C-R5P as inE. R) 3C-E4P as inE. S) 3C-citrate as in E.
T) 3C-malate as inE. G6P, glucose6-phosphate; F 1,6BP, fructose 1,6bisphosphate;
R5P, ribose5-phosphate; E4P, erythrose4-phosphate; S7P, sedoheptulose/-phosphate;
S 1,7BP, sedoteptulose 1,7bisphosphate. All data are represented as mean + SEM from
n=3 biological replicates. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0004 determined by
Two-Way ANOVA unless otherwise indicated.

3.2.4 Changes in fatty acid metabolism emerge as a functional output
of evolved resistance to KA

Our d ata thus far indicate a transition from the utilization of the WE to loss of the
WE in cells with acquired resistance to KA with changes in glucose metabolism. To
understand the temporal dyna mics of metabolism that result in the observed change in
state of glucose metabolism, we extracted metabolites from cells at different times over
the 20-week time course during progression to resistance and compared their metabolite
levels with those of parental cells treated with the corresponding doses of KA ( Fig. 21A).
Metabolite profiling revealed global differences, with glycolysis most prominently

affected in the parental cells and changes to fatty acid, onecarbon, and nucleotide
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metabolism most apparent in acquired resistant cells (Fig. 21, B and C). Over half of the
common changes in each of the clones relative to the parental cells were related to fatty
acid metabolism (Fig. 21D), including small and variably significant increases in fatty
acid levels (Fig. 22, At C).

Given the common changes to fatty acid metabdism and our findings that
acquired resistant cells are utilizing glucose carbon differently fr om parental cells, we
asked whether other carbon sources, such as glutamine, account for the obsered
differences (Fig. 22D). Interestingly, we found small but s ignificant increases in the
fraction labeled from glutamine through the TCA cycle, indicating t hat acquired
resistant cells fuel their TCA cycle, at least in part, by glutamine (Fig. 22, Et1). Next, we
analyzed whether partial increases in fatty acid levels in acquired resistant cells result
from carbon contribution by glucose, glutamine, and/or pal mitate and found small
contributions of each of these carbon sources to representative fatty acid metabolites
(Fig. 22, 3 Q). We then asked whether removal of lipids from the extracellular
environment differentially affects acquired resistant cell survival (Fig. 22R). We found
no significant differences compared with parental cells, likely due to extrac ellular lipids
not being a major carbon contributor in acquire d resistant cells (Fig. 22, § U). Together,
these data demonstrate differences in fatty acid metabolism in acquired resistant cells

with variable contributions from different carbon sources comp ared with pare ntal cells.
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Figure 21: Changes in fatty acid metabolism emerge as a functional output of
evolved resistance to KA.

A) schematic of experimental setup for metabolomics during evolution to acquired
resistance to KA. Metabolites from parental cells were extracted after 6 h of treatment
with 0+1 urtKA. Metabolites from KA -acquired resistant cells were extracted over the
20-week progression to resistance period upon resistance to the depicted dosesB)
hierarchical clustered heat maps quantile -normalized. Shown is a heat map depicting
detected metabolites from parental cells treated with 0+t wrtzKA for 6 h (left) and a heat
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map depicting detected metabolites as cells acquire resistance to 6 urtKA over 20
weeks (right). Heat maps show annotations of metabolite pathways. The scale represents
0 to 1 for row minimum and row maximum, respectively, after quantile

normalization. C) volcano plots showing metabolite profiles of BT -549 acquired resistant
El OOUwOE b O nKADMdarebndhu BTub49 parental cells treated with vehicle.
Shown is log2 -fold change versus N O £y value. Dotted lines along the x axis represent
+logz(1) -fold change, and the dotted line alongthey ER D U wU 1 x U(0DB)O U U wNOO1
Metabolites + logz(1) -fold change are shown asred points with metabolite names
denoted. All other metabolites are shown as black points. D) Venn diagram indicating

the overlap of metabolic changes among KA-resistant clones based on average +log1) -
fold changes compared with BT-549 parenial cells treated with v ehicle. G6P, glucose 6
phosphate; F 1,6BP, fructose 1,6bisphosphate; DHAP , dihydroxyacetone

phosphate; 3PG, 3-phosphoglycerate; PEP, phosphoenolpyruvate. All data are
represented as mean + S.E. fronm = 3 biological replicates. *,p < 0.05; **p < 0.01***, p <
0.001; ****p < 00001 as determined by twoway ANOVA.
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Figure 22: Changes in fatty acid metabolism emerge as a functional output of
evolved resistance to KA.

A) Levels of palmitate after treatm ent with vehicle or KA for 6 hours. B) Stearate asn
A.C) Oleate as inA. D) Schematic depicting two turns of the TCA cycle after labeling
cells with U -13Cglutamine. E) Fraction labeled of 3C-Y * & wi U-€80-giwtamine
labeling after pretreatment with vehicle or KA for 6 hours followed by tracing for 24
hours. Isotopomers labeled by U3C-glutamine are circled in blue. F) 3C-succinate as in
E. G) 18C-fumarate as in E. H) 3C-malate as inE. |) 3C-citrate as inE. J) Fraction
labeled of 13C-palmitate after pretreatment with vehicle or KA for 6 hours followed by
U-13C-glucose labeling for 24 hours. K) 13C-stearate as inJ. L) 3C-oleate as inJ M)
Fraction labeled of 3C-palmitate after pretreatment with vehicle or KA for 6 hours
followed by U -13C-glutamine labeling for 24 hours. N) 13C-stearate as inM. O) 13C-oleate
as in M. P) Fractions labeled of3C-stearate after pretreatment with vehicle or KA for 6
hours followed by U -13C-palmitate labeling for 24 hours. Q) 3C-oleate as inP. R) Cell
viability of BT -549 parental and acquired resistant cells treated with vehicle or KA for 24
hours in complete media or media supplemented with 10% delipidated serum. S)
Fraction labeled of 3C-palmitoyl -carnitine after pretreatment with vehicle or KA for 6
hours followed by U -13C-palmitate labeling for 24 hours. T) 13C-acetyl-carnitine as in S.
U) 13C-citrate as in S. All data are represented as mean = SEM from n=3 biological
replicates. *p<0.05**p<0.01, ***p<0.001, ****p<0.0001 as determined by Twd/ay

- . 5 8 wY-ke®o@uiakate.

To further probe the differences we observed in fatty acid metabolism, we used
cerulenin, a fatty acid synthase inhibitor that inhibits fatty acid oxidation by increa sing
malonyl -CoA levels2t7219, \WWe ohserved increased sensitivity in acquired resistant cells
compared with parental cells and also found no significant change in MCF-7 cells (Fig.
24, At C). Additionally, the acquir ed resistant cells treated with cerulenin exhibited a
differential metabolic r esponse fig. 23A and Fig. 24D). Next, we asked whether
cerulenin differentially affected acyl -carnitine levels, signatures of fatty acid
metabolism?220221 in BT-549 acquired resistant cells compared with BT-549 parental cells.

Whereas we found that BT-549 parental cells exhibited few changes in acytcarnitine
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levels upon co-treatment with KA and cerulenin, we found that when acquired resi stant
cells are maintained in KA, acyl-carnitines are elevated, but upon co-treatment with
cerulenin, many of them significantly decrease (Fig. 23B and Fig. 24E). In corroboration
with these findings, treatment with etomoxir, an inhibitor of carnitine
palmitoyltransferase (CPT1), showed modest differential effects in viability of acquired
resistant cells compared with x EUT OUEOWET OOUOROAIK.EEOCa wEUwhyY Y ws O
Because the biguanide metformin has been shown to decrease fatty acid and
mitochondrial metabol ism#22 we asked whether metformin displayed similar effects as
cerulenin and etomoxir. Using th e measured IC50 of metformin in BT-549 parental cells
(Fig. 24G), we co-treated parental and acquired resistant cells with metformin and KA,
which revealed decreases in cell viability of both BT-549 parental and acquired resistant
cells, albeit to a lesserextent in BT-549(R)2 cells, and no significant response in the
nonglycolytic MCF -7 cells (Fig. 24, H and 1). We also found that upon co-treatment with
KA and metformin compared with KA alone, acyl -carnitines were to a larger extent
significantly decreased in acquired resistant cells than in parental cells (Fig. 23, C and D
and Fig. 24,J and K). Given the observed fatty acid metabolic phenotypes, we asked
whether KA -resistant cells also depend on oxidative phosphorylation. We profiled the
TCA cycle intermediates, a readout of oxidative phosphorylation, in the context of
metformin inhibition in parental and KA -resistant cells (Fig. 24L). Upon treating

parental cells with metformin in combination with KA, we observed decreases in several
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TCA cycle metabolitesO wb O E O-keboguiatata. \However, whereas we found similar
El EUI E WKetthlutBr&teulpon metformin treatme nt in all three resistant cell lines
maintained in KA, we also observed significant or modest increases in several other
TCA cycle intermediat es. These results suggest that compared with parental cells,
acquired resistant cells rely more on oxidative phosp horylation. Taken together, these
data confirm that distinct metabolic phenotypes related to fatty acid metabolism occur

downstream of the dif ferences in glycolysis in acquired resistant cells.
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Figure 23: Changes in fatty acid metabolism occur downstream of differences
in glycolysis in acquired resistance to KA.

A) volcano plots showing metabolite profiles of BT -549 aqyuired resistant (R)1 and (R)2

El OOUWOEDOUE®MAWERDDwWOU wpb Wk On).Uegsfbid UOT 0D Owphuk wh
changeversus N O ©p value. Dotted lines along the x axis represent +log(1) -fold

change, and thedotted line alongthey ER D U wU 1 x U:b(0Db) Metaholie® Hidg(1) -

fold change are shown asred points with metabolite names denoted. All other

metabolites are black points. B) acyl-carnitine levels in BT-549 parental and acquired
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Ul UPUUEOUWET 00U wkEapdirgdied with &rwibIOQ® U wiEph wé @) 0D O wphuk
for 6 h. C) volcano plots showing metabolic profiles of BT -549 acquired resistant (R)1

and (R)2 cells maintained iO w*  undpwittuér without metformin (1.3 m m) as inA. D)

acyl-carnitine levels in BT-549 parental and acquired resis@ant cells maintained in KA (3

4m) and treated with or without metformin (1.3 m m) for 6 h. E) schematicrepresenting

different phenotypica lly defined glucose metabolism states. SAH, S-adenosyl-I-

homocysteine. All data are represented as mean + S.E.gtror bars) from n = 3 biological

replicates. *,p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001 as determined by tweway

ANOVA.
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Figure 24: Supplemental -Changes in fatty acid metabolism occur downstream
of differences in gl ycolysis in acquired resistance to KA.

A) BT-549 parental and acquired resistant cells doseresponse curve treated with O-
500uM cerulenin for 24 hours. B) Cell viability of BT -549 parental cells and acquired
resistant cells treated with cerulenin (15uM) with or without KA (0.3uM or 3uM) for 24
hours. C) Cell viability of MCF -7 cells as inB. D) Volcano plot showing metabolite
profiles of BT-549 acquired resistant (R)3 cells maintained in KA (3uM) with or wi thout
cerulenin (15uM). Logz fold change versus logwo p-value. Dotted lines along x-axis
represent * log(1) fold change and dotted line along y-axis representst0g10(0.05).
Metabolites + logz(1) fold change shown as red points with metabolite names denoted.
All other metabolites are black points. E) Acyl-carnitine levels in BT-549 acquired
resistant (R)3 cells maintained in KA (3uM) and treated with or without cerulenin
(15uM) for 6 hours. F) BT-549 parental and acquired resistant cells doseresponse arve
treated with 0-1mM etomoxir for 24 hours. G) BT-549 parental cell dose-response curve
treated with 0-2mM metformin for 24 hours. H) Cell viability of BT -549 parental and
acquired resistant cells treated with metformin (1.3mM) with or without KA (0. 3uM or
3uM) for 24 hours. 1) Cell viability of MCF -7 cels as in G. J) Volcano plot showing
metabolite profiles of BT-549 acquired resistant (R)3 cells maintained in KA (3uM) with
or without metformin (1.3mM) as in D. K) Acyl -carnitine levels in BT-549 acquired
resistant (R)3 cells maintained in KA (3uM) and tr eated with or without metformin
(2.3mM) for 6 hours. L) TCA cycle levels in BT-549 parental and acquired resistant cells
maintained in KA (3uM) and treated with or without metformin (1.3mM) f or 6 hours.
All data are represented as mean + SEM from n=3 biol@ical replicates. *p<0.05, **p<0.01,
***p<0.001, ***p<0.0001 as determined by TwaVay ANOVA unless otherwise
indicated.

3.3 Discussion

Previous work has shown that GAPDH has a specific regulatory role in aerobic
glycolysis 1617223224 Qur current study extends from this understanding to show that cells
that evolve resistance to a specific GAPDH inhibitor, KA, lose the WE but remain
dependent on glycolysis with different metabolic outputs from cells undergoing the WE
or not. In particular, we demonstrate that ce lls can exist in at least two separate states of

glucose metabolism, including WE -dependent and glycolysis-dependent or WE-
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independent and glycolysis -dependent. Glycolysis has been thoroughly studied using
models that ablate the expression of glycolytic enzymes or completely block the
pathway 1213215225 which reduces overall or eliminates altogether the activity of
glycolysis. Our model of evolved resistance to KA i s useful to study glucose metabolism
regulation without complete pathway inhibition. Instead, we were able to place a
selection pressure against the fitness of using the WE during proliferation. Moreover,
using metabolomics, we further demonstrate that the resulting pressure to lose the WE
retains a requirement for glycolysis but alters several metabolic outputs in central
carbon metabolism. For example, fatty acid metabolism is up -regulated and selectively
required in cells. Our extensive metabolomics analyses also provide insight into
enzymatic activity changes. Based on our profiling, it is worth noting that many
activities in enzyme s have likely changed throughout glycolysis and branching
pathways. These enzyme activities, as well as the availability of different nutrients and
metabolites, may also contribute to the observed fluxes through glycolysis and other
biosynthetic pathways t hat are dependent on glycolytic metabolites. Furthermore, we
could capture the temporal dynamics of metabolic alterations fr om early to late time
points of this evolution, which also may depend on factors such as nutrient availability
and enzyme activities. In physiology, such as within a tumor microenvironment, it is

likely that this range of metabolic plasticity allows for ra pid adaptation to a dynamic
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environment. A genome -wide study could be considered for future studies to
complement changes observed n the metabolic network.

We were able to study glycolysis under different configurations of metabolic
activity as cells transition from the WE to another glycolytic state. We provide clear
evidence for a distinction between the WE and glucose metabolism. Interestingly,
previous literature and related drug development efforts have worked under the model
that glycolysis functions as a binary switch (i.e. glucosedependent or -
ind ependent)?15216, |n these cases, glucose dependence is identical to aerobic glycolysis.
Our findings show that although KA -resistant cells no longer undergo the WE, they
undergo glycolysis with less lactate production and remain dependent on glucose
uptake. Whereas the difference in intracellular lactate levels between parental cells
treated with KA and acquired resistant cells maintained in KA was not as dramatic a s
was seen with measurements of secreted lactate, the majority of lactate produced by
cells is immediately secreted into the environment 4214 likely accounting for the larger
differential found in secreted lactate. Thus, our data indicate that glucose metabolism
exists functionally in a set of states, depending on selective pressures and demands for
cellular survival. By evolving resistance to GAPDH inhibition with KA, we show that
WE-undergoing cells that lose aerobic glycolysis do not simply switch to increased
oxidati ve phosphorylation but maintain glucose metabolism in a separate biological

state with separate metabolic outputs.
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Although aerobic glycolysis has been extensively studied over the years, whether
the WE has a function aside from glycolysis has been questioned?6227 Qur findings
provide evidence for the WE existing as a biologically functional state of glucose
metabolism. From a therapeutic perspective, elucidating the WE as a distinct
phenomenon from glucose metabolism provides a rationale for continued efforts to
target the WE while keeping all other forms of glycolysis intact. Such efforts are under
way, including various studies particularly focusing on the targeting of GAPDH 223.224.228
The practicability of targeting GAPDH therapeutically likely results from the ability to
target its activity. GAPDH is a highly abundant prot ein and is the most abundant
protein in gly colysis??. In addition, previous reports record that most cancer types
exhibit moderate GAPDH protein staining relative to normal tissues 230231 indicating that
GAPDH levels between normal and cancer cells are not considered to be different from
each other. Thus, cells undergoing the WE exhibit higher GAPDH activity irrespective of
protein level, w hich has been shown to be associated with increasd sensitivity to
GAPDH inhibition 1617 Additional studies also indicate the feasibility and tolerability of
targeting GAPDH therapeutically in disease contexts 17.223

This current study now provides evidence for a proof -of-principle concept in
which acquired resistance to a potential cancer therapy can be encoded in the metabolic
activity of the metabolic network controlled by the therapeutic target (i.e. GAPDH). This

study further shows that acquired resistance from inhibition of the WE can resul tin an
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altered glycolytic state whereby cells still remain dependent on glucose carbon for
fueling their metabolic demands. These findings provide clinical relevance and
systematic strategies for therapeutically targeting pathways in the central carbon
network upon acquired resistance to inhibiting the WE, such as fatty acid metabolism.
Notably, the WE and high rates of glycolysis have been shown to complement fatty acid
metabolism in a tumor setting 32 One potential reason for this could be due to glucose-
derived pyruvate incorporation into the TCA cycle, which would fuel fatty acid
metabolism and synthesis.

The implications of our findings ¢ ould extend to effective strategies in the tumor
microenvironment as well, especially given the efficacy of KA on immune cell
populations that rely on glycolysis for activation. Beyond the clinical implications of
understanding acquired resistance to the WE, we now provide insight onto how cells
can metabolically evolve resistance to a metabolicinhibitor over time. This is an
important concept that can apply to other clinically relevant targeted metabolic
therapies, such as 5fluorouracil or gemcitabine, b oth of which have exhibited challenges
clinically due to resistance. Although this study by itself does not resolve whether the
WE is in fact driving cancer or whether it is a metabolic consequence of cancer
progression, it does confirm that the WE is a real biological phenomenon with different

biological and metabolic properties.
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3.4 Methods
3.4.1 Cell culture

BT-549 and MCF-7 cells were cultured in full medium containing RPMI 1640
(Gibco), 10% heatinactivated fetal bovine serum (FBS), 100 units/ml penicillin, and 100
1 ¥yOOwUUUI x-EAD&hd MG Belis!wére obtained from the American Tissue
Culture Collection (ATCC). KA -resistant BT-549 cells were cultured and maintained in
full medium containing RPMI 1640, 10% heat-inactivated FBS, 100 units/ml penicillin,
Y YwsT yOOwUUUI x U0 0aE b O chause) @) iCalls e tultuepi® &) OOE Ul E w
37 °C, 5% CQ atmosphere.

3.4.2 Time to progression to resistance assay

Cells were allowed to progress to resistance as described previously®, To allow
cells to acquire resistance to KA, BTF549 breast cancer cellsvere first seeded in triplicate
in 15-cm plates at 3 x 10cells/plate in normal medium. After 24 h, the normal growth
medium was replaced with fresh medium a t the indicated KA treatment. After 7 days,
cells were lifted with 0.25% trypsin (Cellgro) and cou nted using a Moxi Z mini
automated cell counter. All cells up to 1 x 1 cells were centrifuged at 1,500 rpm for 3
min, resuspended in 10 ml of medium, and pl ated into a 15-cm plate with fresh
treatment. For each measurement, once cell number reached 3 xC cells 2 weeks in a
row, the dose was increased as indicated. This procedure was repeated weekly for 20

Pl 1T OUBw6l 1T 0O0awl UOPUT wuE Uihdnugberiesls dlhtedtieE OEUOEUIT E
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previous week (No) and the number of cells counted in the current w eek (N) according to

the formula,

€0 = EUo+ 10 oo

where t is elapsed time in hours. These growth rates were then used to project

total cell number as if no cells had been discarded.

3.4.3 Cell viability assays

For all cell lines, 5 x 10 cells/well were seeded in triplicate in a 96-well plate and
allowed to adhere for 24 h. The following day, vehicle or treatment was added to each
well at the respective concentrations. After 24 h, the medium was aspirated and replaced
PDUT why Yy ws Odffeé RPMI 1640, Ard W nhnE3[4,5-dimethylthiazol -2-yI]-2,5
diphenyltetrazolium (MTT) (Thermo Fisher Scientific, #M6494) was added to the cells.
After 4 h, the medium containing M3 3 WP EUWEUXxDUEUI EQOWEOE wk Y ws OQwoi

dissolve the formazan and read at 540 nm.

3.4.4 Drug treatments

For all cell lines, ICso values of KA were measured by seeding 5 x 18 cells/well in
triplicate in a 96-well plate and allowed to adhere for 24 h. The following day, medium
was changed, and concentrations of either vehide (H20 or DMSO), KA, E11219 cerulenin
(Sigma-Aldrich, #C2389), metformin (Santa Cruz Biotechnology, #202000A), or etomoxir
(Sigma-Aldrich, #E1905) were added. After 24 h, cell viability assays were carried out

using MTT as described previously.
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3.4.5 Nutrient restriction in medium

For all cell lines, 5 x 10 cells/well were seeded in triplicate with complete RPMI
1640 medium in 96-well plates and allowed to adhere for 24 h. On the following day, the
respective treatment medium was added in the absence or presence of KA @ the
indicated treatments. MTT assayswere carried out as described previously. Treatment
Ol EPUOwWUUI EwPEUWEUwWI 0000PUOwWODPOUUWT OUEOUIT wpN& O
lacking glucose containing 10% dialyzed FBS (Life Technologies), 100 units/ml penicillin,
EQEwhYYwsT ¥ OOwU U dtkdseninB-EBBYORPMIELB40 Bith HllEamine
containing 10% delipidated FBS (Thermo Fisher Scientific, #A3382101), 100 units/ml
x] ODPEDOODOOWEOEwWhYYwsT yOOwUOUI xUOOa£EDPOGW" 1 OOU W
3.4.6 Synergism experiments
BT-549,SK-MEL -28, SKMEL -5, and NCI-H522 cell lines were seeded at 5 x 10
cells/well in 96-well plates and allowed to adhere for 24 h prior to treatment. After, O,
Y 6 k O whiO uM KAwer sedray/single concentrations or in combination with 0, 10,
100, 500and 1,000 M E11 or in combination with 0, 0.5, 1, 5, and 11 nM glucose. After
24 h, doseresponse curves were generated using MTT reagent as described above. Then
cell viability values and concentrations were inputted into CompuSyn 1.0 software, and
combination indic es were calculated by the software to determine synergism, additivity,

or antagonism.
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3.4.7 Resensitization of BT-549 acquired resistant cells to KA

KA was removed from BT -549 acquired resistant cells for 3 passages¥2 weeks)
(BT-549(R)k3* 2,3 6w | Ul UOwx EUI OUEOWEI OOUOWEEQ@UDPUI EwUI U
KA, and BT-549(R)#3"* °&5} OOUwbkIi Ul wOUI EOCMBwBD MEA fo2di DPEOI OQwy

followed by measurement of cell viability with MTT reagent.

3.4.8 GAPDH activity assay

A GAPD H activity assay kit (BioVision, #K680) was used. All cells were seeded
at 1 x 10 cells/10-cm plate with either vehicle or KA. After 24 h, cells were lysed, an
NADH standard curve was made, and cells were measured at 450 nm in kinetic mode

for 60 min at 37 °C according to the manufacturer's instructions.

3.4.9 Microscopy

Cells were seeded at a density of 5 x 10cells/well in 6 -well plates and allowed to
adhere for 24 h prior to treatment. After 48 h, images were captured using a Leica DM IL
LED microscope equipped with a Leica MC170HD camera at x10 objective using LAS EZ
UOI UPEUI wop+] PEEABW2EEOI wEEUUWUI xUIT Ul O0whyYwy OB
3.4.10 Stable isotope labeling
Cells were seeded at 3 x 18cells/well in a 6-well plate and allowed to adhere for
24 h. For [U-13C]glucose isotopic labeling, cells were treated with either vehicle or KA for
6 h and then replaced with RPMI 1640 medium containing 11 mm [U -3C]glucose

(Cambridge Isotope Laboratories, #CLM-1396) and vehicle or KA for 0t 4 h or for 24 h.
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Metabolites were then extracted. For [U-13C]glutamine isotopic labeling, cells were
treated with either vehicle or KA for 6 h and then replaced with RPMI 1640 medium
containing 10% dialyzed FBS, 2 mm [U-23C]glutamine (Cambridge Isotope Laboratories,
#CLM-1822), and vehicle or KA for 24 h. Metabolites were then extracted. For [U-
13C]palmitate isotopic labeling, cells were treated with vehicle or KA for 6 h and then
3C]palmitate (Cambridge | sotope Laboratories, #CLM-409), and vehicle or KA for 24 h.

Metabolites were then extracted.

3.4.11 Intracellular metabolite measurements

Cells were seeded at 3 x 19cells/well in a 6-well plate and allowed to adhere for
24 h. After, cells were treated with vehicle or KA for 6 h and then washed twice with

0.9% NaCl. Metabolites were then extracted.

3.4.12 Extracellular metabolite excretion measurements

Cells were seeded at 3 x 19cells/well in a 6-well plate and allowed to adhere for
24 h. After, cells were treated with vehicleor * OWE OE whuk ws Owodi wdi EPUOWPE

from O to 4 h and 24 h. Metabolites were then extracted.

3.4.13 Metabolite extraction

Metabolite extraction and subsequent LC-HRMS for polar metabolites of each
cell line were carried out using a Q Exactive Plus massspectrometer as described
previously 206234 For culture from adherent cell lines, medium was quickly aspirated.
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-1 RUOWhwOOwWOl wi RUUEEUDPOOWUOOYI OUwplightwasOl UT EOOO
EEEI EwbOOI EPEUI OawUOwi EET whpi OOOWEOGEwWUT 1T wx OEUI U
min . After, the plates were removed, and cells were scraped into the extraction solvent
OOwWEUawWPETI 6 wnuOUwWOI EPUOwWI RUUEEUD GBI O whuk &Y Owbik wéd
of extraction solvent (80% methanol/water) (Optima LC -MS grade, Fisher; methanol,

#A456; water, #W6) was added to the medium. For absolute quantification of KA in cells,

medium was quickly aspirated, and cells were washed twice with 0.9% Na ClI following

I RUUEEUDPOOwWI OUWEUOUUUM KA invé@uwasatideddrito@xiracEionO O U 8 wy 6
solvent before centrifugation. For absolute quantification of KA at 2, 6, and 24 h, cells

were washed twice with 0.9% NaCl, and a standard curve of KA was applied with

EOOGEI OUUEUDPOOUWI UOOwYwOOw! kws Ow* wWEEBLEwWDOUOwWO
cdls before centrifugation. All metabolite extractions were centrifuged at 20,000 x g at 4

°C for 10 min. Finally, the solvent in each sample was evaporated usng a speed vacuum

for metabolite analysis. For polar metabolite analysis, the cell metabolite extract was first
EPUUOOYI EwbOwhk wsy Owodi whbEUI UOwi OOOOPT EwWEaAawWwEDOUU
v/v) (Optima LC -MS grade, Fisher; methanol, #A456;acetonitrile, #A955). Samples were

centrifuged at 20,000 x g for 10 min at 4 °C, and the supernatats were transferred to LC
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3.4.14 Liquid chromatography

An XBridge amide column (100 x 2.0 0wb O O1 UWEDEOI Ul UOwt
used on a Dionex (Ultimate 3000 UHPLC) for compound separation at room
temperature. Mobile phase A is water with 5 m M ammonium acetate, pH 6.9, and
mobile phase B is 100% acetonitrile. The gradient is linear as follavs: 0 min, 85% B; 1.5
min, 85% B; 5.5 min, 35% B; 10 min, 35% B; 10.5 min, 35% B; 10.6 min, 10%4.B.;5 min,
10% B; 13.5 min, 85% B; and 20 min, 85% B. The flow rate was 0.15 ml/min from 0 to 5.5
min, 0.17 ml/min from 6.9 to 10.5 min, 0.3 ml/min from 10.6 to 17.9 min, and 0.15 ml/min

from 18 to 20 min. All solvents are LC-MS grade and were purchased from Fisher.

3.4.15 Mass spectrometry

The Q Exactive Plus mass spectrometer (Thermo Scientific) is equipped with a
heated electrospray ionization probe, and the relevant parameters were as listed:
evaporation temperature, 120 °C; sheath gas, 30; auxiliary ga, 10; sweep gas, 3; spray
voltage, 3.6 kV for positive mode and 2.5 kV for negative mode. Capillary temperature
was set at 320 °C, and S lens was 55. A fubcan range from 70 to 900 (m/z) was used.
The resolution was set at 70,000. The maximum injectiontime was 200 ms. Automated

gain control was targeted at 3 x 10 ions.

3.4.16 Peak extraction and data analysis

Raw data collected from LC-Q Exactive Plus MSwas processed on Sieve 2.0

(Thermo Scientific). Peak alignment and detection were performed according to the
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protocol described by Thermo Scientific. For a targeted metabolite analysis, the method

?x1 EQOWEODT OO01I OUVUWEOE wi UEOIT wi RflewEHediatical@nzaE U WwE x x O
detected retention time of 197 known metabolites was used for targeted metabolite
analysis with data collected in positive mode, whereas a separate input file of 262
metabolites was used for negative mode. m/z width was set to 10 ppm. The output file
including detected m/z and relative intensity in different samples was obt ained after
data processing. If the lowest integrated mass spectrometer signal (MS intensity) was
less than 1,000 and the highest signal was less than 10,00€hen this metabolite was
considered below the detection limit and excluded for further data analy sis. If the lowest
signal was less than 1,000, but the highest signal was more than 10,000, then a value of
1,000 was imputed for the lowest signals. Mass isdopomer distributions were

calculated, and samples were normalized by comparing the ratio of gluco se-derived

labeled metabolites to unlabeled metabolites within each sample. Quantitation and

statistics were calculated using Microsoft Excel and GraphPad Prism 7.0.

3.4.17 Analysis of metabolomics data

GENE-E and Morpheus software were used for hierarchical clustering and heat
map generation (Broad Institute, https://software.broadinstitute.org/GENE -
E/index.html) 235, For hierarchical clustering, Spearman correlation parameters were
implemented for row and column parameters, with the exception of BT -549 parental and

acquired resistant drug response data, in which hierarchical clustering for row
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parameters only was used. Quantile normalization was used to normalize the data,

represented by color scales.

3.4.18 Lactate flux calculations

The time-dependent lactate-labeling pattern was modeled as with the equation,

W 2
o] Y] =1 Qav
W (Eq. 2)

In which [X*] is the concentration of lab eled lactate, X is the total concentration
(both labeled and unlabeled) of lactate, and fx is the lactate production flux. This model
was fit to lactate mass isotopomer distributions using the fit() function in MATLAB to
determine relative lactate production fluxes. Relative lactate pool sizes were estimated

from MS signal intensities.

3.4.18 Quantification and statistical analysis

Unless otherwise noted, all error bars represent reported + S.E. withn =3
independent biological measurements, and statistical tests resulting in p value
computations were computed using two -tailed Student's t test, multiple t tests, one-way
ANOVA, or two -way ANOVA of log -transformed data followed by Tukey's multiple
comparisons. All statistics were computed using GraphPad Prism 7 (GraphPad

Sditware, Inc.).
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3.5 Author Contributions

This chapter is from a collaborative study. Annamarie Allen assisted the lead
author of the study, Maria Liberti, with colle cting experimental data, data analysis, and
figure presentation and organization. Specifically, Annamarie contributed significantly
to many of the cell viability experiments invo Iving cerulenin, etomoxir, metformin, and
E11.Annamarie was also responsible for the finding that acquired resistant cells can

become resensitized to KA
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4. Nucleotide metabolism is a target of ferroptosis

4.1 Background and Context

As described in Section 1.5, ferroptosisis an oxidative, iron -dependent form of
cell death that is characterized by uncontrolled lipi d peroxidation. The small molecule
erastin induces ferroptosis by depleting cells of glutathione, which is needed by the lipid
peroxide-detoxifying enzyme GPX4172 While the toxic effects of lipid per oxides have
long been known 236237 the idea of ferroptosis as a distinct cell death processis fairly
recent and came about by elucidating the mechanism of erastin-induced cell death. The
study of ferroptosis has since been inetricably tied to erastin and other small molecule
ferroptosis inducers and inhibito rs such asthe GPX4inhibitor RSL3 andthe lipophilic
antioxidant ferrostatin-1.

Theseferroptosis inducers are of interest as potential ani-cancertherapies,
stemming fr om the notion that they could target apoptosis-evading cancersé, and
additionally supported by studies showing that they enhance the effectiveness ofthe
effectiveness of chemotherapy and radiotherapy 8690.180.182183 Ag described in Section
1.3.3, some cancersilso show increased reliance on cystine uptake, providing additional
rationale for the potential use of drugs like erastin for treatin g cancer.

Altered metabolism particularly from the mitochondria has been shown to
influence ferroptosis providing additional aspects of the process8é but whether this

picture is complete is unknown . To investigate this question, we used our metabolomics
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platform , which offers a broad coverage of cellular metabolism by measuring over 300
metabolites from more than 40 different metabolic pathways 296234and systematically
profiled the metabolic effects of erastin and other ferroptosis inducers. We found that
disruptions to nucleotide metabolism w ere surprisingly one of the largest metabolic
alterations observed during ferrop tosis, and additionally found that disruptions to
central carbon metabolism are also presentand may lead to the observed nucleotide

disruptions.

4.2 Results

4.2.1 Alterations in nucleotide metabolism are overrepresented in
metabolic profile of ferroptosis

To determine how global metabolism is affected when cells are treated with
ferroptosis inducers, we treated three different ferroptosis -sensitive cell lines with an
ICso dose of ferroptosis inducers erastin or RSL3 (Fig.25A) for 15 hours (before the onset
of cell death) and then extracted polar metabolites for LC-MS based metabolomics and
metabolic profiling. As expected, alterations in cysteinerelated metabolites were
observed in the metabolic profile of erastin -treated cells (Fig. 25B, D, F).However, all
three cell lines also showed many alterations in the levels of nucleotide -related
metabolites including nucleotides, nucleotide precursors and breakdown products,
and/or nucleotide -sugars in both erastin and RSL3treated cells, and thesewere some of
the largest metabolic alterations observed (Fig. 25B-G). To determine whether

nucleotide-related metabolites were statistically overrepresented in the metabolic profile
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of erastin and RSL3treated cells, metabolites with p<0.05 on each volcano plot were
sorted by the absolute value of the difference between DMSO and drug -treated. The
largest 10% of these metabolites were classified as nucleotideelated or not, and the
percentage that were nucleotide related is shown in Fig. 25H, |. Statistical
overrepresentation of nucleotide -related metabolites was determined by comparing this
percentage to the percentage of nucleotiderelated metabolites that would be expected in
the top 10% based on chance. Nucleotiderelated metabolites were statistically
overrepresented in erastin-treated BT-549 and HT-1080 cells, and in RSB-treated HT -
1080 and U20S cellgFig. 25H, 1). In erastin-treated U20S and RSL3treated BT-549
cells, nucleotide-related metabolites were not statistically overrep resented, but
nucleotide changeswere still observed in the metabolic profile (Fig. 25E, F). Common
nucleotide alterations observed included increased nucleoside levels (Fig. 26A-C),
decreased nucleotide precursor levels (Fig.26D-F) and decreased nucleotide di- and
triphosphate levels (Fig. 26G-0). To determine whether these alterations could be the
result of off -target effects of either drug, we co-treated HT -1080cells with erastin or
RSL3 and ferroptosisinhibitors deferoxamine (DFO), ferrostatin-1 (ferrostatin), or the
antioxidant Trolox. Wefound that nearly all nucleotide -related metabolic alterations
were at least partially rescued by ferrostatin treatment (Fig. 27A), and most of the
alterations were also partially rescued by DFO or Trolox treatment. We also found that

ferrostatin fully rescued the majority of RSL3induced nucleotide alterations, and fully
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rescued 50% of erastininduced nucleotide changes, while DFO fully rescued 42 and 46%
of RSL3 and e@astin-induced nucleotide changes, respectively (Fig. 27 B). DFO was
notably lesseffective than ferrostatin at rescuing nucleotide alterations, however this is
unsurprising as DFO has been shown toaffect nucleotide metabolism itself238 The leser
effectiveness of Trolox compared to ferrostatin was also not surprising, as ferrostatin has
been shown to more efficiently suppresslipid peroxidation in the context of ferroptosis
than Trolox2%®. These data shav that most of the observed nucleotide alterations were
reversed by validated ferroptosis inhibitors and are unlikely the result of off -target

effects of either drug.
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Figure 25: Alterati ons in nucleotide metabolis m are overrepresented in
metabolic profile of ferroptosis

A) Schematic of ferroptosis pathway B-1) Results from polar metabolomics shown as
volcano plots using p -values generated from multiple unpaired t -tests on log-
transformed ion intensity values. H, | ) The percentageof the largest 10% of significantly
altered metabolites that were nucleotides, nucleotide precursors and breakdown
products, and nucleotide -sugars/lipids. For each volcano plot, metabolites with p<0.05
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