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ABSTRACT 

The connection between cancer progression and deregulated cell metabolism is well 

established, as metabolites act as biomass sources and signaling modulators. Acetate is a 

major alternative nutrient source of acetyl-CoA and consequently influences oxidative 

respiration, lipid metabolism, and epigenetic regulation. While the role of acetate-

metabolizing enzymes in cancer is an area of active study, a mechanistic and quantitative 

understanding of how acetate crosses the plasma membrane to contribute to 

compartmentalized cell metabolism is currently under-investigated and focused mostly on 

the activity the monocarboxylate transporters SLC16A1 and SLC16A3. To address this, we 

developed and applied an LC-MS metabolomics platform to quantitatively assess net 

metabolic consumption fluxes through the plasma membrane on a large panel of 

established cancer cell line models. We report on the relative contribution of each 

downstream functional pathway to acetate consumption, describing the larger quantitative 

role that fueling of the TCA cycle takes in comparison to biosynthesis and acetylation. By 

analyzing the landscape of transporter gene expression in cancer, we associate the poorly 

studied transporter SLC16A13 to acetate metabolism. Moreover, by designing and validating 

a CRISPR KO screen methodology that identifies genetic dependencies on acetate 

metabolism to sustain cell proliferation we directly link SLC16A13 to acetate import inside 

the cell. These findings open the opportunity of investigating the mechanism of acetate 

transport in multiple cancer types using the same methodology, while shedding light on a 

previously poorly characterized solute carrier transporter. A quantitative and mechanistic 

description of acetate transport is in general critical for increasing our understanding of 

cancer metabolism and human physiology, but targeting acetate transport in particular has 

translational potential for treating cancer in tissue-specific contexts, taking into account the 

role of acetate metabolism for immune responses. Elucidating the contribution of different 

transporters to acetate import in various tissue types is thus a major priority that we sought 

to address with this thesis. 
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CHAPTER 1: INTRODUCTION 

1.1 Cancer metabolism 

The field of cancer metabolism can be defined as the study of the reprogrammed cellular 

metabolic networks that support the key features distinguishing cancer cells from normal 

cells: aberrant proliferation, survival, migration, and deregulated cell fate control (1,2). It can 

be argued that cancer metabolism became a distinct area of research from physiological 

metabolism in 1923, when Otto Warburg first described how isolated slices of tumor tissue 

readily engage in the conversion of glucose into lactate, a process of aerobic glycolysis that 

has come to be associated with cancer cell metabolism and is referred to as the Warburg 

effect (3–5). This differs from the metabolic regulation of normal tissues, where availability 

of oxygen favors glucose oxidation and suppresses fermentation, a mechanism termed the 

Pasteur effect (6). While Warburg originally hypothesized that preferential aerobic glycolysis 

could be due to mitochondrial deficiencies in highly proliferative and thus hypermetabolic 

cancer cells (7), it has since become apparent that explaining the Warburg effects requires 

a nuanced description of cancer cell metabolism (8). Indeed, cancer cells have been shown 

to possess functionally active mitochondria (9,10), while at the same time some cancer 

types have been described as less metabolically active than once thought due to the 

downregulation of cell functions not related to proliferation (11). To date, several 

interpretations of the Warburg effect have been proposed: as an indirect way to maintain 

pentose phosphate pathway intermediate pools for biosynthetic needs (8), as a 

consequence of overflow metabolism creating a redox imbalance between cytosolic and 

mitochondrial compartments which requires NAD+ regeneration through the reduction of 

pyruvate (12,13), as a regulated response for survival in heterogeneously hypoxic 

microenvironments (the Crabtree effect) (14–16), as a survival mechanism to circumvent 

apoptotic signaling (17–19), and as a strategy to evade immune responses by acidifying the 

tumor microenvironment (TME) (20). This research focus has uncovered a wealth of 

information on cell metabolism that finds application for cancer diagnostics, like in the use 

of 18F-fluorodeoxyglucose (FDG) positron emission tomography (PET) to identify solid tumors 

in vivo (21), but importantly also outside of the field of cancer itself, such as in understanding 
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the way lymphocyte T cells rewire their metabolism to proliferate and activate their effector 

functions in the course of an immune response (22–24). 

The metabolic signatures of cancer metabolism: major nutrients and pathways 

Besides dysregulation of the glycolytic pathway,  tumors show a variety of altered metabolic 

pathways. Cancer cells proliferating in vitro are found to consume glutamine far in excess of 

any other amino acid, to the point of depending on extracellular glutamine for survival (25–

27). This has been rationalized by noting that, beyond being a nitrogen donor for amino acid 

and nucleotide synthesis (28), glutamine catabolism also contributes carbon units to the 

synthesis of aspartate and glutamate, and can replenish depleted TCA cycle intermediates 

by anaplerosis (29–31). 

Another amino acid that cancer cells are metabolically dependent on is serine. Increased de 

novo biosynthesis of serine and increased expression of the serine synthesis enzyme 

phosphoglycerate dehydrogenase (PHGDH) have been observed in cancer (32–37). While 

the multiple roles of increased serine dependency are still a matter of investigation, it is 

known that serine supports proliferation by acting as the primary carbon donor to the 

tetrahydrofolate (THF) cycle involved in nucleotide biosynthesis, and that is involved in the 

production of NADPH to support anabolic reactions (38–41). 

As a striking indication of their dysregulated metabolism, cancer cells are able to engage in 

de novo fatty acid synthesis even if they do not originate from hepatocytes (42,43). Fatty acid 

synthesis is a multistep process that primarily occurs in the cytosol of cells. Firstly, acetyl-

CoA groups are converted to malonyl-CoA via the enzyme acetyl-CoA carboxylase (ACC)  

after which the multidomain enzyme fatty acid synthase (FASN) assembles the sixteen-

carbon fatty acid chain palmitate from malonyl-CoA. Although fatty acid synthesis occurs in 

the cytosol, cytosolic acetyl-CoA is primarily produced from glucose-derived citrate, which 

is exported from mitochondria and cleaved by the cytosolic enzyme ATP-citrate lyase (ACLY) 

to release acetyl-CoA and oxaloacetate (44). Cancer cells are also able to generate cytosolic 

acetyl-CoA from acetate in the same compartment, and some cancers are dependent on 

the expression of acetyl-CoA synthetase 2 (ACSS2), the cytosolic enzyme that allows this 
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reaction to occur, making it a potential therapeutic target (45–49). The topic of acetate 

metabolism will be expanded upon in a subsequent sub-chapter. 

Therapeutic strategies to target cancer metabolism 

Beyond providing a purely descriptive way of understanding cancer metabolism as a 

collection of chemical pathways, two main goals have directed research efforts in the field: 

1) to understand how metabolism impacts tumorigenesis and cancer progression, and 2) to 

target metabolism to therapeutically affect cancer outcomes. Both of these goals interface 

with the debate over whether cancer should be considered a genetic or metabolic disease 

(50). Indeed, while the concept of genes acting as drivers or suppressors of carcinogenesis 

is well established (51–53), advances in and widespread adoption of metabolomics analysis 

platforms in the last two decades (54) have allowed the characterization of 

“oncometabolites”, which are defined as endogenous metabolites whose accumulation can 

initiate or sustain tumor growth and metastasis, often in a tissue-specific fashion (50,55). 

The first oncometabolite to be identified was 2-hydroxyglutarate (2-HG), which is 

accumulated in cancer cells as a consequence of the neomorphic activity caused by 

mutations in the isocitrate dehydrogenases IDH1 and IDH2, such that isocitrate in the TCA 

cycle is redirected from conversion into α-ketoglutarate (α-KG) to conversion into 2-HG 

(56,57). In turn, high cellular concentrations of 2-HG, which is structurally similar to α-KG, 

lead to DNA and histone hypermethylation due to 2-HG’s function as a competitive inhibitor 

of histone demethylases. Eventually, widespread epigenetic reprogramming  promotes 

malignant transformation (58–68). Following 2-HG, many other metabolites involved in 

glycolysis or the TCA cycle have been reclassified as oncometabolites (50,55), most notably 

fumarate and succinate as a result ofmutations found in fumarate hydratase (FH) and 

succinate dehydrogenase (SDH) respectively (69–72). 

In the search for therapeutic ways to leverage the increasing knowledge of cancer 

metabolism, very effective early successes have been found difficult to replicate in recent 

decades (73). Historically, the most effective class of cancer therapies directed at 

metabolism have been the so-called antimetabolites, which are small molecules that 
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interfere with processes required for sustained cell proliferation by structurally mimicking 

metabolic substrates (44). The first class of antimetabolites to be introduced were 

antifolates, with aminopterin described in 1948 by Sydney Farber, eventually followed by the 

currently employed drugs methotrexate and pemetrexed. By acting as folate analogs in one-

carbon metabolism, antifolates inhibit de novo nucleotide synthesis (74,75). Other 

therapeutically successful antimetabolites include 6-mercaptopurine (6-MP) and 6-

thioguanine (6-TG) which inhibit the first enzyme in de novo purine biosynthesis (76), the 

pyrimidine analogue 5-fluorouracil (5-FU) which limits the availability of thymidine 

nucleotides for DNA synthesis (77,78), and the nucleoside analogs gemcitabine and 

cytarabine which are incorporated into DNA and inhibit polymerase activity (79). What all 

these antimetabolites have in common is that they affect proliferation by targeting 

nucleotide metabolism. This complicates their use since many non-malignant cells 

proliferate more rapidly than cancer cells, shrinking the effective therapeutic window (80). 

Cancer cells present many other altered metabolic dependencies for proliferation that differ 

from those of normal cells (81–83), but therapeutically targeting them has proved difficult. 

For example, inhibiting aerobic glycolysis directly with the antimetabolite 2-deoxyglucose 

(2-DG), which like glucose is phosphorylated by hexokinase but unlike it cannot be 

metabolized further, is not a therapeutically viable strategy due to toxicity associated with 

hypoglycemia at the dose required to affect disease progression (84–88). In recent years, 

targeting the mutated forms of IDH1 and IDH2 with specific inhibitors (enasidenib and 

ivosidenib) has been met with more clinical success, but the effectiveness of these drugs is 

limited to certain cancer types, like leukemia, and not to other IDH-mutant types like gliomas 

(89–94). The dependence of cancer cells to glutamine has also been targeted, but inhibition 

of glutaminolysis with glutamine analogs has shown complete absence of therapeutic 

window, likely due to the non-specific nature of the treatment (95,96). Moreover, recent 

efforts to target the glutaminase enzymes have revealed that cancer cells can enact 

mechanisms of metabolic compensation to withstand such a treatment, requiring 

combination therapies to overcome this (97,98). Lastly, dietary intervention aimed at 

starving cancer cells of essential metabolites like amino acids has also been experimented 
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on, alone or in combination with more traditional chemical interventions, showing promise 

in the case of low asparagine and low glycine regimens (99–102). While this is not intended 

as an exhaustive list of all metabolic interventions that have been attempted in the field of 

cancer therapy, it shows how the need to find metabolically associated targets that are both 

effective in cancer and not systemically toxic remains a priority. Metabolite transporters 

have been suggested as a possible avenue for this (103). 

1.2 Acetate metabolism in health and disease 

Acetate is a short chain fatty acid (SCFA) that is physiologically present at various 

concentrations in the human body, ranging from ~100 µM in plasma to over 100 mM in the 

lumen of the intestine (104,105). High concentrations of acetate in the digestive system are 

not a specific feature of humans, as measurements in both the intestine of mice and the 

rumen of ruminants have revealed concentrations comparable to that of the human 

intestine (106,107).  

Physiological sources of acetate 

Sources of acetate can be broadly categorized as 1) direct dietary supplementation, 2) 

general intracellular reactions, 3) specific liver metabolism, or 4) microbial intestinal 

metabolism. Dietary sources from which acetate can be directly acquired include dairy 

products, processed meats, bread, and ethanol (108). Acetate can be generated inside most 

cells by deacetylation of histones and other proteins or by the hydrolysis of acetylated 

metabolites, including acetyl-CoA. Liver metabolism can also generate acetate by 

deacetylation reactions and then release it into the circulation to be catabolized in other 

parts of the body (109–111). It has been reported that acetate can also be generated from 

glucose-derived pyruvate through either the activity of reactive oxygen species (ROS) or 

ketoacid dehydrogenases, though this process has so far been described as happening in a 

cell-type and treatment-specific fashion (112,113). The liver is additionally responsible for 

the release of circulating acetate after ethanol consumption, during which hepatocytes can 

come in contact with concentrations of acetate many times those in the blood (107). The 

majority of acetate in the body is generated through the breakdown of dietary fibers by the 
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intestinal microbiota, through either saccharolytic fermentation of pyruvate via acetyl-CoA 

or acetogenesis via the reductive Wood-Ljungdahl pathway (114–116). While some 

microbiota-associated bacterial species produce acetate (Bacteroides spp., Prevotella, 

Bifidobacterium, Escherichia coli, Akkermansia muciniphila, Lactobacillus brevis), other 

consume it to sustain their proliferative needs (Faecalibacterium duncaniae, Bacteroides 

fragilis, Firmicutes, Coprococcus, Lachnoclostridium). As a consequence of this, dietary 

factors related to acetate can influence the composition of the intestinal microbiota, which 

has implications for inflammation response during pathogenic invasion (105,117,118) and 

obesity (119). 

Acetate catabolism in health and disease 

As a cancer-associated metabolite, acetate was first studied by Sidney Weinhouse during 

the 1950s in the context of lipid metabolism and substrate availability in cancer (120–122). 

At the time, acetate was shown  to be a substrate for respiration whose consumption is 

independent of increased availability of glucose. 

Inside cells, acetate catabolism consists in the ATP-dependent ligation of one molecule of 

acetate and one of coenzyme A (CoA) to produce acetyl-CoA. This reaction is catalyzed 

independently by two acetyl-CoA synthetase (ACSS) enzymes, ACSS1 and ACSS2. 

Genetically, the two enzymes are both located on the same arm of chromosome 20, 

although they occupy different loci (123). At the protein level, ACSS1 and ACSS2 differ by 

their cellular localization, as ACSS1 is present in the mitochondrial matrix, while ACSS2 is 

found in the nucleus and cytosol (124). The acetyl-CoA resulting from acetate catabolism is 

a central metabolic intermediate involved in energy production by fueling carbon units to the 

TCA cycle, in biosynthetic pathways for de novo lipogenesis and the mevalonate pathway for 

the production of sterols, and in acetylation of metabolites (e.g. UDP N-acetylglucosamine) 

and proteins (125). There is ample evidence that characterizes acetate as an alternative 

nutrient source in many cancer types: breast cancer, hepatocellular carcinoma, melanoma, 

glioblastoma, renal cell carcinoma, non-small cell lung cancer, cervical squamous cell 

carcinoma, pancreatic cancer, ovarian cancer, and myeloma (45,49,108,124,126–135). 
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Additionally, acetate is recognized as playing a multifaceted role in the regulation of immune 

responses, where it can act, depending on the stage of the response, as an alternative 

nutrient and signaling molecule promoting T cell effector function (136,137), or later on as a 

regulator of glutaminolysis, cellular respiration and survival in memory T cells (138). 

Recently, it has also been shown that acetate is involved in metabolic symbiosis between 

hepatocellular carcinoma cells and tumor-associated macrophages, whereby cancer cells 

release lactate which then activates macrophages to produce and secrete acetate in the 

TME (139). 

ACSS2, whose higher expression is associated with poorer prognosis in cancer, is regulated 

by sterol regulatory element-binding proteins (SREBP) and as such responds to 

environmental stressors like hypoxia and low nutrient availability, which are commonly 

found in solid tumors (49,140). ACSS2 has additional signaling roles due to its position 

upstream of nucleocytosolic acetylation, as it has been shown to stabilize interferon 

regulatory factor 4 (IRF4) in myeloma (135), and to likely be involved in the stabilization of 

Hypoxia-Inducible Factor 2α (HIF-2 α) in clear cell renal carcinoma (141). Outside of cancer, 

ACSS2 expression loss can impair long-term spatial memory in mice by changes in histone 

acetylation levels in the hippocampus (142), while its expression promotes systemic fat 

storage in mice (143) and is downregulated in exhausted T cells (144). Besides acetate, 

lactate and β-hydroxybutyrate have also recently been described as possible substrates of 

the reaction catalyzed by ACSS2, and in particular the resulting lactylation of histones has 

been found to play a role in promoting an immunosuppressive TME (145–148).  

While previous research efforts have focused more on ACSS2, ACSS1 has also been a 

subject of investigation forits role as an acetyl-CoA-generating enzyme in the mitochondria. 

ACSS1 is known to be highly expressed in heart, spleen, lung, kidney, and testis (149). It 

shares around 50% sequence identity with ACSS2, with the main differences being located 

in motifs associated with cellular localization (123). In terms of disease, ACSS1 expression 

has been positively correlated with obesity (135),  with increased incidence and poorer 

prognosis in hepatocellular carcinoma (150), and has been characterized as a viable 

therapeutic target for the treatment of acute myeloid leukemia (151). Additionally, deletion 
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of ACSS1 in murine astrocytes has been shown to be protective against loss of cognitive 

performance during sleep disruption cycles by keeping acetate levels higher, which then 

regulate glycolysis and the TCA cycle through binding with pyruvate carboxylase (152) 

1.3 Solute Carrier Transporters 

Types of transporter proteins: SLCs and other families 

The regulation of influx and efflux of solutes across biological membranes is essential to 

maintain cellular and organismal homeostasis, as it allows cells to control nutrient levels, 

direct chemical reactions, remove waste and regulate cell volume (153–155). The topic has 

been a subject of study at a molecular level for more than one hundred years, since Wilhelm 

Pfeffer provided the first evidence that osmosis does not explain all molecular movements 

across membranes and Ernest Overton systematically examined the permeability of 

hundreds of compounds and linked this to their chemical properties (156). 

Transporter proteins are currently classified into four groups: 1) ATP-binding cassette (ABC) 

transporters, 2) ATPases, 3) ion channels, and 4) solute carrier proteins (SLC) (155,157,158). 

According to the Human Genome Organization (HUGO) Nomenclature Committee (HGNC), 

as of October 2025 there are 51 genes in 7 families belonging to ABC transporters, 149 genes 

in 4 families belonging to ATPases, 327 genes belonging to ion channels, and 474 genes in 77 

families belonging to SLCs. ABC transporters and ATPases use the energy from ATP 

hydrolysis to export substrates from eukaryotic cells. The former are implicated in drug 

resistance to chemotherapy (159,160), while the latter can synthesize ATP using ion 

gradients (F-type ATPases), build an electrochemical gradient by consuming ATP (V-type 

ATPases), transport ions and lipids (P-type ATPases), and perform a variety of other cellular 

activities (AAA+ ATPases) (161–163). Ion channels allow ions to cross lipid membranes down 

their concentration gradient, in effect performing facilitated passive transport. As they don’t 

undergo extensive conformational changes, they usually effect rapid transport of ions in 

order to maintain membrane potential and render signaling and excitation by 

electrochemical means possible (164,165). 
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SLCs are defined by being solute transporters that do not belong to the other three groups. 

By number of members, SLCs are the second-largest family of membrane proteins in the 

human genome after G protein-coupled receptors (GPCRs) (166). In terms of transport 

mechanism, SLCs do not use ATP directly, but can act either as passive facilitative 

transporters or secondary active transporters (167). Passive facilitative transport means that 

SLCs act as gatekeepers for compounds to move down their thermodynamically favorable 

gradient (157). On the other hand, secondary active transport means that the passage of two 

or more substrates is coupled, such that as one moves down its electrochemical gradient, it 

provides the free energy to transport the other (155). Such secondary active transporters can 

either be symporters, which transport their substrates in the same direction, or antiporters, 

in which the substrates cross the membrane in opposite directions (157). Most secondary 

active transporters are believed to use the ‘alternating access’ transport mechanism, 

whereby protein domains are arranged to have a ligand binding site available on only one 

side of the membrane at a time, changing conformations to transport their substrates by 

shifting to the other side of the membrane (168). Around 60% of SLCs are currently known to 

localize on the plasma membrane, with the remaining thought to function as transporters 

between different cellular organelles (155). 

While other classification systems exist (such as the Transporter Classification Database or 

TCDB, and the Protein family or Pfam system (169)), the families into which SLCs are divided 

to obtain their name are defined by the HGNC and have been traditionally organized so that 

each protein within a family shares a minimum of ~25% sequence identity with at least 

another member of the same family (170,171). The naming system is used for both human 

genes and their orthologs in other species (169). The classification is constantly evolving, 

with new genes being added and old ones being reclassified into different families due to 

recent advances in the phylogenetic and structural analysis of the superfamily. Recent 

efforts suggest that the superfamily has a long evolutionary history and is thus highly 

heterogeneous (166,172), with approximately 180 independent evolutionary origins and a 

total of 24 structurally distinct transmembrane folds, the most common ones being the 

Major Facilitator Superfamily (MFS), the Leucine Transporter (LeuT), and the mitochondrial 
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carrier (MitC) folds. The MFS and LeuT folds include 138 and 72 SLCs respectively and are 

characterized by 12 transmembrane (TM) segments, while the MitC fold includes 53 SLCs all 

belonging to the SLC25 family and characterized by 6 TM segments (166,167). If instead of 

focusing on structure, SLCs are organized by phylogenesis, 4 main clusters (α, β, γ, and δ) 

emerge, though a number of SLC families don’t fit into any of the four. The main clusters α 

and β, which at the time of the analysis in 2011 contained 13 and 9 SLC families respectively, 

are present in all species-specific lineages that were considered for phylogenetic analysis 

and are hypothesized to have been present in an early eukaryotic ancestor (166).  

In a similar way to their phylogenetic and structural heterogeneity, SLCs transport a wide 

range of molecules, including sugars, amino acids, vitamins, nucleotides, metals, inorganic 

ions, organic anions, oligopeptides, and drugs. Substrate class specificity tends to be 

consistent within most families (171), although it should be noted that substrate 

promiscuousness is not uncommon (153). In terms of substrates, as of 2020 around 30% of 

SLCs were termed “orphan”, i.e. with no known substrate (155). Indeed, a meta-analysis of 

SLCs literature from 2015 has found that the average number of publications per family 

member is half of what is observed for all gene families. Additionally, SLCs show the greatest 

publication asymmetry of all gene families, meaning that a few SLCs have been highly 

studied while for most very little is known (175). This has been ascribed to the existence of 

available research tools only for those SLCs that are already well-characterized, including 

expression cloning reagents and genetically modified cell lines. For this reason, calls to 

action aimed at increasing research interest in SLCs have recently resulted in the creation of 

the RESOLUTE Consortium, a public-private partnership that aims at creating tools for SLC 

research, de-orphanize transporter-substrate pairs and employ the resulting knowledge for 

therapeutic applications (176). 

SLCs in health and disease 

SLCs have been found to be tissue-specific in function (155) and in some cases to act as 

both transporters and signaling receptors, as is the case for amino acid transporters (177). 

Due to their extensive roles in physiology, it is thus not surprising that about 190 SLCs have 
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been found mutated in inherited human diseases and that through genome-wide 

association studies (GWAS) SLC polymorphisms have been linked to complex diseases 

(178,179). For example, associations with type 2 diabetes have been made for SLC16A11 

(180,181) and SLC16A13 (182). SLCs are also relevant for drug pharmacokinetics, often 

being the means by which small molecule therapeutics can enter cells (183). These include 

antimetabolites such as 5-FU and methotrexate (184).  

SLCs are directly involved in cancer metabolism. For example, the SLC2 and SLC5 families 

of glucose-associated transporters are known to be upregulated in many cancer types (155). 

SLC7A11 and SLC3A2, which together form the xCT glutamate-cystine exchanger, have been 

shown to be critical for cancer survival through their role in redox balance maintenance and 

ferroptosis (185–187). Small molecular inhibitors of SLC1A5 (ASCT2), which transports 

glutamine and serine inside cancer cells, have been found to have antitumor efficacy both 

in vitro and in vivo (188–190) 

A group of transporters of high relevance for central carbon metabolism in cancer is the 

SLC16 family. The family contains 14 members that are also known as monocarboxylate 

transporters (MCTs) (191). The SLC16 members are symporters of protons and substrates 

(192,193) and are known to belong to the MFS superfamily and the α cluster (172,174). 

SLC16A1, SLC16A8 and SLC16A3 (MCT1, MCT3, and MCT4 respectively) interact with the 

chaperone protein basigin (CD147) for proper translocation to the plasma membrane 

(194,195), while SLC16A7 (MCT2) interacts with a different chaperone, embigin (gp70), for 

the same purpose (196). This transporter-chaperone interaction has been structurally 

described for SLC16A1 as being reliant on a conserved motif located on the flexible N-

terminus of the protein, and this is likely to be case for other transporters of the family as 

well (197). Transport substrates are known for SLC16A1 (lactate, pyruvate, ketone bodies), 

SLC16A2 (hormones T2, rT3, T3, T4), SLC16A3 (lactate, ketone bodies), SLC16A7 (lactate, 

pyruvate, ketone bodies), and SLC16A8 and 10 (aromatic amino acids, hormones T3 and T4), 

while the other members of the family are currently orphans (155,174). Of relevance for 

cancer survival and progression is the transport of lactate mediated by SLC16A1 and 

SLC16A3. Their expression in cancer is modulated via basigin expression, which itself is 
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often upregulated in cancer (198). Interestingly, overexpression of SLC16A1 and SLC16A3 is 

not concomitant in the same cell in the context of the tumor mass (155). This is because 

when considering the entirety of the TME, SLC16A1 and SLC16A4 act as lactate importer and 

exporter respectively (199). Well-perfused cells of the tumor have higher expression of 

SLC16A1, to import lactate and rapidly fuel oxidative phosphorylation. On the other hand, 

reprogrammed cancer-associated fibroblasts and poorly perfused cells in hypoxic 

environments rely on glycolysis to generate energy and thus express SLC16A3 to export 

lactate (200,201). This metabolic connection between tumor cells has been variably 

described as lactate shuttling, cancer symbiosis, or reverse Warburg effect (202). The 

mechanistic understanding of lactate transport by MCTs has made lactate transport an 

appealing target for therapeutic intervention, and indeed inhibitors for both lactate 

transporters are available (203,204), with clinical trials currently ongoing (205). Lastly, the 

recent discovery that MCT1 can be localized in both the plasma and mitochondrial 

membranes adds an additional layer of complexity to the transport of lactate (206) and to 

the mechanism of action of MCTs in general. 

Recent discoveries in the field of SLCs 

Annotating transporter-substrate pairs for SLCs presents some challenges that render 

functional studies nontrivial. These include transporter substrate promiscuity, redundancy 

of multiple transporters for the same substrate, and dual subcellular localization of 

transporters (153). These challenges can be addressed with a variety of tools, which come 

with their advantages and drawbacks. Broad systems like genetic screens and GWAS allow 

the interrogation of many transporter-substrate pairs, while requiring rigorous and optimized 

experimental and analytical practices to maintain precision and physiological relevance. 

Biochemical assay with cell-free systems for the detection of substrate movement and the 

structural analysis of transporters offer high precision at the cost of potentially limited 

physiological relevance. Cell-based assays are a compromise between relevance and 

precision, but often require prior knowledge in order to focus on specific transporter-

substrate pairs (153). 
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Nevertheless, the last few years have seen a marked acceleration in the investigation of 

previously uncharacterized transport mechanisms. Starting from the description of 

sideroflexins (SFXNs) in 2018 as mitochondrial serine transporters (207), genetic screens, 

cell assays and in vivo experiments have been successfully applied to identify CLCC1 as an 

hepatic facilitator of neutral lipid flux (208), SLC7A6 and SLC7A7 as importers of cationic 

amino acids (209), SLC38A3 as a high-affinity histidine transporter (209), SLC43A1 as a net 

exporter of large neutral amino acids (209), SLC45A4 as a polyamine transporter (210,211), 

SLC25A39 as a mitochondrial glutathione transporter (212), FLVCR1 and FLVCR2 as choline 

and ethanolamine transporters (213), SLC25A48 as a mitochondrial choline importer 

(214,215), SLC16A1 as a succinate exporter in the retina (216), SLC25A51 as a mitochondrial 

NAD+ transporter (217), SLC33A1 as an exporter of oxidized glutathione in the endoplasmic 

reticulum (218), SLC6A6 as a mitochondrial taurine importer (219), and SLC25A45 as a 

mitochondrial importer of methylated amino acids (220,221). Such a list of recently de-

orphanized transporters highlights the growing interest in SLC research as well as the many 

therapeutic opportunities that this increased focus brings. 

Current literature on acetate transport 

Acetate transport has received comparatively less attention than other monocarboxylates 

like lactate and pyruvate, especially in cancer models (108,222). In terms of the broad 

mechanism of transport, passive diffusion does not play a quantitatively large role in the 

uptake of acetate inside cells (223). This is due to the fact that the plasma membrane is 

permeable to the non-ionic form of acetic acid, but not to the acetate anion. Given that both 

the pH in the lumen of the large intestine and in the extracellular matrix is higher than the 

pKa of acetate, which is 4.75, the acetate anion is the most prevalent form that cells come 

in contact with (224). Active acetate transport has been shown to be influenced by gradients 

across the plasma membrane of protons as well as sodium, bicarbonate and chloride ions 

(223,225). To date, no transporter proteins have been confidently associated with the 

antiport of bicarbonate and acetate, which is thought to functionally buffer the pH of the 

colonic lumen (224,226,227). Ectopic expression systems in Xenopus laevis oocytes have 

shown acetate to be a relevant saturable substrate with similar affinity for the active proton-
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coupled monocarboxylate transporters MCT1 and MCT2, and with lower affinity for the 

sodium-coupled SMCT1, but non-saturable for MCT4 (228–233). It is important to note that 

SMCT1 is classified as a tumor suppressor gene, and accordingly is downregulated in most 

cancers, including many that consume acetate (234). Evidence in cancer cell lines has 

shown that exposure to acetate can specifically upregulate the expression of MCT1 in small 

panels of non-small cell lung cancer (NSCLC), clear cell renal carcinoma (ccRCC),  and 

colorectal (CRC) cell lines, and in the case of the latter group to influence MCT4 expression 

as well (131,225,235). Likewise, inhibition of MCT1 has been shown to partially reduce 

acetate uptake in rat hepatocytes, a small subset of hepatocellular carcinoma (HCC) cell 

lines, and astrocytes (236–238). Additionally, it has been found that MCT4 expression is 

upregulated in hypoxia, a condition in which acetate utilization is also upregulated (239). On 

the other hand, experiments on the apical mucosa of the ruminal epithelium of sheep and 

on cultured human colonic epithelial cells have not shown MCT1 to be involved in acetate 

uptake in those models (223,240). To account for the fraction of acetate uptake independent 

of monocarboxylate transporters, the activity of anion exchangers and channels such as 

aquaporins and the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) has 

been implicated, in the latter case due to a small, but significant, level of acetate 

conductance for the channel in Calu-3 cells (223,225,241). Additionally, short chain fatty 

acids (SCFA) like acetate have been shown to act as competing substrates with glycine and 

proline for uptake by the proton-dependent amino acid transporters PAT1 and PAT2 in oocyte 

models only (242). 

1.4 Gap in knowledge and aim of the project 

To date, no extensive investigation of acetate transport in cancer cells has been attempted. 

While cell-free or oocyte-based systems have indicated a role for the monocarboxylate 

transporter MCT1, reports are conflicting over the extent to which other transporters such as 

MCT2 and MCT4 are involved in acetate transport specifically, as many studies focus instead 

on propionate or butyrate and only infer conclusions on acetate as well. While a few cell 

models have been investigated for their ability to transport acetate, no systematic study has 

considered the potential for differential transporter gene expression due to differences in the 
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transporter makeup of the respective tissues of origin. This is likely the explanation as to why 

reports disagree on the extent to which the same transporters can influence acetate import 

in different cancer models. While in recent years research on metabolite transporters has 

been accelerated by the availability of CRISPR-based genomic screening platform, no study 

to date has combined metabolomics and genomics for the identification of acetate 

transporter proteins. This is mainly due to the fact that acetate is not present in standard 

culture medium formulations used for most genomic screens, and it is also not strictly 

required for the survival of cancer cells in standard culture conditions, where abundant 

availability of oxygen and metabolites is provided. 

This project aims to improve our understanding of acetate transport in cancer cells in both a 

quantitative and qualitative manner. We employ an LC-MS metabolomics-based system to 

quantify acetate consumption in a panel of several cancer cell line models of different origin, 

and we break down the contribution that each metabolic pathway downstream of import 

plays to determine the extent of acetate consumption by cells. We then analyze the 

distribution of transporter gene expression in cancer cell lines and proceed to perform a 

CRISPR knockout screen based on acetate essentiality for proliferation, reporting that for 

both analyses the gene SLC16A13 encoding for the MCT13 transporter emerges as a likely 

previously uncharacterized acetate transporter protein. 
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CHAPTER 2: MATERIALS AND METHODS 

Key resources 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Chemicals 
Methanol, Optima™ LC/MS 
grade Fisher Scientific A456 

Acetonitrile, Optima™ 
LC/MS grade Fisher Scientific A955 

Water, Optima™ LC/MS 
grade Fisher Scientific W6 

Isopropanol, Optima™ 
LC/MS Grade Fisher Scientific A461 

n-hexane, Optima™ for 
HPLC and GC/MS Fisher Scientific H306 

Ammonium hydroxide Honeywell 44273 
Ammonium formate MilliporeSigma 70221 
Ammonium bicarbonate MilliporeSigma 40867 
Phosphate buffered saline MilliporeSigma P3813 
Sodium chloride (ACS) Fisher Scientific S271-3 
Potassium chloride (ACS) MilliporeSigma 746436 
Sodium phosphate dibasic 
(ACS) MilliporeSigma 795410 

Potassium phosphate (ACS) Fisher Scientific P285 
Corning® RPMI 1640 Corning 10-040-CM 
HyClone™ RPMI 1640 Cytiva SH30027.LS 
RPMI 1640, no glutamine, 
no glucose MP Biomedicals 091646854 

Gibco™ RPMI 1640, no 
glucose Fisher Scientific 11879020 

Corning™ DMEM with L-
glutamine, 4.5g/L glucose 
and sodium pyruvate 

Corning 10-013-CM 

HyClone™ DMEM with L-
glutamine, 4.5g/L glucose 
and sodium pyruvate 

Cytiva SH30243.LS 

Corning™ DMEM with L-
glutamine, 4.5g/L glucose, 
without sodium pyruvate 

Corning 10-017-CM 

HyClone™ DMEM with L-
glutamine, 4.5g/L glucose, 
without sodium pyruvate 

Cytiva SH30022.LS 
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Corning™ DMEM/F12 50/50, 
15 mM HEPES Corning 10-092-CM 

HyClone™ DMEM/F12 
50/50, 15 mM HEPES Cytiva SH30023.02 

Corning® 0.25% Trypsin, 
0.1% EDTA Corning 25-053-CI 

Corning® Penicillin-
Streptomycin solution, 
100X 

Corning 30-002-CI 

HyClone™ Penicillin-
Streptomycin solution, 
100X 

Cytiva SV30010 

D-glucose MilliporeSigma G7021 
Sodium acetate MilliporeSigma S2889 
Sodium-L-lactate MilliporeSigma L7022 
L-glutamine MilliporeSigma G3126 
D-galactose MilliporeSigma G5388 
Triacetin MilliporeSigma 525073 
Sodium pyruvate Fisher Scientific BP356 
Sodium formate Fisher Scientific 446951000 
Sodium propionate MilliporeSigma P5436 
Sodium butyrate MilliporeSigma B5887 
Palmitic acid MilliporeSigma P0500 
Stearic acid TCI Chemicals S0163 
Oleic acid TCI Chemicals O0180 
Phytanic acid A2B Chem LLC AF00416 
Pristanic acid LGC Standards TRC-P118000 
Octanoic acid MilliporeSigma C2875 
Cholesterol MilliporeSigma C8667 
Ethyl acetate MilliporeSigma 1.03649 
Lipid Mixture 1 (LM1) MilliporeSigma L0288 

[13C6] D-glucose Cambridge Isotope 
Laboratories CLM-1396 

[13C5] D-glucose 
Cambridge Isotope 
Laboratories CLM-1822-H 

[13C2] sodium acetate Cambridge Isotope 
Laboratories CLM-440 

Hydrogen peroxide MilliporeSigma 1.08600 
Copper(II) sulfate 
pentahydrate (ACS) MilliporeSigma 209198 

EquiSPLASH™ LIPIDOMIX™ 
Quantitative Mass Spec 
Internal Standard 

Avanti Research 330731 
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(2-hydroxypropyl)-β-
cyclodextrin MilliporeSigma C0926 

Dimethyl sulfoxide Fisher Scientific J66650AD 
Poly-L-lysine MilliporeSigma P2636 
Potassium hydroxide (ACS) MilliporeSigma 221473 
PMSF Roche 10837091001 
Ponceau S solution MilliporeSigma P7170 
Tris base Fisher Scientific BP152-1 
Glycine MilliporeSigma G8898 
Methanol (peroxide-free) Fisher Scientific BP1105 
Ethanol 200 proof Fisher Scientific 8003C 
Sodium dodecyl sulfate MilliporeSigma L3771 
Hydrochloric acid Fisher Scientific 72033 
TWEEN® 20 MilliporeSigma P1379 
EDTA disodium salt MilliporeSigma E5134 
TERGITOL™ solution Type 
NP-40 MilliporeSigma NP40S 

Sodium deoxycholate MilliporeSigma 30970 
Agarose Fisher Scientific BP164500 
Glacial acetic acid Fisher Scientific A38 
β-mercaptoethanol Fisher Scientific AAJ6674230 
GelRed nucleic acid gel 
stain, 10,000X 

Biotium 41003 

Precision plus protein dual 
color standards Bio-Rad 1610374 

Immobilon western 
chemiluminescent HRP 
substrate 

MilliporeSigma WBKLS0100 

1 kb DNA ladder New England Biolabs N055S 
Glycerol MilliporeSigma G5516 
LB broth (Lennox) MilliporeSigma L3022 
Ampicillin sodium salt MilliporeSigma A9518 
Polyethylenimine (PEI) MilliporeSigma 408727 
Polybrene MilliporeSigma 107689 
Synperonic F108 MilliporeSigma 07579 
Puromycin dihydrochloride Fisher Scientific BP2956100 
Hygromycin B Roche 50-100-3311 
Blasticidin S hydrochloride MilliporeSigma 203350 
G418 sulfate Gemini Bio 400-111P 
Resazurin sodium salt Acros Organics AC18990 
Trypan blue stain Fisher Scientific T10282 
Chloroform Fisher Scientific 43685 
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Di-isopropyl ether MilliporeSigma 296856 
1-butanol, Thermo 
Scientific Chemicals Fisher Scientific 41867 

1-butanol, SigmaAldrich MilliporeSigma 34867 
Fasnall Enamine EN300-45430166 
GSK2194069 Tocris 5303 
NDI-091143 Ambeed A1194991 
BMS-303141 MilliporeSigma SML0784 
AZD3965 A2B Chem LLC AA72701 
AZD0095 A2B Chem LLC BL14859 
VY-3-135 Medinoah Company 90-2156 
VY-7-137 Medinoah Company Custom 
Biological samples 
Catalase from bovine liver Fisher Scientific AAJ12885ME 
Foundation™ fetal bovine 
serum (FBS) Gemini Bio 900-108 

Fetal bovine serum, 
dialyzed, 0.1 µm sterile-
filtered (dFBS) 

Gemini Bio 100-108 

HyClone™ fetal bovine 
serum, charcoal/dextran 
treated (HyClone LD-FBS) 

Cytiva SH3006803 

PurMa premium fetal bovine 
serum (PurMa-FBS) PurMa Biologics, LLC P3F010301 

PurMa lipid-depleted fetal 
bovine serum (PurMa-LD-
FBS) 

PurMa Biologics, LLC P3F312304 

Cocalico lipid-depleted 
fetal bovine serum 
(Cocalico LD-FBS) 

Cocalico Biologicals 55-0116 

Antibodies 
Β-actin monoclonal 
antibody [2D4H5) ProteinTech 66009-1-Ig 

ACSS1 polyclonal antibody ProteinTech 17138-1-AP 
AceCS1 (ACSS2) rabbit 
monoclonal antibody 
[D19C6] 

Cell Signaling Technology 3658S 

IRDye 680RD donkey anti-
rabbit IgG LI-COR Biosciences 926–68073 

IRDye 800 CW goat anti-
mouse IgG LI-COR Biosciences 926–32210 

Anti-rabbit IgG, HRP-linked 
antibody Cell Signaling Technology 7074S 
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Anti-mouse IgG, HRP-linked 
antibody Cell Signaling Technology 7076S 

Experimental models: cell lines 
HCC1569 ATCC CRL-2330 
HCC1419 ATCC CRL-2326 
BT-474 ATCC HTB-20 
HT-55 MilliporeSigma 85061105 

WM793 Dr. Meenhard Herlyn, The 
Wistar institute  

T47D ATCC HTB-133 

U-937 Dr. Alessandro Gardini, The 
Wistar Institute 

 

LN229 ATCC CRL-2611 
COLO800 MilliporeSigma 93051123 
MP65 ATCC CRL-3299 

Jurkat Dr. Daniel Claiborne, The 
Wistar Institute  

MOLM-13 Dr. Martin Carroll, 
University of Pennsylvania  

MOLM-14 Dr. Martin Carroll, 
University of Pennsylvania  

HS578T ATCC HTB-126 
NCI-H2066 ATCC CRL-5917 

HL-60 Dr. Alessandro Gardini, The 
Wistar Institute  

MCF7 ATCC HTB-22 
HepG2 ATCC HB-8065 
SK-BR-3 ATCC HTB-30 

THP-1 Dr. Alessandro Gardini, The 
Wistar Institute  

A549 ATCC CCL-185 
CAL120 DSMZ ACC 459 
BT-549 ATCC HTB-122 
HEK-293 ATCC CRL-1573 
HEK-293T ATCC CRL-3216 
L-428 DSMZ ACC 197 
LOX-IMVI MilliporeSigma SCC201 
HCT116 ATCC CCL-247 
MDA-MB-231 ATCC CRM-HTB-26 

D42 parental (Acly f/f) Dr. Kathryn E. Wellen, 
University of Pennsylvania  

D42 mAcly KO Dr. Kathryn E. Wellen, 
University of Pennsylvania  
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D42 mAcly KO, hACLY WT Dr. Kathryn E. Wellen, 
University of Pennsylvania  

D42 mFasn KO 
Dr. Kathryn E. Wellen, 
University of Pennsylvania  

D42 mFasn KO, hFASN WT Dr. Kathryn E. Wellen, 
University of Pennsylvania  

B6Tag2.03 
Dr. Michael Coleman, 
University of North 
Carolina, Chapel Hill 

 

Bacterial and virus strains 
One shot Stbl3 competent 
E. coli 

Fisher Scientific C737303 

Lentivirus pFUGW-Bsd-
EFS>hCas9 Addgene 52962-LV 

Lentivirus mouse whole 
genome pooled dual gRNA 
library 

VectorBuilder Lib190505-1050kpm 

Lentivirus human whole 
genome dual gRNA library VectorBuilder Lib190505-1046fgb 

Oligonucleotides 
MISSION® pLKO.1-puro 
non-mammalian shRNA 
control plasmid DNA 

MilliporeSigma SHC002 

MISSION® pLKO.1-puro 
human ACSS1 shRNA MilliporeSigma TRCN0000045380 

MISSION® pLKO.1-puro 
human SLC16A13 shRNA 
#1 

MilliporeSigma TRCN0000038624 

MISSION® pLKO.1-puro 
human SLC16A13 shRNA 
#2 

MilliporeSigma TRCN0000038625 

MISSION® pLKO.1-puro 
human SLC16A13 shRNA 
#3 

MilliporeSigma TRCN0000038627 

Recombinant DNA 
psPAX2 Addgene 12260 
pVSV-G Addgene 138479 

pLKO.1 H2B-GFP 
Dr. Yaron Fuchs, Technion 
Israel Institute of 
Technology 

25999 (Addgene) 

pLV-Bsd-humanACSS1-HA VectorBuilder VB210630-1169uut 
pLV-Hygro-humanACSS2-
FLAG VectorBuilder VB210630-1159sad 
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pKLV2-U6gRNA5(gGFP)-
PGKBFP2AGFP-W (Cas9 
BFP-gGFP reporter) 

Addgene 67980 

Software and algorithms 

R The R Project for Statistical 
Computing 4.3.1 

RStudio Posit Software, PBC 2023.12.1 

ProteoWizard ProteoWizard Software 
Foundation 3.0.20365 

MAVEN Rabinowitz Lab, 
Princeton University  6.82 

Analyst AB SCIEX LLC 1.7.3 HotFix 1 
MultiQuant AB SCIEX LLC 3.0 HotFix 4 
LipidSearch ThermoScientific  4.2 
Biorender https://www.biorender.com   
Adobe Illustrator Adobe, Inc. 28.2 
Prism GraphPad 10.4.1 
Excel Microsoft Corporation Version 2507 
Image Studio  LICORBio 3.0 
Empiria Studio Software LICORBio 3.1 

FlowJo Becton, Dickinson and 
Company (BD) 10.10.0 

ImageAnalyzer Tecan 1.2 
 

Table 2.1: Key resources. 

 

Cell culture 

A549, BT-474, HCT116, HEK-293, HEK-293T, HepG2, HT-55, LN229 and MP65 cells were 

maintained in culture using DMEM medium (with pyruvate) supplemented with 10% fetal 

bovine serum (FBS) and 1X penicillin-streptomycin (complete DMEM). All other cell lines 

were maintained in culture using DMEM/F12 medium supplemented with 10% FBS and 1X 

penicillin-streptomycin (complete DMEM/F12). Cells were kept in a humidified incubator 

(HERAcell vios 160i, Thermo Fisher Scientific) at 37 °C and 5% CO2 and passaged when 

surface confluency reached 80%. Cell lines were regularly checked for Mycoplasma spp. 

contamination with the abm™ Mycoplasma PCR Detection Kit (cat. no. G238).  No cell line 

was maintained beyond passage 25 after thawing. All cell lines used do not appear in the 

https://www.biorender.com/
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Register of Misidentified Cell line maintained by the International Cell Line Authentication 

Committee (v13, April 2024). 

Medium metabolite consumption assay 

To assess the secretion or consumption of metabolites in culture medium, one day before 

the start of the experiment 5·105 cells were seeded with 3 mL of RPMI 1640 supplemented 

with 10% FBS. A set of three 6-cm dishes was used for each time point measured. On the 

day of the experiment, the medium was replaced with 2 mL of RPMI 1640 supplemented with 

10% dialyzed fetal bovine serum (dFBS), unless a different serum is specified, and additional 

metabolites or drugs mentioned in the figure description for each result. For experiments 

where glucose was replaced with galactose, medium formulated without glucose was 

supplemented with galactose at a final concentration of 11.1 mM, followed by the addition 

of 10% dFBS. For experiments where the medium pH was modified, 6 M hydrochloric acid 

was added to the medium solution to achieve the specified pH value. Fasnall, GSK2194069, 

AZD3965, AZD0095, VY-3-135 and VY-7-137 were provided to the cells at the final 

concentration specified in each experiment starting from a stock solution dissolved in 

dimethyl sulfoxide (DMSO). The control condition (vehicle) was supplemented with a volume 

of DMSO equal to that of the treated conditions, which never exceeded 1% v/v. At the start 

of the experiment (t0), and at each time point measured, 0.1 mL of medium solution was 

collected, and cells were counted with the Countess™ II FL Automated Cell Counter (Thermo 

Fisher Scientific, cat. no. AMQAF1000). In brief, cells were detached by treating with 0.5 ml 

of trypsin and, after 5 minutes of incubation, 0.5 ml of complete medium was added to 

quench trypsin. Cells were resuspended by pipetting and transferred to Eppendorf tubes. 

After vortexing, 50 µl of cell suspension was mixed with 50 µl of trypan blue solution. Three 

replicates (separate dishes) were used per time point, with one Countess chip (two 

chambers) per dish. Only the number and average cell diameter of live cells were reported. 

Dead cell fraction did not exceed 5% of total cells throughout all conditions and cell lines. 

To extract polar metabolites, 0.4 mL of 100% methanol (80% final) was added to medium 

samples. After vortexing, samples were stored at -80 °C before further processing. Samples 

were then centrifuged at 18,000 x g and 4 °C for 20 minutes. The supernatant was transferred 
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to new Eppendorf tubes and centrifuged again with the same parameters. After 

centrifugation, the extracts were transferred to glass LC-MS vials and analyzed on a SCIEX 

QTRAP5500 mass spectrometer. Custom external standard solutions at known 

concentrations for acetate, glucose, and lactate, in addition to samples of RPMI 1640, DMEM 

and DMEM/F12 media, were used to create calibration curves associating signal intensity 

and metabolite concentration. The metabolite-associated signal intensity from samples 

was interpolated to its specific curve to determine the concentration. The absolute value of 

net flux for consumption or secretion of each quantitated metabolite was calculated in the 

following manner: 

𝑁𝑒𝑡 𝑓𝑙𝑢𝑥 [
𝑚𝑀

ℎ
] = | 

𝑛𝑡0
−  𝑛𝑡1

[𝑛𝑚𝑜𝑙]

𝑃𝐶𝑉𝑖𝑛𝑡[𝜇𝐿 ∙ ℎ]
 | (1) 

𝑛𝑡0
−  𝑛𝑡1

 indicates the difference of a metabolite’s quantity between the start and the end 

of the experiment. 𝑃𝐶𝑉𝑖𝑛𝑡 indicates the integrated packed cell volume throughout the 

duration of the experiment, which was calculated by assuming cell shape to be spherical 

and applying the formula for the volume of a sphere.  In order to account for the integrated 

number of cells during the entire duration of the experiment, 𝑃𝐶𝑉𝑖𝑛𝑡 was derived in the 

following manner (setting t0 = 0): 

𝑁(𝑡) = 𝑁(𝑡0) ∙ 𝑒𝑟𝑡 (2) 

∫ 𝑁(𝑡)𝑑𝑡 = ∫ 𝑁(𝑡0) ∙ 𝑒𝑟𝑡𝑑𝑡 = 𝑁(𝑡0) ∙
𝑒𝑟𝑡

𝑟
+ 𝑐 (3) 
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𝑡1

𝑡0
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𝑟𝑡0

𝑟
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𝑁(𝑡0)

𝑟
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𝑟𝑡1 − 𝑒
𝑟𝑡0) (4) 

∫ 𝑁(𝑡)𝑑𝑡 =
𝑡1

𝑡0

𝑁(𝑡0)

𝑟
∙ (𝑒
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𝑃𝐶𝑉𝑖𝑛𝑡 =  
4

3
𝜋𝑅3 ∙ [

𝑁(𝑡0)

𝑟
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𝑟𝑡1 − 1)] (6) 
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𝑅 indicates the average cell radius measured. 𝑁(𝑡) indicates the number of cells at the time 

t. 𝑟 indicates the proliferation rate specific for each cell line, which was calculated as: 

𝑟 =
𝑙𝑛 (

𝑁(𝑡1)
𝑁(𝑡0)

)

𝑡1

(7)
 

To calculate glutamine availability throughout the period of culture as described in Fig. 5.4, 

the area-under-the-curve of medium glutamine concentration between t0 and 72 hours was 

calculated in Prism 10.4.1 

Stable isotope tracing 

For isotope tracing experiments, 5·105 BT-474 cells were seeded with 3 mL of complete RPMI 

1640 in 6-cm dishes the day before the experiment. At the beginning of the experiment, for 

each condition in triplicate the medium was replaced with 3 mL of RPMI 1640 (without 

glucose and glutamine) supplemented with 10% dFBS, one of the isotope tracers, and either 

unlabeled glucose or glutamine depending on which tracer was added. The tracer 

concentrations matched the medium concentration for the corresponding unlabeled 

nutrient in the case of 13C6-glucose and 13C5-glutamine, while 13C2-acetate was provided at a 

final concentration of 1 mM. For each tracer condition, VY-3-135 was provided to the cells at 

a final concentration of 1 µM from stock solution dissolved in DMSO, while only for the 13C2-

acetate condition VY-3-135 was also given at 10 µM concentration. The relative control 

condition (vehicle) for each tracer and drug concentration was supplemented with 0.1% v/v 

DMSO. For intracellular metabolite extraction, the medium was aspirated and cells were 

washed with 3 mL of PBS. Cells were then scraped in 500 µl of ice-cold 80% methanol and 

all the content was transferred to Eppendorf tubes. Samples were processed in the same 

way as described above for medium samples and analyzed on a Thermo Q Exactive HF-X 

mass spectrometer.  

Intracellular metabolite content assay 

To measure the relative and absolute concentration of metabolites inside cultured cells, one 

day before the start of the experiment 5·105 cells were seeded with 3 mL of RPMI 1640 
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supplemented with 10% FBS. On the day of the experiment, the medium was replaced with 

3 mL of RPMI 1640 supplemented with 10% dialyzed fetal bovine serum (dFBS) and 

additional metabolites or drugs specified in the description for each figure. A set of three 6-

cm dishes was used for each condition tested. Fasnall, GSK2194069, VY-7-137, and BMS-

303141 were provided to the cells at the final concentration specified in each experiment 

starting from a stock solution dissolved in DMSO. The control condition (vehicle) was 

supplemented with a volume of DMSO equal to that of the treated conditions, which never 

exceeded 1% v/v. NDI-091143 was provided to the cells from a stock solution dissolved in 

10% v/v DMSO and 20% v/v (2-hydroxypropyl)-β-cyclodextrin. After 24 hours of incubation, 

intracellular metabolite extraction and processing were performed as described above for 

the stable isotope tracing experiment. Samples were analyzed on a SCIEX QTRAP 5500 mass 

spectrometer. Relative quantitation between experimental conditions or absolute 

concentrations were reported. To derive intracellular concentrations, initial concentrations 

calculated by interpolation of a standard curve were multiplied by a coefficient accounting 

for sample dilution in the following manner: 

𝑘𝑐𝑒𝑙𝑙𝑠
𝑠𝑡𝑑

=
𝑉𝑎𝑐𝑡𝑢𝑎𝑙 𝑜𝑓 𝑠𝑡𝑑

𝑉𝑎𝑐𝑡𝑢𝑎𝑙 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠

(8) 

 𝑉𝑎𝑐𝑡𝑢𝑎𝑙 𝑜𝑓 𝑠𝑡𝑑 indicates the actual volume of the standard solution before extraction that is 

injected, calculated by multiplying the volume injected for LC-MS analysis by the dilution 

ratio used during methanol extraction. 𝑉𝑎𝑐𝑡𝑢𝑎𝑙 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 indicates the actual cell volume before 

extraction that was injected, calculated by multiplying measured PCV by the volume injected 

for LC-MS analysis and dividing by the volume of methanol used for extraction. 

LC-MS metabolomics on SCIEX QTRAP 5500 

Analytes were separated on a SeQuant® ZIC®-pHILIC 150 x 2.1 mm column with 5 µm 

particles (MilliporeSigma cat. no. 1504600001 and 1504380001). Liquid chromatography 

parameters were as follows. Solvent A was water with 0.01% ammonium hydroxide and 20 

mM ammonium bicarbonate and solvent B was acetonitrile. A linear solvent gradient of a 

total duration of 22.5 min was started with 0.2 ml/min flow rate of 80% solvent B, 12.5 min – 
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30%, 15 min – 30%, 15.2 min – 80%, 20 min – 80%, 21 min – flow rate 0.3 ml/min, 22 min – 

flow rate 0.3 ml/min, 22.1 min – flow rate 0.2 ml/min. The autosampler temperature was 

maintained at 4 °C and the column was heated to 40 °C. The injection volume was 1 µl for 

medium samples, 2 µl for standard solutions and 5 µl for cell extracts. ESI source parameters 

were as follows: curtain gas 35, collision gas “Medium”, ion spray voltage 4500 V for both 

polarity modes, probe temperature 500 °C, ion source gas 1 and 2 at 70. Data were recorded 

in the polarity switching mode with scheduled advanced multiple-reaction monitoring 

(MRM) with most peaks acquired in 120 s windows. Pause between mass ranges 2 ms, 

minimum dwell time 2 ms, maximum 250 ms. MRM parameters were optimized by the direct 

injection of pure chemical standards. Details of the MRM tables are available upon request 

and will be included when the mass spectrometry data is deposited in Metabolomics 

Workbench. Data were analyzed in MultiQuant 3.0 and peak integration for metabolites of 

interest was manually corrected when necessary. Limit of detection (LOD) for each analyte 

was defined as the analyte concentration required to produce a signal greater than three 

times the standard deviation of the noise signal from blank samples. 

LC-MS metabolomics on Thermo Q Exactive HF-X 

The metabolomics analysis for isotope tracing in BT-474 cells was performed at The Wistar 

Institute Proteomics and Metabolomics Shared Resource. The chromatography method on 

the Thermo Fisher Scientific Q Exactive HF-X mass spectrometer was identical to the one 

described above for the SCIEX LC-MS system. The HESI ion source voltage was set to the 

following parameters: 3,600 V in both polarity modes, sheath gas 30, auxiliary gas 5, spare 

gas 0, probe heater 200 °C, capillary temperature 325 °C, S-Lens RF level 65. The mass 

spectrometer was set to acquire data in the polarity-switching mode averaging two 

microscans with 60,000 resolution, automatic gain control (AGC) target 5·106, scan range 

72-1080 m/z, and maximum orbitrap injection time (IT) 200 ms. Data were converted into the 

mzXML format by ProteoWizard and analyzed in MAVEN. All 13C isotopologue abundances 

were corrected by considering the natural abundance of 13C. 
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Lipid removal from serum 

The procedure for the removal of lipids from dialyzed fetal bovine serum was modified from 

a previously published protocol (243). In short, dFBS of the same production lot (A62H02L) 

used for all experiments was mixed 1:1 with a solution of organic solvents composed of 0.2 

vol. n-butanol and 0.8 vol. di-isopropyl ether. After stirring for 30 minutes at 300 rpm and 37 

°C, the mix was centrifuged at 4,000 x g and 37 °C for 15 minutes to separate the upper 

organic phase containing lipids and the lower aqueous phase containing serum proteins. 

The lower phase was recovered while the upper phase was discarded. The production of 

lipid-depleted serum was performed twice producing two separate products (LD-dFBS 

batch #1 and batch #2) and only in batch #2 the aqueous phase was mixed a second time 

with n-butanol and di-isopropyl ether and separated in the same manner to increase the 

fraction of lipids removed. After collecting the aqueous phase, each product batch was 

mixed with a volume of di-isopropyl ether equal to the starting volume of serum. After stirring 

for 30 minutes at 300 rpm and 37 °C, the mix was centrifuged at 4,000 x g and 37 °C for 15 

minutes and the lower phase was recovered while the upper phase was discarded. To 

remove organic solvent contaminants, 500 mL of lipid-depleted serum was dialyzed inside 

10K MWCO Slide-A-Lyzer™ dialysis flasks (Fisher Scientific, PI87762) against 4 L of saline 

solution (9 g/L sodium chloride, 0.34% w/v 2-hydroxypropyl-β-cyclodextrin). Dialysis was 

repeated six times with fresh saline solution every 12 hours. Protein content in the lipid-

depleted serum was measured by Pierce™ BCA protein assay kit (Fisher Scientific, 23227) 

and compared to control dFBS to ensure equal concentrations. The final product batches of 

LD-dFBS were sterilized by filtration through 0.2 µm Nalgene™ Rapid-Flow™ Sterile 

Disposable Filter Units with PES membranes (Fisher Scientific, 567-0020) and stored at -20 

°C. 

Serum sample preparation for LC-MS lipidomics analysis 

To assess the lipid content of the different sera, the EquiSPLASH™ LIPIDOMIX solution 

containing stable deuterium-labeled isotopologues representing 13 lipid classes was 

diluted 1:20 into each sample to act as an internal standard for normalization, and lipids 

were extracted from triplicate samples by the Folch method (244). Briefly, 50 µL of sample 
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was mixed inside 13 x 100 mm Pyrex glass tubes with 1 mL of methanol and 2 mL chloroform. 

After vortexing, 0.6 mL of PBS was added to initiate phase separation and samples were 

centrifuged at 3000 x g for 1 minute at room temperature. The lower phase was collected, 

and a slow stream of nitrogen gas was allowed to blow over the surface until the complete 

evaporation of the samples. The dried lipids were redissolved in 0.3 mL of a 1:1 mix of 

methanol:isopropanol and stored in glass LC-MS vials at -20 °C prior to analysis on a Thermo 

Scientific Q Exactive HF-X mass spectrometer.  

Serum sample preparation for LC-MS free fatty acid analysis 

To assess the global free fatty acid content of the different sera, 1 mL of each sample in 

triplicate was freeze-dried overnight at 48 °C on a Harvest Right Pro Freeze Dryer (model no. 

HRFDMBKP). Lipids were extracted by the Folch method in the same way as described above 

for the lipidomics analysis until the step of evaporation by nitrogen gas blowing. To perform 

saponification, the dried lipids were redissolved in 1 mL of a 0.3 M KOH solution in 1:1 

methanol:isopropanol and incubated at 95 °C for one hour. Afterwards, 100 µL of formic acid 

was added, followed by 2 mL of hexane for fatty acid extraction. After vortexing, samples 

were centrifuged at 3,000 x g for 1 minute at room temperature and the upper hexane phase 

was collected into new glass tubes. The extraction step was repeated and the two hexane 

phases for each sample were added together and dried under a nitrogen gas stream. 

Samples were redissolved in 1 mL of 1:1 methanol:isopropanol and stored in glass LC-MS 

vials at -20 °C prior to analysis on a SCIEX QTRAP5500 mass spectrometer. Custom external 

standard solutions at known concentrations for palmitic acid, stearic acid, oleic acid, 

phytanic acid and pristanic acid were used to create calibration curves associating signal 

intensity and concentration. 

LC-MS lipidomics analysis on Thermo Q Exactive HF-X 

The lipidomics analysis was performed at The Wistar Institute Proteomics and 

Metabolomics Shared Resource. Ultra-high performance liquid chromatography (UHPLC)-

electrospray-tandem mass spectrometry was performed independently for positive and 

negative ion modes on a Thermo Fisher Scientific Q Exactive HF-X mass spectrometer and 
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in-line Vanquish Horizon UHPLC System. Gradient LC separation used an Accucore C30 

Column (2.1 mm x 150 mm, 2.6 µm particle size, ThermoScientific, cat. no. 27826-152130) 

with 50:50 acetonitrile/water and 88:10:2 isopropanol/acetonitrile/water mobile phase 

solvents, both containing 5 mM ammonium formate and 0.1% formic acid. MS1 scans were 

acquired at 120k resolution, and data-dependent MS2 scans were acquired for the top 20 

ions at 15k resolution with 0.4 m/z isolation width and stepped NCE 20/30/40. Lipid species 

were identified based on MS/MS fragmentation compared to an in-silico database of >1.7 

million species based on known fragmentation of lipids and quantified by peak area using 

LipidSearch 4.2. Data were corrected by EquiSPLASH™ internal standard for represented 

lipid classes (Cer, ChE, DG, LPC, LPE, MG, PC, PE, PG, PI, PS, SM, and TG). For all datasets, 

identified lipid species were filtered by expected adduct and annotation grade based on lipid 

class. 

LC-MS free fatty acid analysis on SCIEX QTRAP5500 

Analyte separation was achieved with a Phenomenex Kinetex XB-C18 column (cat. no. 00F-

4496-Y0; 150 x 3 mm, 2.6 µM particle size) on a liquid chromatograph Shimadzu Prominence 

LC-20. The column compartment of HPLC is maintained at 65 °C, autosampler – at 20 °C. 

The mobile phase is composed of the two solvent mixtures: A – 60:40 acetonitrile:water with 

10 mM ammonium formate, B – 90:8:2 isopropanol:  acetonitrile:water with 10 mM 

ammonium formate. For solvent B, it was important to dissolve ammonium formate in water 

first and then mix it with the organic solvents. The buffer loop in the autosampler is filled with 

a mix of 50:50 isopropanol:methanol (95% of the final volume) and 5 % water. The injection 

volume was 1 µl. Solvent flow was maintained at 0.333 ml/min. Mobile phase composition 

was changing according to the following program (with respect to solvent B): 0 min – 15%; 

4.5 min – 60%; 12 min – 82%; 12.75 min – 95%; 16.5 min – 100%, 22.5 min – 100%; 22.6 min 

– 15%, maintained until 25 min. The mass spectrometry analysis was performed on SCIEX 

QTRAP5500. Chromatographic eluent was ionized in an electrospray ion source operating in 

the negative mode with the following parameters: collision gas pressure at “Medium”, Ion 

Source Gas 1 and 2 at 70 AU, Curtain Gas at 35 AU, source temperature 650 °C, source 

voltage -4,500 V, entrance potential (EP) -10 V. For all analytes, multiple reaction monitoring 
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(MRM) with optimized declustering potentials (DP), collision energies (CE), and collision cell 

exit potentials (CEX) were used according to Table 2.2. All fatty acids were monitored as 

parent ions passing through the collision cell. Applying the above-minimal collision energy 

increased the mass spectrometer sensitivity. Three attenuated channels with suboptimal 

sensitivity (increased CE) were introduced for the most abundant fatty acids to extend the 

dynamic range of the method and avoid oversaturation of the detector. Their parent ion mass 

was changed to distinguish from the original, optimized MRMs (red font). All MRMs used the 

UNIT resolution (±0.5 Da), 2 ms pause between masses, 2 ms minimal dwell time, 250 ms 

maximal dwell time. The method was built using the sMRM mode, when each MRM was 

invoked in a 240 s window centered on the corresponding retention time (RT). 

Desat N(C) Q1 Q3 RT (min) ID DP CE CXP 
0 10 171.103 171.103 2.50 FA_10:0 -60 -10 -20 
0 11 185.118 185.118 2.50 FA_11:0 -60 -10 -20 
0 12 199.134 199.134 4.57 FA_12:0 -60 -15 -20 
0 13 213.15 213.15 4.93 FA_13:0 -90 -15 -20 
0 14 227.165 227.165 5.53 FA_14:0 -140 -15 -20 
0 15 241.181 241.181 6.08 FA_15:0 -140 -15 -15 
2 16 251.165 251.165 5.3 FA_16:2 -110 -10 -15 
1 16 253.181 253.181 5.78 FA_16:1 -140 -15 -25 
0 16 255.197 255.197 6.6 FA_16:0 -140 -15 -20 
0 16 255.198 255.197 6.6 FA_16:0 ATTN -140 -36 -20 
1 17 267.197 267.197 6.3 FA_17:1 -140 -15 -25 
0 17 269.176 269.176 7 FA_17:0 -120 -20 -15 
0 16 271.228 271.228 4.2 FA_16:0-OH -170 -20 -20 
4 18 275.176 275.176 4.77 FA_18:4 -100 -10 -30 
3 18 277.166 277.166 5.63 FA_18:3 -110 -15 -30 
2 18 279.197 279.197 6.07 FA_18:2 -140 -15 -30 
1 18 281.212 281.212 6.74 FA_18:1 -130 -20 -25 
1 18 281.213 281.212 6.74 FA_18:1 ATTN -130 -39 -25 
0 18 283.191 283.191 7.47 FA_18:0 -170 -15 -15 
0 18 283.192 283.191 7.47 FA_18:0 ATTN -170 -38 -15 
3 19 291.181 291.181 6.1 FA_19:3 -150 -10 -15 
2 19 293.212 293.212 6.55 FA_19:2 -80 -10 -25 
1 19 295.191 295.191 7.13 FA_19:1 -300 -15 -25 
0 19 297.207 297.207 8.21 FA_19:0 -300 -15 -20 
0 18 299.259 299.259 4.9 FA_18:0-OH -170 -15 -30 
5 20 301.217 301.217 4.6 FA_20:5 -120 -15 -30 
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4 20 303.207 303.207 5.84 FA_20:4 -140 -10 -30 
3 20 305.197 305.197 6.51 FA_20:3 -150 -15 -30 
2 20 307.228 307.228 7 FA_20:2 -150 -15 -30 
1 20 309.207 309.207 7.55 FA_20:1 -280 -20 -30 
0 20 311.223 311.223 8.34 FA_20:0 -300 -15 -35 
5 21 315.233 315.233 5.79 FA_21:5 -120 -15 -25 
4 21 317.223 317.223 6.75 FA_21:4 -140 -10 -25 
3 21 319.213 319.213 6.93 FA_21:3 -120 -10 -20 
2 21 321.243 321.243 7.49 FA_21:2 -140 -15 -35 
1 21 323.223 323.223 8.23 FA_21:1 -300 -20 -30 
0 21 325.238 325.238 9.25 FA_21:0 -300 -15 -30 
0 20 325.275 325.275 5.9 FA_20:1-OH -140 -10 -30 
0 20 327.29 327.29 5.62 FA_20:0-OH -140 -10 -30 
5 22 329.249 329.249 6.2 FA_22:5 -130 -10 -30 
4 22 331.238 331.238 6.64 FA_22:4 -170 -15 -30 
3 22 333.228 333.228 7.2 FA_22:3 -280 -20 -35 
2 22 335.259 335.259 7.72 FA_22:2 -300 -15 -25 
1 22 337.238 337.238 8.4 FA_22:1 -300 -20 -30 
0 22 339.254 339.254 9.3 FA_22:0 -300 -20 -30 
0 21 341.306 341.306 7 FA_21:0-OH -120 -10 -35 
1 23 351.254 351.254 9.37 FA_23:1 -300 -20 -30 
0 23 353.27 353.27 9.7 FA_23:0 -300 -20 -30 
0 22 355.322 355.322 6.56 FA_22:0-OH -160 -10 -35 
5 24 357.28 357.28 6.85 FA_24:5 -170 -15 -30 
4 24 359.27 359.27 7.33 FA_24:4 -210 -15 -35 
3 24 361.26 361.26 7.9 FA_24:3 -300 -15 -35 
2 24 363.29 363.29 8.5 FA_24:2 -300 -20 -30 
1 24 365.27 365.27 9.27 FA_24:1 -300 -20 -30 
0 24 367.285 367.285 10.18 FA_24:0 -300 -20 -40 
1 25 379.285 379.285 10.33 FA_25:1 -300 -20 -30 
0 25 381.301 381.301 10.67 FA_25:0 -300 -20 -40 
5 26 385.311 385.311 7.6 FA_26:5 -170 -15 -30 
4 26 387.301 387.301 8.49 FA_26:4 -210 -15 -35 
3 26 389.291 389.291 9.13 FA_26:3 -300 -15 -35 
2 26 391.322 391.322 9.35 FA_26:2 -300 -20 -40 
1 26 393.301 393.301 10.87 FA_26:1 -300 -20 -40 
0 26 395.317 395.317 11.12 FA_26:0 -300 -25 -40 
1 27 407.317 407.317 11.38 FA_27:1 -300 -20 -30 
0 27 409.332 409.332 12.5 FA_27:0 -300 -20 -40 
4 28 415.332 415.332 9.3 FA_28:4 -210 -15 -35 
3 28 417.322 417.322 10.08 FA_28:3 -300 -15 -35 
2 28 419.353 419.353 10.88 FA_28:2 -300 -20 -30 
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1 28 421.332 421.332 11.08 FA_28:1 -300 -30 -50 
0 28 423.348 423.348 12.2 FA_28:0 -300 -20 -50 
0 30 451.379 451.379 12.87 FA_30:0 -300 -20 -50 
0 32 479.484 479.484 13.65 FA_32:0 -300 -20 -50 
0 34 507.514 507.514 14.3 FA_34:0 -300 -20 -50 
0 36 535.545 535.545 15.3 FA_36:0 -300 -20 -50 
0 38 563.577 563.577 16 FA_38:0 -300 -20 -50 

 
Table 2.2: MRM method for free fatty acid analysis. 

Resazurin reduction assay 

Resazurin reduction was used to assess the short-term effects of medium composition on 

the assay in Fig. 5.2 and as a proxy for cell count in all other experiments where it was 

employed. Sterile 0.15 mg/mL resazurin stock was prepared in PBS. Unless otherwise 

specified, 100 µL of a suspension of 1·104 cells in complete RPMI 1640 was seeded per well 

in 96-well plates previously coated for 1 hour with a solution of 200 µg/mL poly-l-lysine in 

PBS buffer. After 6 hours to allow surface attachment, the medium was replaced with 100 µL 

of RPMI 1640 supplemented with serum, metabolites, and/or drugs as specified in the 

description for each result figure. For the experiments described in Fig. 5.1 and 5.2, the 

medium was immediately mixed with resazurin stock 1:6, while in all other experiments cells 

were incubated for 24 or 48 hours as specified for each experiment before the medium was 

replaced with fresh RPMI 1640 with 10% dFBS mixed with resazurin stock 1:6. After adding 

resazurin, cells were incubated for 90 minutes, and resorufin fluorescence was measured 

(560 nm excitation, 590 nm emission wavelengths) on a BMG Labtech CLARIOstar Plus or a 

Tecan Spark Cyto plate reader. 

Cell proliferation assay 

Cell proliferation was assessed by counting with the Countess™ II FL Automated Cell 

Counter, in the same way as described above for the medium metabolite consumption 

assay, in experiments reported in Fig. 5.2b, 5.3b and 5.3c. For the experiments reported in 

Fig. 5.8c, cell count was obtained by imaging 96-well plates inside a Tecan Spark Cyto plate 

reader. For the experiments reported in Fig. 5.12d, cell count was obtained by imaging 96-

well plates incubated at 37 °C and 5% CO2 every hour for 24 hours inside a Tecan Spark Cyto 
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plate reader. Tecan Spark Cyto images were analyzed with ImageAnalyzer 1.2 to determine 

cell object count. In all other experiments where cell number is reported, it was done by 

using the resazurin reduction assay as described above. 

Cell death assay  

Propidium iodide (PI) cell staining at a concentration of 4 µg/mL was used to assess the 

percentage of cell death. Control cells were treated with 70% ethanol prior to PI staining to 

measure the signal for 100% cell death. PI fluorescence signal was measured on an Odyssey 

M Imager (LICORBio, cat. no. 3350-00). Images were analyzed in Empiria Studio 3.1. 

Plasmid purification 

Stbl3 competent E. coli already transformed with the shRNA constructs were obtained from 

the MISSION® shRNA repository at The Wistar Institute. Stbl3 competent E. coli already 

transformed with the expression constructs for hACSS1-HA, hACSS2-FLAG, and the Cas9 

BFP-gGFP reporter were obtained from VectorBuilder. Stbl3 competent E. coli already 

transformed with the expression constructs for H2B-GFP were obtained as a gift from the 

laboratory of Dr. Yaron Fuchs. Bacterial cells were incubated for 16-20 hours in 250 mL of LB 

medium with 100 µg/ml ampicillin at 37 °C under constant 220 rpm shaking. Afterwards, the 

cell suspension was centrifuged at 6500 x g and 4 °C for 15 minutes. Plasmid purification 

from the cell pellet was performed using the NucleoBond Xtra midi-prep kit (Macherey-

Nagel, cat. no. 740410) according to the procedure for low copy plasmids outlined in the kit’s 

manual. The purified DNA was reconstituted in 200 µL of 10 mM Tris buffer (pH 8.0) and the 

concentration was measured using a DeNovix DS-11 spectrophotometer. 

Lentiviral vector production 

HEK-293T cells were used to produce the lentiviral vectors employed for packaging shRNA 

knockdown or expression constructs. Briefly, 15·106 were seeded in 15-cm dishes that had 

been previously coated for 1 hour with a solution of 200 µg/mL poly-l-lysine in PBS buffer. 

The next day, complexation between 18 µg of psPAX2, 9 µg of pVSV-G and 25 µg of the target 

plasmids with 100 µg PEI in 1.2 mL of DMEM without FBS was allowed to proceed for 10 

minutes at room temperature. Cells were washed with PBS, then 14 mL of DMEM without 
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FBS and the PEI/DNA suspension were added to the dishes to allow transfection. After one 

day of incubation, the medium was replaced with 15 mL of complete DMEM. Culture 

medium containing lentiviral particles was collected and replaced by fresh medium for the 

following two days. To remove floating HEK-293T cells and avoid inter-cell line 

contamination, the collected medium was centrifuged at 500 x g for 10 minutes and then 

filtered through a 0.45 µm PES unit (Fisher Scientific, cat. no. FB12566501). Lentivirus-

containing medium was stored at -80 °C. 

Lentiviral transduction 

Stable isogenic cell lines were generated using lentiviral transduction. Lentiviral vectors for 

all knockdown and expression constructs were produced as described above, except for the 

hCas9 (pFUGW-Bsd-EFS>hCas9) expression vector which was obtained from Addgene. 

Target cells were transduced in the presence of 10 µg/mL of polybrene or 1 mg/mL 

synperonic F108 (the latter only for Jurkat cells as described in Fig. 5.18) and either 0.1% 

viral medium for the hCas9 vector or 20% viral medium for all other lentiviral vectors. Stable 

cell pools were selected using 1 – 10 µg/mL puromycin (all shRNA vectors), 1 – 10 µg/mL 

blasticidin S (hACSS1-HA, hCas9), 250 – 1000 µg/mL hygromycin B (hACSS2) or 250 – 1000 

µg/mL G418 (hSLC16A13). 

Flow cytometry  

For propidium iodide (PI) staining, control or GSK2194069-treated HEK-293 cells, previously 

cultured with either 10% dFBS or 10% LD-dFBS, were stained for 30 minutes with 4 µg/mL 

PI, then trypsinized, resuspended in FACS buffer (PBS, 2% FBS, 1 mM EDTA), and passed 

through a 40 µm nylon mesh strainer. PI fluorescence was measured on a BD FACSymphony 

A5 SE Cell Analyzer and analyzed in FlowJo 10.10.0. 

To determine lentiviral transduction efficiency, 1·105 cells were seeded in 12-well plates and 

infected with either lentiviral medium for H2B-GFP (Jurkat, MOLM-13), the human (HEK-293 

ACSS2-OE Cas9 clone 73) or mouse (D42 mAcly KO Cas9 clone 6, B6Tag2.03 Cas9 clone 15) 

whole genome gRNA CRISPR library viral medium at volume percentages specified in the 

figure description for each experiment. After 3 days in incubation, cells were trypsinized, 
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resuspended in FACS buffer, and passed through a 40 µm nylon mesh strainer. GFP 

fluorescence was measured on a BD FACSymphony A5 SE Cell Analyzer and analyzed in 

FlowJo 10.10.0. 

The percentage of the target cell line containing active Cas9 expression was determined by 

transduction with lentiviral vectors for the Cas9 BFP-gGFP construct as described above. 

Three days after infection, cells were trypsinized, resuspended in FACS buffer, and passed 

through a 40 µm nylon mesh strainer. GFP and BFP fluorescence was measured on a BD 

FACSymphony A5 SE Cell Analyzer and analyzed in FlowJo 10.10.0. A clonal cell line 

population was considered as having homogeneous Cas9 activity if the percentage of the 

infected subpopulation having lost GFP fluorescence was between 98 to 99%. 

Long-term culture trial of CRISPR screen conditions 

To determine the viability of CRISPR screen culture conditions, 5·105 HEK-293 ACSS2-OE 

were seeded in 6-cm dishes, previously coated for 1 hour with a solution of 200 µg/mL poly-

l-lysine, with 4 mL of RPMI 1640 supplemented  either 10% dFBS or 10% LD-dFBS, 50 µm 

NDI-091143 and 5 mM acetate as described in Fig. 5.17. Phase-contrast micrographs were 

taken with an EVOS M5000 microscope (ThermoScientific, cat. no. AMF5000SV) and cells 

were trypsinized and re-plated at the days and ratios specified in the figure.  

Single cell clones 

Single cell clones were obtained for HEK-293 ACSS2-OE Cas9, D42 mAcly KO Cas9, and 

B6Tag2.03 Cas9 lines by flow cytometry assisted cell sorting (FACS) of single cells into three 

96-well plates per cell line using a Cytek Aurora CS spectral sorter. Micrographs of the wells 

were taken daily with a Tecan Spark Cyto plate reader to identify true single clonal 

populations, and medium was refreshed every three days until the time when cell number 

allowed for trypsinization and expansion on larger plates. Evaluation of active Cas9 

expression for each clone was performed as described above by flow cytometry. 

CRISPR KO Screen 
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To perform the CRISPR KO screen, 5.5·106 D42 mAcly KO Cas9 clone 6 cells were seeded in 

ten 15-cm dishes each with 15 mL of complete DMEM without pyruvate, 10 mg/mL 

polybrene, and 0.0125% v/v of murine whole genome gRNA CRISPR library buffer and 

incubated at 37 °C and 5% CO2. From day 3 to day 21 of culture, spent medium was replaced 

with 20 mL of fresh complete DMEM without pyruvate every day and cells were trypsinized 

when surface confluency reached 80%. Between day 9 and day 17, cells were selected for 

puromycin resistance by supplementing the medium with 5 µg/mL puromycin. On day 22, 

cells were trypsinized and 5.5·106 cells were seeded in triplicate in 15-cm dishes with 20 mL 

of RPMI 1640 and the following supplementations for each condition: 1) 10% dFBS; 2) 10% 

LD-dFBS + 5 mM acetate; 3) 10% LD-dFBS + 5 mM pyruvate; 4) 10% LD-dFBS + 2 mM 

triacetin. For the following 15 days of culture, the spent medium was replaced with fresh 20 

mL every day for each replicate dish. When the confluency of the most rapidly proliferating 

condition (10% LD-dFBS + 5 mM acetate) reached 80%, cells in all conditions were 

trypsinized and re-plated while keeping each replicate dish separate. On day 37, each 

replicate dish was trypsinized and, after washing with ice-cold PBS two times, genomic DNA 

extraction was performed using the NucleoBond CB 500 genomic DNA extraction kit 

(Macherey-Nagel cat. no. 740509) according to the manufacturer’s instructions. DNA 

concentration was measured using a DeNovix DS-11 spectrophotometer, and 40 µg of DNA 

for each replicate was stored at -20 °C. PCR amplification of the gRNA regions, high-

throughput sequencing, and gRNA identification was performed by VectorBuilder. 

Throughout the screen period, green wavelength epifluorescence micrographs of the cells 

were taken with an EVOS M5000 microscope. 

Western blot 

For intracellular protein analysis, cells were scraped into ice cold PBS and lysed in RIPA 

buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% Triton X-100, 1.0% sodium deoxycholate, 1.0% 

SDS, pH 8.0) with fresh Pierce™ Protease inhibitor mini tablets (Fisher Scientific, cat.no. 

A32953), 0.5 mM PMSF, and 1 µL of Benzonase® endonuclease (MilliporeSigma, cat. no. 

71205-M). Protein content was measured by BCA assay. For each cell lysate, equal amounts 

of protein were incubated in 1X Laemmli buffer (Bio-Rad, cat. no. 1610747) supplemented 
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with 10% β-mercaptoethanol for 5 minutes at 95 °C. Gel electrophoresis of the samples was 

performed on 4–20% Mini-PROTEAN® TGX™ precast polyacrylamide gels (Bio-Rad, cat. no. 

4561096), setting a constant voltage of 50V for the first 20 minutes, followed by 120V for one 

hour. Separated proteins were transferred onto 0.45 µm nitrocellulose membranes using the 

Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad, cat. no. 1703940). Membranes were blocked 

from non-specific interactions using 5% w/v milk in Tris-buffered saline solution (20 mM Tris, 

150 mM NaCl) with 0.1% w/v Tween-20 (TBST) for 1 hour at room temperature prior to 

overnight incubation with primary antibodies at 4 °C. Primary antibodies were diluted in a 

solution of 1% w/v bovine serum albumin (BSA) (MilliporeSigma, cat.no. A7030) and 0.05% 

w/v sodium azide in TBST. Primary antibodies directed against ACSS1 (ProteinTech, cat. no. 

17138-1-AP) and ACSS2 (Cell Signaling Technology, cat. no. 3658) were used at a 1:1000 

dilution. The primary antibody against β-actin was diluted 1:5000. The next day, membranes 

were washed three times with TBST and incubated with secondary antibodies at a 1:20000 

dilution for 1 hour at room temperature. For fluorophore-conjugated secondary antibodies, 

final images were collected on a LiCor Odyssey Infrared Imaging System 9120 (LICORBio, 

cat. no. 26288). For HRP-conjugated secondary antibodies, the membranes were covered 

for 5 minutes with HRP substrate, and final images were collected on an Amersham Imager 

680. 

Cancer cell line gene expression data 

Data on gene expression levels for cancer cell lines were retrieved from the Cancer Cell Line 

Encyclopedia on May 15th 2025 through the Broad CCLE Portal (https://depmap.org) as raw 

RNAseq RPKM values. RNASeq RPKM values were normalized by setting RPKM values of cell 

line-gene pairs with very low expression levels to 0.01.  

A composite score of ACSS1 and ACSS2 expression for the cell lines used in metabolic net 

flux experiments was calculated as a weighted sum of the normalized RNAseq RPKM values 

for the two genes from CCLE. The weights used (𝑤1 and 𝑤2) were determined by computing 

a multiple linear regression in Excel using this model: 

𝐹 = 𝑤0 +  𝑤1𝐺1 + 𝑤2𝐺2 + 𝜀 (9) 
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𝐹 indicates the value of net acetate metabolic flux. 𝐺1 and 𝐺2 represent the expression level 

of ACSS1 and ACSS2. 𝑤0 indicates the baseline value when 𝐺1 = 𝐺2 = 0. 𝑤1 indicates the 

change in flux for a one-unit increase of the expression level of 𝐺1, holding 𝐺2 constant. 𝑤2 

indicates the change in flux for a one-unit increase of the expression level of 𝐺2, holding 𝐺1 

constant. 𝜀 indicates the residual error.  

The heatmap of expression of all transporters was created by identifying solute carrier (SLC) 

gene names in CCLE and matching them with a curated list of SLC genes produced by 

integrating the information available on https://slc.bioparadigms.org/, the HUGO Gene 

Nomenclature Committee (https://www.genenames.org/data/genegroup/#!/group/752), 

and the most recent SLC transporter list produced by the RESOLUTE Consortium (Goldmann 

et al., 2025). The heatmap was created in R from a dataset matching normalized Log10 RPKM 

values for each transporter to all CCLE cell lines. Clustering distance rows and columns 

were Euclidean and clustering method was complete. The heatmap including only SLC16 

genes and cell lines used for metabolic net flux experiments was created in Prism 10.4.1 

from the same dataset. 

Triacetin conversion to acetate 

To assess the extent of triacetin hydrolysis in a non-biological environment, a solution of 2 

mM triacetin in water was conserved at 4 °C for 6 months. Acetate content was analyzed and 

compared to a 2 mM triacetin solution made on the same day when metabolite extraction 

was performed. To assess the extent of enzymatic conversion of triacetin into acetate, 1·106 

D42 mAcly KO cells were seeded in 6-cm dishes, and the following day medium was 

replaced with 3 mL of RPMI 1640 supplemented with 10% dFBS and 2 mM triacetin. 100 µL 

of medium was collected after 1 and 24 hours of incubation. Metabolite extraction and 

metabolomics analysis was performed as described above for the medium metabolite 

consumption assay. 
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Statistics 

The methods used for statistical analysis are reported in the description of each figure. All 

statistical tests using experimental data were performed in Prism 10.4.1, except for those in 

Fig.5.22 which were performed in Excel.  

The Pearson correlation coefficient (r) and the coefficient of determination (R2) between 

standard concentrations and peak intensities, those between metabolic net fluxes for 

acetate, glucose, and glutamine, as well as those between metabolic net fluxes and the 

expression levels of ACSS1 and ACSS2 were computed in Prism 10.4.1. The pairwise 

correlations between ACSS1 or ACSS2 and either all SLC genes (Table 4.1, Fig. 4.3) or only 

SLC16 genes (Table 4.2) were computed in R. Cell lines having RPKM values of 0.01 for at 

least one of the two genes in the pair were excluded from the calculation. 

The IC50 concentration values for NDI-091143 were calculated in Prism 10.4.1 by 

interpolation of a sigmoidal 4-parameter logistic model with 95% confidence interval (CI). 
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CHAPTER 3: ACETATE IS A METABOLIC SOURCE FOR ENERGY PRODUCTION 

AND BIOSYNTHESIS IN CANCER CELLS 

3.1 Introduction 

Acetate is recognized as a major alternative nutrient source of acetyl-CoA in cancer cells 

and immune cells, and its presence consequently influences oxidative respiration, lipid 

metabolism, and epigenetic regulation to sustain cell proliferation. In this chapter, we 

sought to build a quantitative and functional understanding of how different cell line models 

consume acetate, while validating the analytical metabolomics method and the chemical 

inhibitors that we employ throughout this work to manipulate and study the downstream 

metabolism of acetate. 

3.2 Results 

LC-MS metabolomics method workflow and validation 

To investigate the metabolic activity of cancer models, our laboratory has developed a 

targeted metabolomics method employing liquid chromatography-mass spectrometry (LC-

MS) to identify and quantify more than 250 polar metabolites. Our methodology, which relies 

on a triple quadrupole SCIEX QTRAP5500 LC-MS/MS system, allows the direct detection of 

low molecular weight carboxylic acids (LMWCA) such as short-chain fatty acids (SCFA). 

SCFA are not directly detected by Orbitrap mass spectrometry systems commonly used in 

contemporary academic research (245–248). This is due to the high polarity of SCFA, low 

molecular weight, poor retention on reversed phase chromatographic columns, and poor 

ionization (249,250). This issue can be addressed by applying chemical derivatization 

methods that modify the original molecule to improve ionization, molecular fragmentation 

and, ultimately, allow detection (251). However, derivatization introduces an additional 

element of variability to the processing of each sample and can lead to additional chemical 

reactions that complicate accurate identification and quantitation unless appropriate steps 

are taken to ensure the presence of suitable internal standards that undergo identical 

preparation steps (252).  
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With our targeted method, each analyte has been identified and validated from a reference 

standard in a pure matrix, and its limit-of-detection (LOD) concentration has been 

determined. As such, post-hoc fragment identification is not necessary, eliminating the 

possibility of incorrect identification of parental ions from ambiguous detected fragments in 

an untargeted fashion (253). These capabilities have been employed in this project to 

measure the impact of a variety of treatments on a panel of cancer cell line models through 

medium and intracellular metabolomic analyses (Fig. 3.1). Absolute quantitation was made 

possible by the concurrent analysis of custom-made external standard solutions of known 

concentration for specific analytes of interest, most notably acetate, glucose, and lactate 

(Fig. 3.2e), and of aliquots of the most commonly used commercial culture media, such as 

RPMI 1640, DMEM, and DMEM/F12 for quality control (QC) and supplementation of the 

standard curves. 

 

Figure 3.1: Schematic summary of the procedure for medium and intracellular 

metabolite extraction and targeted LC-MS metabolomics analysis. 

Analytes identified by their specific mass-to-charge ratios and chromatographic retention 

times were quantified by their peak height and area intensity (Fig. 3.2a). With both 

parameters we determined that the analyte signal intensity and known concentration of 

each standard solution were linearly correlated with each other and could be used for 

quantitation by interpolation inside the concentration window measured (Fig. 3.2b). 

Experimental samples were analyzed in batches, and, during a period of 13 months, 
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repeated measurements of the same standard solutions remained broadly consistent both 

in terms of signal intensity of the same standard dilution and of relative difference between 

different dilutions (Fig. 3.2c). Similarly, peak area intensities for acetate, glucose, lactate, 

and glutamine measured between the first and the last analyses were found to be tightly 

correlated, indicating that the performance of the method remained comparable throughout 

the whole period considered (Fig. 3.2d). Overall, we find that our metabolomics platform 

allows us to accurately and consistently identify and quantify key metabolites involved in 

cancer cell biology. 
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Figure 3.2: Our targeted LC-MS metabolomics method is accurate and 

consistent over a period of 13 months. (a) Schematic of the process of analyte-

peak assignment matching detected fragments with previously annotated mass-to-
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charge ratios and chromatographic retention times, followed by peak height and 

area intensity signal recording. (b) Linear correlation between peak height or area 

intensity and known concentration inside the standard dilutions for acetate, 

glucose, and lactate. Data points represent means, error bars represent standard 

deviations (n = 3). Coefficients of correlation (r) and determination (R2) and p-value 

for Pearson’s correlation test are reported. (c) Peak area intensities from standard 

dilutions for acetate, glucose, and lactate in 17 measurement rounds during a 13 

months period. Data points represent log10(means), error bars represent standard 

deviations (n = 3). (d) Linear correlation of peak height and area intensities 

measured for acetate, glucose, lactate, and glutamine between measurement 

round 1 (2024) and 17 (2025). Data points represent 288 individual peak pairs. 

Coefficients of correlation (r) and determination (R2) and p-value for Pearson’s 

correlation test are reported. (e) Summary table of the concentration of acetate, 

glucose, and lactate in each standard dilution and of their limit-of-detection (LOD) 

for the analytic method employed. 

Acetate import into cells follows a zeroth-order kinetics indicative of active transport 

Active and facilitated membrane transport of a solute across the lipid bilayer of cells is 

dependent on the availability of transporter sites. Thus, if all sites are engaged by the solute, 

the mechanism is saturated, and the velocity of transport reaches a maximal value 

independent of the solute’s concentration in a manner similar to that of an enzyme-

substrate reaction. In this scenario, the transport rate or flux of the solute through the cell 

follows a zeroth-order kinetics model. On the other hand, passive diffusion and carrier-

mediated transport at low solute concentration follow a first-order kinetics model, which is 

dependent on the solute’s concentration (254) (Fig.3.3a). 

To confirm that acetate import inside cells is mediated by active transport through one or 

more transporter proteins, we measured the disappearance of acetate from the medium of 

cultured COLO800 melanoma cells starting at a concentration of 0.8 mM. This cell model 

was chosen because our laboratory has previously demonstrated their ability to rapidly 
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metabolize acetate (151). As expected, we confirm that acetate, similarly to glucose, 

disappears from the medium following a zeroth-order kinetics model whereby the rate of 

consumption remains constant even as the concentration in the medium drops by more 

than 75% in twelve hours (Fig.3.3b). 

 

Figure 3.3: Acetate disappearance from culture medium follows a zeroth-order 

kinetics model like glucose. (a) Schematic scenarios comparing the processes of 

passive diffusion and active carrier-mediated transport of high concentration 

solutes for acetate. In the case of passive diffusion (top), transport is non-saturable, 

and transport flux directly depends on the solute’s concentration. In the case of 

active transport at high solute concentration (bottom), the transport mechanism is 

saturated, and flux is independent from the solute’s concentration. [S]: solute 

concentration; k: solute-specific transport constant; Km: equilibrium constant, i.e. 

the concentration of solute at which transport rate is half of the maximal rate. (b) 

Acetate (top) and glucose (bottom) concentration (mM) in the medium of cultured 

COLO800 cells. Data points represent means, error bars represent standard 

deviations (n = 3). Coefficients of correlation (r) and determination (R2) and p-value 

for Pearson’s correlation test are reported. 
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Acetate consumption varies between cancer cell lines and does not correlate with 

glutamine or glucose consumption 

To better understand the magnitude of acetate utilization in different cancer models, we 

measured the disappearance of acetate in the medium of 28 cultured human cell lines of 

various cancer type backgrounds. To account for the different proliferation rates of the 

various lines during the culture period, we calculated the net flux of metabolite consumption 

for acetate, glucose, and glutamine. Given that flux is the change in metabolite quantity 

normalized by the total volume of cells present in culture throughout the time considered, it 

allows the comparison of net consumption or secretion of metabolites between different 

cell lines, regardless of their number or the total time of culture for each experiment 

performed, as long as steady-state metabolic conditions are maintained. (Fig. 3.4a). 

Overall, we find that the magnitude of acetate consumption flux varies both between 

different cancer types and between cancer lines of the same tissue of origin (Fig. 3.4c). For 

example, the breast cancer cell lines HCC1569, HCC1419 and BT-474 exhibit some of the 

largest net acetate consumption fluxes among all surveyed cell lines, while another breast 

cancer model in the form of the MDA-MB-231 cell line shows the lowest net consumption of 

acetate. In a similar way, the colorectal cancer cell lines HT-55 and HCT116 are again found 

at the opposite ends of the list, having one of the highest and one of the lowest net 

consumption fluxes of acetate respectively. For many of the cell lines surveyed, glutamine 

consumption flux is similar or higher than that of acetate except for four in which, 

surprisingly, it is significantly lower (breast HCC1419, BT-474, T47D and melanoma WM793), 

highlighting the role that acetate performs in acting as a carbon source for actively 

proliferating cancer cells together with glucose and glutamine. Lastly, by comparing the 

concentration of acetate in the medium at the start and end of experiments where it was not 

originally added, we find that cell lines not meaningfully consuming acetate, such as the 

human colorectal cancer HCT116 or the murine triple negative breast cancer B6TAg2.03, 

readily secrete acetate to concentrations above 100 µM after 24 hours. On the contrary, 

highly consuming cell lines such as HCC1419 do not appear to secrete any significant 

amount of acetate after 24 hours and only secrete around 20 µM of acetate after 48 hours, 
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although, unlike net flux, these concentration measurements are contingent on the specific 

conditions of each experiment (Fig.3.4d). Overall, these data point to a pattern whereby cell 

lines capable of metabolizing acetate in large quantities can recycle endogenously derived 

acetyl moieties derived from protein de-acetylation or acetyl-CoA hydrolysis, while cell lines 

that have limited acetate-metabolizing capabilities secrete it in the extracellular 

environment (Fig.3.4b). 

 

Figure 3.4: Acetate net consumption varies between cancer cell lines is 

comparable to glutamine net consumption. (a) Schematic of the experimental 

procedures for the calculation of cellular metabolite net flux following LC-MS 
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analysis on SCIEX QTRAP5500 of spent medium. 𝑛𝑡0 − 𝑛𝑡1: variation of metabolite 

quantity during the assay period; PCVint: packed cell volume integrated for the 

duration of the experiment. (b) Table summarizing the observation that acetate 

consumption and secretion are inversely correlated in different cell lines. (c) 

Acetate and glutamine net consumption flux (mM/h) measurements in 28 human 

cell lines. Cell lines are listed in descending order of acetate net flux. Bar heights 

represent means, error bars represent standard deviations (n = 3). (d) Medium 

acetate concentration in fresh and spent medium of HCT116, B6TAg2.03, and 

HCC1419 cell lines. “+” denotes experiments in which 1.5 mM acetate was added 

at the start, “-” denotes experiments in which acetate was not added. “n.d.” 

indicates conditions where acetate was not detected in the medium. Bar heights 

represent means, error bars represent standard deviations (n = 3). P-value for 

unpaired two-tailed Student’s t test is reported. 

As expected, while acetate and glutamine net consumption fluxes are mostly found to be 

between 5 and 40 mM/h, glucose net consumption flux is higher for most cell lines and is 

found to be between 50 and 150 mM/h. However, the BT-474 cell line is again a unique 

exception in which glucose net consumption is lower than that of acetate (Fig.3.5a). As an 

indication of overall metabolic activity of the different cell lines, glucose and glutamine net 

fluxes positively correlate with each other. On the other hand, acetate flux does not correlate 

with glucose or glutamine flux, suggesting that acetate consumption may be dependent on 

either the expression of its transporter proteins or of the two acetyl-CoA synthetases ACSS1 

and ACSS2, rather than on overall metabolic activity (Fig.3.5b). 
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Figure 3.5: Acetate consumption flux does not correlate with those of glucose 

or glutamine. (a) Glucose net consumption flux (mM/h) measurements in 28 

human cell lines. Cell lines are listed in descending order of acetate net flux 

according to the previous figure. Bar heights represent means, error bars represent 

standard deviations (n = 3). (b) Linear correlation between glucose and acetate net 

flux (left), glucose and glutamine net flux (center), and acetate and glutamine net 

flux (right). Data points represent means, error bars represent standard deviations 

(n = 3). Coefficients of correlation (r) and determination (R2) and p-value for 

Pearson’s correlation test are reported. 

Acetate consumption flux positively correlates with ACSS1 and ACSS2 gene expression 

The enzymes ACSS1 and ACSS2, located in the mitochondrial and nucleocytosolic 

compartments respectively, are primarily responsible for metabolizing acetate by converting 

it into acetyl-CoA (Fig.3.6a). For this reason, it is not surprising to find that experimentally 

measured acetate net consumption flux positively correlates with the expression levels of 
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ACSS1 and ACSS2 based on the data from the Cancer Cell Line Encyclopedia (CCLE) 

(Fig.3.6b). Overexpression of ACSS1, ACSS2 or both in cell lines previously shown to have 

low acetate consumption flux and low expression of the two enzymes (HEK-293 and LOX-

IMVI) indicate that consumption can be influenced by manipulating the expression levels of 

the two acetate-metabolizing enzymes (Fig.3.6c, d). In particular, we find that ACSS1 

overexpression has a larger effect on acetate flux than ACSS2, which agrees with similar 

isotopic labeling results in the literature (151), but was not previously directly described in 

terms of consumption flux.  
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Figure 3.6: Acetate consumption flux positively correlates with ACSS1 and 

ACSS2 gene expression. (a) Schematic of the metabolic pathway for acetate 

conversion to acetyl-CoA (Ac-CoA) in the mitochondrion and the nucleocytosol, as 

catalyzed by ACSS1 and ACSS2 respectively. (b) Linear correlation between net 

acetate consumption flux and ACSS1 + ACSS2 combined expression score. The 
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ACSS1 + ACSS2 combined expression score was calculated as a weighted sum of 

normalized RPKM values for each cell line as obtained from the Cancer Cell Line 

Encyclopedia (CCLE 2019). Data points represent means for flux and combined 

expression scores for each cell line, error bars represent standard deviations (n = 3). 

Coefficients of correlation (r) and determination (R2) and p-value for Pearson’s 

correlation test are reported. (c) Acetate net consumption flux (mM/h) 

measurements in HEK-293 and LOX-IMVI cells overexpressing the two acetyl-CoA 

synthetases ACSS1 and ACSS2. Bar heights represent means, error bars represent 

standard deviations (n = 3). P-value for Šídák’s multiple comparisons test following 

one-way ANOVA is reported. (d) Immunoblots for ACSS1 (top) and ACSS2 (bottom) 

protein expression in parental, ACSS1 and ACSS2 overexpressing HEK-293, as well 

as BT-474 and LOX-IMVI. (e) Immunoblots for ACSS1 (top) and ACSS2 (bottom) 

protein expression in LOX-IMVI parental cell lines and ACSS1, ACSS2 and ACSS1 + 

ACSS2 overexpression lines. Adapted from Hlavaty, Salcido et al. 2024 (151). 

The TCA cycle is the primary downstream pathway contributing to acetate consumption 

The main metabolic role of acetate inside the cell is to act as a precursor for the synthesis of 

acetyl-CoA (125). Due to the inability of acetyl-CoA molecules to directly cross between the 

mitochondrial and nucleocytosolic compartments, two distinct pools of acetyl-CoA are 

present inside the cell. Notwithstanding the activity of indirect acetyl-CoA shuttles, each 

pool has distinct roles, namely supporting the generation of reducing equivalents by fueling 

the tricarboxylic acid (TCA) cycle in the mitochondrion, and both supporting biosynthesis of 

fatty acids, cholesterol and acetylated metabolites and direct acetylation of proteins like 

histones to regulate gene expression and protein activity in the nucleocytosol (Fig. 3.7a). The 

consumption of exogenously provided acetate reflects the different functional roles of the 

two acetyl-CoA pools. For this reason, we hypothesized that, by selectively blocking 

metabolic pathways downstream of acetate or acetyl-CoA, it would be possible to separate 

the contribution of each metabolic function to the overall level of acetate consumption. To 

do so, we treated BT-474 cells, previously shown to highly express ACSS1 and ACSS2 and to 

have a high acetate net consumption flux (Fig.3.6b), with the following chemical inhibitors: 
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GSK2194069, an inhibitor of fatty acid biosynthesis targeting the fatty acid synthase (FASN) 

complex; Fasnall, a Complex I inhibitor previously described as a FASN inhibitor, but recently 

re-classified by our laboratory as mainly targeting oxidative phosphorylation (OXPHOS) 

(255); and VY-3-135, a selective ACSS2 inhibitor previously described by our laboratory (124) 

(Fig.3.7b). In agreement with the previous experimental results showing the more prominent 

role of ACSS1 in determining the magnitude of acetate net consumption, we find that FASN 

or ACSS2 inhibition reduces overall acetate consumption by less than one third. On the other 

hand, Complex I inhibition and, upstream of it, shRNA-mediated knockdown (KD) of ACSS1 

drastically reduce net acetate consumption, which is completely abolished when ACSS1-

KD and inhibition of ACSS2 are combined (Fig.3.7c). In contrast to the effects on acetate 

consumption, inhibition of FASN and ACSS2 do not have significant effects on glucose 

consumption or lactate secretion, while Fasnall treatment predictably increases the rate of 

glycolysis (Fig.3.7d). Overall, these and previous data show that, in purely quantitative 

terms, fueling the TCA cycle is the primary metabolic fate of acetate in this breast cancer 

model cell line, while biosynthesis and acetylation account for between one-third and one-

fourth of net consumed acetate.  
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Figure 3.7: The TCA cycle is the primary downstream pathway contributing to 

acetate consumption. (a) Schematic of the activity of inhibitors for Complex I, 

FASN and ACSS2 in the downstream metabolism of acetate. (b) Chemical 

structures of the GSK2194069, VY-3-135 and Fasnall small molecule inhibitors. (c) 

Acetate net consumption flux relative to vehicle condition after treatment of BT-474 

cells with 1 µM GSK2194069, 1 µM VY-3-135 or 1 µM GSK2194069 + 20 µM Fasnall 

(left). Acetate net consumption flux relative to BT-474 shSCR (scramble) cell line of 

BT-474 shACSS1 cell line alone or treated with 1 µM VY-3-135 (right). Bar heights 

represent means, error bars represent standard deviations (n = 3). P-value for 

Šídák’s multiple comparisons test following one-way ANOVA is reported. (d) 

Glucose (left) and lactate (right) net consumption fluxes relative to vehicle condition 

after treatment of BT-474 cells with 1 µM GSK2194069, 1 µM VY-3-135 or 1 µM 
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GSK2194069 + 20 µM Fasnall. Bar heights represent means, error bars represent 

standard deviations (n = 3). P-value for Šídák’s multiple comparisons test following 

one-way ANOVA is reported. 

VY-3-135 selectively inhibits the contribution of acetate to fatty acid biosynthesis 

mediated by ACSS2 

Previous experimental data reported above have shown that the relative contribution of 

acetate to fatty acid biosynthesis, while lower than that to the TCA cycle, is still substantial. 

Since we planned to make use of acetate’s role as a fatty acid biosynthetic precursor to 

identify its transporter proteins (Chapter 5), we set out to confirm that our ACSS2 inhibitor 

of choice (VY-3-135) selectively blocks fatty acid biosynthesis from acetate only while 

leaving the contribution to nucleocytosolic acetyl-CoA by glucose- and glutamine-derived 

carbon units through the citrate-malate shuttle intact. To achieve this goal, we performed 

stable isotopic tracing in BT-474 cells by supplying them with either 13C6-glucose, 13C5-

glutamine, or 13C2-acetate and treating them with the ACSS2 inhibitor VY-3-135 (Fig. 3.8a). 

We find that cells incubated with 13C2-acetate and treated with VY-3-135 shift their 

isotopologue distribution of the fatty acid myristic acid from a peak labeled fraction of 12 out 

of 14 carbons to a peak labeled fraction of 6 out of 14 carbons. We do not observe any ulterior 

decreasing shift in the isotopologue distribution when the concentration of VY-3-135 

treatment is increased 10-fold, indicating that a concentration of 1 µM is sufficient to fully 

inhibit ACSS2, leaving the remaining labeled fraction due to the activity of ACSS1 and ATP 

citrate lyase (ACLY) (Fig.3.8b). On the other hand, VY-3-135 treatment does not shift the 

isotopologue distribution of myristic acid from either labeled glucose, glutamine, or a 

combination of the two (Fig.3.8c). Overall, these data indicate that VY-3-135 is a selective 

inhibitor of ACSS2 that impedes the contribution of acetate to fatty acid biosynthesis 

mediated by ACSS2 only, while leaving the contribution of acetate mediated by the activity 

of ACSS1 and the citrate-malate shuttle intact. 
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Figure 3.8: VY-3-135 selectively inhibits the contribution of acetate to fatty acid 

biosynthesis mediated by ACSS2. (a) Schematic of the de novo fatty acid 

biosynthesis pathway showing entry points of carbon originating from 13C6-glucose, 
13C5-glutamine, and 13C2-acetate and the position of ACSS2 inhibition by VY-3-135 in 

the pathway. KDHc: ketoacid dehydrogenase complexes; ACLY: ATP citrate lyase; 

ACC: acetyl-CoA carboxylase; ELOVL; very long chain fatty acid elongases. (b – c) 

isotopologue distribution of relative 13C labeled fraction of myristic acid in vehicle 

and VY-3-135 treated conditions from 13C2-acetate (b) and 13C6-glucose, 13C5-
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glutamine or both (c). Legend indicating treatment applies to both (b) and (c).  Data 

points represent means, error bars represent standard deviations (n = 3). 
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CHAPTER 4: THE MONOCARBOXYLATE TRANSPORTERS SLC16A1 (MCT1) AND 

SLC16A3 (MCT4) ARE NOT SOLELY RESPONSIBLE FOR CELLULAR IMPORT OF 

ACETATE 

 

Credit for Figure 4.1a,b and Tables 4.1 and 4.2 goes to Dr. Dzmitry Mukha (Thomas Jefferson 
University). 

 

4.1 Introduction 

Previous literature has primarily ascribed active acetate transport inside cells to the activity 

of the proton-coupled monocarboxylate transporters MCT1 and MCT4 belonging to the 

SLC16 family of solute carrier transporters (SLC) (236). While evidence of significant 

substrate affinity of these transporters for acetate in cell-free systems is available, their role 

in acetate import in cancer models has not been systematically studied, in favor of a focus 

on other substrates, primarily lactate and pyruvate (201,206). Moreover, outside of the 

known tumor suppressor gene SLC5A8, which encodes for the sodium-coupled 

monocarboxylate transporter 1 (SMCT1), no other monocarboxylate transporter has been 

investigated in cancer models for its role in acetate transport. In this chapter, we sought to 

describe the landscape of SLC expression in available cancer cell models and to link 

transporter mRNA expression profiles with acetate metabolism. We also set out to test the 

hypothesis that other transporter proteins outside of MCT1 and MCT4 are responsible for 

acetate import through the plasma membrane. 

4.2 Results 

SLC16A13 and ACSS2 gene expression are positively correlated in cancer 

To understand the landscape of solute carrier transporter (SLC) gene expression in cancer, 

we analyzed the mRNA expression data for all genes currently classified as SLC available on 

the Cancer Cell Line Encyclopedia (CCLE) for 1020 cell lines. To be included as an SLC, a 

gene needed to be present on one of either the SLC list hosted on  

https://slc.bioparadigms.org/ and curated by Prof. Matthias A. Hediger (University of Bern, 

Switzerland), the SLC gene group curated by the HUGO Gene Nomenclature Committee,  or 
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the most recent SLC transporter list produced by the RESOLUTE Consortium (Goldmann et 

al., 2025). Pseudogenes were excluded so that a total of 436 genes were considered. The 

values of Reads per Kilobase of transcript per Million mapped reads (RPKM) were normalized 

to limit the spread of the dynamic range caused by very low values (Fig. 4.1b). The 

normalized gene expression levels of each SLC per cell line were tabulated on a heatmap 

and clustered in an unsupervised manner (Fig. 4.1a). By doing so we find that SLC genes can 

be broadly categorized in three groups depending on their relative expression level: 1) 

ubiquitously and very highly expressed transporters, 2) ubiquitously and highly expressed 

transporters and 3) sporadically and lowly expressed transporters. The only member of the 

SLC16 family found in group 1 is SLC16A1, which encodes for the monocarboxylate 1 (MCT1) 

transporter. Group 2 includes SLC16A13 (MCT13) and SLC16A3 (MCT4). All other members 

of the SLC16 family are found in group 3, which also includes SLC5A8, the gene encoding for 

the sodium-coupled monocarboxylate transporter 1 (SMCT1). Interestingly, a cluster of 

breast cancer cell lines which include SK-BR-3, T47D, BT-474 and HCC1419 is found to have 

lower than average expression of SLC16A1, which is of note given their high levels of acetate 

consumption relative to the panel of cell lines investigated in this study. Similarly, when 

considering only the 26 human cell lines of the acetate consumption panel for which gene 

expression data is available on CCLE, the three members of the SLC16 family that are most 

highly expressed are again SLC16A1, SLC16A3 and SLC16A13, in agreement with the overall 

trend for all cell lines in CCLE. 
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Figure 4.1: SLC16A1, SLC16A3 and SLC16A13 are highly expressed in most 

cancer cell line models. (a) Clustered gene expression of 436 SLC genes in 1020 

cancer cell lines (CCLE 2019). Each square represents the normalized log10(RPKM) 

value for a SLC-cell line pair. (b) Gene density plots of gene-cell line pairs in CCLE 

before (left) and after (right) normalization. (c) Heatmap inset highlighting a cluster 

of low SLC16A1 expressing breast cancer cell lines. BT-474 and SLC16A1 are 

indicated by red arrows. (d) SLC16 transporter family gene expression in the human 

panel of cell lines for which net acetate consumption flux was quantified. Each 

square represents the normalized log10(RPKM) value for a SLC-cell line pair. 

We previously determined that acetate consumption and the expression level of the 

enzymes ACSS1 and ACSS2 are correlated. Consequently, we hypothesized that the 

expression levels of potential acetate transporters would also be linked to the presence of 

acetate-metabolizing enzymes in the various cell lines. To test this, we computed pairwise 

correlation tests between ACSS1 or ACSS2 individually and either all 436 SLC genes (Table 

4.1) or only the 14 genes belonging to the SLC16 family (Table 4.2). The two separate 

calculations were performed in order not to obscure potential significant relationships 

between the two acetyl-CoA synthetases and members of the SLC16 family which could be 

lost after multiple comparison testing correction when all SLC genes are considered. In this 

manner, we find that, when all SLC genes are tested, the only gene expression pair that is 

significantly positively correlated is ACSS2-SLC16A13 (Fig.4.2a). Interestingly, the pair 

ACSS1-SLC16A3 is found to be significantly negatively correlated (Fig.4.2b). Positive 

correlation between ACSS2 and SLC16A1 is significant only if testing is limited to the SLC16 

family genes (Fig.4.2c, Table 4.2). Overall, these data indicates that MCT1 and MCT4, 

encoded by SLC16A1 and SLC16A3 respectively, are unlikely to be solely responsible for the 

transport of acetate across the plasma membrane of different cancer types. Additionally, 

gene expression data points to a potential link between acetate metabolism and MCT13. 

Gene 1 Gene 2 p-value n. cell lines Pearson r q-value 

ACSS2 SLC35C2 7.9924E-16 944 0.257771361 7.2571E-13 

ACSS2 SLC11A2 7.5122E-15 942 0.249393631 6.8211E-12 
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ACSS2 SLC50A1 9.7801E-15 943 0.248226539 8.8803E-12 

ACSS2 SLC26A6 1.5927E-13 927 0.238910347 1.4461E-10 

ACSS2 CLN3 4.0706E-13 943 0.232999882 3.6961E-10 

ACSS2 SLC33A2 9.9273E-13 938 0.229790474 9.014E-10 

ACSS2 SLC25A1 1.8629E-12 944 0.226352894 1.6915E-09 

ACSS2 SLC35D2 3.0287E-12 812 0.241271679 2.7501E-09 

ACSS2 SLC49A4 3.3394E-11 811 0.229785997 3.0322E-08 

ACSS2 SLC35A3 5.8881E-11 931 0.212164324 5.3464E-08 

ACSS2 SLC9A8 1.2765E-10 883 0.213935432 1.1591E-07 

ACSS2 SLC31A1 1.676E-10 943 0.20585844 1.5218E-07 

ACSS1 SLC35E2B 4.8357E-10 446 0.28859877 4.3908E-07 

ACSS2 SLC35A2 9.4889E-10 944 0.197210336 8.6159E-07 

ACSS2 SLC39A4 3.8006E-09 769 0.210184417 3.451E-06 

ACSS2 SLC29A2 8.6209E-09 708 0.213885327 7.8278E-06 

ACSS2 SLC22A18 2.4955E-08 702 0.208127777 2.2659E-05 

ACSS2 SLC44A2 3.1145E-08 907 0.182290826 2.8279E-05 

ACSS1 SLC43A1 3.2054E-08 294 0.314550682 2.9105E-05 

ACSS2 SLC55A3 3.5927E-08 944 0.177942344 3.2622E-05 

ACSS2 SLC8B1 9.0034E-08 761 0.192040594 8.1751E-05 

ACSS2 SLC37A4 1.0041E-07 931 0.173276638 9.117E-05 

ACSS2 SLC12A2 2.4119E-07 896 0.171301975 0.000219 

ACSS2 SLC12A9 2.43E-07 937 0.167519742 0.00022065 

ACSS1 SLC25A42 4.345E-07 310 0.281407986 0.00039452 

ACSS2 SLC16A13 5.5665E-07 575 0.206585167 0.00050544 

ACSS2 SLC20A2 6.8116E-07 935 0.161404219 0.00061849 

ACSS1 SLC19A1 8.5723E-07 420 0.236877007 0.00077836 

ACSS2 SLC52A2 9.7998E-07 944 0.158374017 0.00088982 

ACSS1 SLC25A24 2.1921E-06 413 -0.229995514 0.00199043 

ACSS2 SLC25A28 2.196E-06 944 0.153224588 0.00199394 

ACSS1 SLC39A3 2.5259E-06 449 0.219499354 0.00229348 

ACSS2 SLC33A1 3.0371E-06 916 0.153373187 0.00275768 

ACSS1 SLC25A38 4.0109E-06 448 0.215398569 0.00364186 

ACSS2 SLC1A5 5.5302E-06 944 0.147115141 0.00502143 

ACSS1 SLC17A9 5.95141E-06 239 0.287013191 0.00540388 

ACSS2 UNC93B1 8.17235E-06 894 0.148400114 0.00742049 

ACSS1 SLC25A19 8.42015E-06 426 0.213440701 0.007645493 

ACSS1 SLC55A3 8.45447E-06 450 0.207752991 0.007676657 

ACSS1 SLC16A3 9.75364E-06 338 -0.237286889 0.008856307 

 

Table 4.1: Statistically significant pairwise correlations between ACSS1 or 

ACSS2 and all SLC transporters. Table summarizing all pairwise correlations 
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tested between gene expression for ACSS1 or ACSS2 and the 436 SLC genes found 

to have q-value > 0.01. Gene pairs including members of the SLC16 family are 

highlighted. The “n. cell lines” column indicates the number of cell lines whose gene 

expression data were included in the calculation. Cell lines were excluded if 

normalized RPKM values for at least one of the two genes were equal to 0.01. 

Coefficient of correlation (r), p-value for Pearson’s correlation test and q-value for 

Benjamini-Hochberg multiple comparisons correction are reported. 

 

Figure 4.2: Gene expression levels of ACSS2 and SLC16A13 are correlated in 

cancer. (a – c).  Linear correlations between gene expression levels for cancer cell 

lines in CCLE of (a) ACSS2 and SLC16A13, (b) ACSS1 and SLC16A3 and (c) ACSS2 

and SLC16A1. Data points represent normalized RPKM of the two genes for each 

cell line. Coefficients of correlation (r) and determination (R2) and q-value for 

Benjamini-Hochberg multiple comparisons correction of Pearson’s correlation test 

are reported. 

Gene 1 Gene 2 p-value n. cell lines Pearson r q-value 

ACSS2 SLC16A13 5.5665E-07 575 0.20658517 1.5586E-05 

ACSS1 SLC16A3 9.7536E-06 338 -0.23728689 0.0002731 

ACSS2 SLC16A1 0.00050243 912 0.11486632 0.01406797 

ACSS2 SLC16A11 0.00268083 6 0.89486699 0.07506315 

ACSS1 SLC16A8 0.00887798 16 0.59716947 0.24858353 

ACSS2 SLC16A5 0.0215915 494 0.10314479 0.60456192 

ACSS2 SLC16A4 0.02243967 328 0.12564469 0.6283108 

ACSS2 SLC16A2 0.60025261 462 0.02438999 1 

ACSS2 SLC16A3 0.23281089 740 -0.04385475 1 
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ACSS2 SLC16A6 0.91165535 173 0.00844748 1 

ACSS2 SLC16A7 0.22492439 200 0.08575901 1 

ACSS2 SLC16A8 0.35255097 30 -0.16990143 1 

ACSS2 SLC16A9 0.19616539 283 0.07678867 1 

ACSS2 SLC16A10 0.51532668 27 -0.12586152 1 

ACSS2 SLC16A12 0.09798923 44 0.24697051 1 

ACSS2 SLC16A14 0.76878454 281 0.01755075 1 

 

Table 4.2: Pairwise correlations between ACSS1 or ACSS2 and SLC16 family 

transporters. Table summarizing all pairwise correlations tested between gene 

expression for ACSS1 or ACSS2 and the 14 SLC16 family genes. Gene pairs with q-

value > 0.05 are highlighted. The “n. cell lines” column indicates the number of cell 

lines whose gene expression data were included in the calculation. Cell lines were 

excluded if normalized RPKM values for at least one of the two genes were equal to 

0.01. Coefficient of correlation (r), p-value for Pearson’s correlation test and q-value 

for Benjamini-Hochberg multiple comparisons correction are reported. 

Functional inhibition of MCT1 and MCT4 does not abolish acetate import inside cells 

The monocarboxylate transporters 1 (MCT1) and 4 (MCT4) are the most studied members of 

the SLC16 transporter family, and multiple selective small molecule inhibitors are available 

to target each one individually (204,256–260). To assess the extent of their role in the import 

of acetate inside cancer cells, we treated three cell lines previously characterized as having 

high net acetate consumption flux (HCC1569, HT-55 and BT-474) with AZD3965 and 

AZD0095, two potent chemical inhibitors that selectively target MCT1 and MCT4 respectively 

(Fig.4.3a). In addition to their high consumption of acetate, these three cell lines were 

chosen because of their different transporter expression profile. MCT1 and MCT4 are highly 

expressed by HCC1569 and HT-55 cells, but not by BT-474 (Fig.4.1d). Upon inhibition of 

MCT1 alone, we find that none of the three cell lines exhibit significantly reduced net acetate 

consumption flux (Fig. 4.3b, c, d). Inhibition of MCT4 alone significantly affects acetate 

consumption only in HCC1569 cells. Inhibition of both transporters at the same time 

significantly affects acetate consumption in HCC1569 and HT-55, but not BT-474. MCT1 and 

MCT4 are primarily described as lactate and pyruvate transporters, so the impact of their 
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loss of activity on glucose and pyruvate consumption and on lactate secretion was also 

assessed. We find that MCT1 inhibition only affects the net fluxes of glucose and lactate in 

HT-55 cells, while MCT4 inhibition affects lactate fluxes in both HCC1569 and BT-474 cells 

(Fig. 4.3b, c, d).  In a similar manner to acetate flux, combined inhibition of MCT1 and MCT4 

affects lactate flux in all three cell lines. Predictably, the effect of MCT1 and MCT4 inhibition 

on glutamine flux was limited, but pyruvate flux was affected in all cell lines and treatments 

except for MCT4 inhibition alone in HT-55. Overall these data indicate that MCT1 and MCT4 

inhibition does not completely abolish net acetate flux through the plasma membrane in the 

same way that combined inactivation of ACSS1 and ACSS2 does (Fig.3.7c). Moreover, the 

effects of MCT1 and MCT4 inhibition on glucose, lactate and pyruvate metabolism point to a 

larger rewiring of catabolic metabolism that involves substrates other than acetate. 
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Figure 4.3: Functional inhibition of MCT1 and MCT4 does not abolish acetate 

import inside cells. (a) Chemical structures of the MCT1 inhibitor AZD3965 and 

MCT4 inhibitor AZD0095. (b – d) relative net flux of acetate (first panel to the left), 

glucose (second panel to the left), glutamine (center), lactate (second panel to the 
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right) and pyruvate (first panel to the right) for HCC1569 (b), HT-55 (c) and BT-474 (d) 

cells treated with 20 µM AZD3965 and AZD0095 alone or in combination. Bar heights 

represent means, error bars represent standard deviations (n = 3). P-value for 

Šídák’s multiple comparisons test following one-way ANOVA is reported. 

Acidic extracellular pH increases acetate consumption while decreasing lactate 

secretion 

The transport mechanism of MCT1-4 involves the symport of protons in a 1:1 stoichiometry 

to the solute. To investigate the role that the concentration of protons in the extracellular 

environment has on net acetate flux, BT-474 cells were cultured for a short period of three 

hours in acidic pH conditions. We find that lowering medium pH increases net acetate 

consumption flux, while at the same time decreasing net lactate secretion flux (Fig.4.4) This 

indicates that the transport mechanisms of these two monocarboxylate species can both 

be partially influenced by the concentration of protons outside the cell. 

 

Figure 4.4: Acidic extracellular pH increases acetate consumption while 

decreasing lactate secretion. Relative net flux of acetate consumption (left) and 

lactate secretion (right) for BT-474 cells cultured for three hours at different medium 

pH values. Bar heights represent means, error bars represent standard deviations 

(n = 3). P-value for Šídák’s multiple comparisons test following one-way ANOVA is 

reported. 
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CHAPTER 5: A CRISPR KO SCREEN HIGHLIGHTING DEPENDENCIES ON 

ACETATE METABOLISM FOR FATTY ACID BIOSYNTHESIS REVEALS A ROLE FOR 

SLC16A13 IN ACETATE IMPORT INSIDE CANCER CELLS 

 

Credit for Figure 5.8a,c goes to Dr. Dzmitry Mukha (Thomas Jefferson University). 

 

5.1 Introduction 

Previous findings in the literature have shown that transporters are often top hits in CRISPR 

screens (209,261–264), and recently several new transporter functional annotations have 

been described starting from data obtained through genomic screening (207–

210,212,265,266). For this reason, in this chapter we set out to identify conditions that 

would allow us to perform a CRISPR knockout (KO) screen in order to identify novel putative 

acetate transporters. To do so, we determine culture conditions in which cells become 

reliant on acetate for lipid biosynthesis and, ultimately, proliferation. We then use these 

conditions to find that the monocarboxylate transporter MCT13 is involved in the utilization 

of acetate by cancer cells. 

5.2 Results 

Resazurin reduction is an accurate and reliable method to assess cell proliferation 

Employing a CRISPR KO screen methodology to identify genes involved in acetate utilization, 

like transporters, requires the determination of cell culture conditions where proliferation is 

affected by the presence of acetate and its catabolism. To find suitable culture conditions 

that would achieve this goal, we decided to employ the conversion of the blue dye resazurin 

to the pink fluorescent compound resorufin by metabolically active cells as a medium-to-

high throughput assay alternative to direct cell counting procedures (267). This assay 

measures the reduction of cell-membrane permeable resazurin to resorufin by NADH, 

NADPH, FADH, or other reductive species in the presence of cellular reductases. Thus, it 

directly reports on metabolic activity while providing an indirect readout on cell number and 

viability (Fig.5.1a) (268). For this reason, it is necessary to properly validate the assay so that 
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conclusions on cell proliferation capabilities can be drawn accurately and consistently 

across experiments with different treatments and cell types. To do so we used a cancer cell 

line model proliferating in suspension, namely the T cell leukemia-derived Jurkat cells, to 

avoid the necessity of waiting for cell adhesion before metabolic steady state is achieved.  

Firstly, we confirmed that resorufin fluorescence and known cell number are linearly 

correlated (Fig.5.1b). Given that average metabolic activity can change between cell lines, 

absolute cell numbers were never calculated from resorufin signal, and only cell numbers 

relative to each experiment’s internal control condition are reported in experimental results. 

 

Figure 5.1: Resazurin reduction to fluorescent resorufin is proportional to cell 

number. (a) Schematic of the irreversible reduction of resazurin to resorufin by 

reducing agents inside metabolically active cells. (b) Linear correlation between 

resorufin fluorescence signal and Jurkat cell number for low (left) and high (right) 

cell counts. Data points represent mean resorufin fluorescence for each seeded 

cell number per well, error bars represent standard deviations (n = 12). Coefficients 

of correlation (r) and determination (R2) and p-value for Pearson’s correlation test 

are reported. 

Next, as the medium composition can also affect cellular reducing capabilities, we tested 

the effect of multiple culture conditions inside the short time period used for incubation with 

resazurin (90 minutes), without any prior treatment that could affect cell number. We find 
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that in this experimental setup the presence of acetate in the medium has a statistically 

significant, but very minor effect on resorufin fluorescence signal (Fig.5.2a). This is similar 

for the Complex I inhibitor Fasnall (Fig. 5.2b) and the ACSS2 inhibitor VY-3-135 (Fig. 5.2c). 

On the other hand, the absence of glucose or its substitution with galactose greatly affects 

the readout of resazurin reduction even in this short time window (Fig.5.2d, e). Increasing 

the concentration of glucose three times from that originally present in the medium has no 

effect on the assay (Fig. 5.2f). Compared to glucose absence, adding galactose slightly 

increases the assay’s readout signal (Fig. 5.2g). Lastly, the presence of fetal bovine serum 

(FBS) in dialyzed formulation (dFBS) significantly quenches the fluorescence readout (Fig. 

5.2h). In light of these results, we decided that we could compare cell treatments following 

incubation of 24 hours or more only with two key steps added to the protocol: 1) replacement 

of the spent medium containing the various treatments tested with complete medium 

supplemented with 10% dFBS when incubating with resazurin for the last 90 minutes, and 2) 

preparation of separate controls for each individual cell line and treatment. For example, if 

a condition of interest included the combination of acetate and VY-3-135, the two 

compounds would also be tested separately every time the combined condition was 

measured. Lastly, the fluorescence signal intensities of plates coming from different 

experiments not performed at the same time were never directly compared to each other. 

Overall, by applying specific design considerations to our protocol, we find that resazurin 

reduction is an effective methodology to test the effects of variations in culture conditions 

on cell proliferation. 
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Figure 5.2: Medium composition during resazurin incubation affects the 

fluorescence readout. (a – h) Relative resorufin fluorescence of Jurkat cells 

incubated for 90 minutes with RPMI 1640 medium containing resazurin and 10 mM 

acetate (a), 100 µM Fasnall (b), 500 nM VY-3-135 (c), no glucose or 10 mM glucose 

(d), 10 mM galactose or 10 mM glucose (e), 10 mM glucose or 30 mM glucose (f), no 

glucose or 10 mM galactose (g), and no fetal bovine serum (FBS) or 10% dialyzed 

FBS (dFBS). For panels a – g medium is always supplemented with 10% dFBS. Bar 

heights represent means, error bars represent standard deviations (n = 48). P-value 

for unpaired two-tailed Student’s t test is reported. 

Acetate spares glutamine utilization to extend cell survival in an ACSS1-dependent 

manner when galactose replaces glucose in the medium 

As previously shown, acetate is among the three most consumed nutrient sources of carbon 

for cancer cells (Fig.3.4c, 3.5a). Given that a majority of the consumption flux of acetate is 
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due to the activity of ACSS1 as compared to ACSS2 (Fig.3.6c), we hypothesized that we 

could devise culture conditions in which acetate becomes the main source of mitochondrial 

acetyl-CoA to fuel the TCA cycle. In such an environment, the KO of genes involved in acetate 

metabolism or transport will be deleterious to cell survival and proliferation, allowing us to 

distinguish them in a CRISPR KO screen. To do so, we decided to solely direct the conversion 

of acetate to mitochondrial acetyl-CoA by inhibiting ACSS2 with VY-7-137, a more potent 

variant of VY-3-135 recently described by our laboratory (151), and to replace glucose in the 

medium with galactose (Fig.5.3a). Galactose is catabolized through a series of four 

enzymatic reactions collectively known as the Leloir pathway, after which it enters the 

glycolytic pathway as glucose-6-phosphate (G6P) (269). Kinetically, galactolysis is 

considerably slower than direct conversion of glucose to G6P (270–272), providing cells with 

metabolic flexibility at the cost of reduced energy production rates. Additionally, by severely 

reducing the metabolic flux through glycolysis, galactose replacement forces cells to 

generate ATP exclusively through OXPHOS, creating a survival dependency on respiration 

(273,274).  

We find that Jurkat cells, which previous results have shown to be among the most glycolytic 

cell lines used in this study (Fig.3.5a), drastically reduce their proliferation rate when 

cultured in the galactose + VY-7-137 condition (Fig.5.3b). Moreover, by starting the 

experiment at low cell density (1.25·105 cells per mL) and for a period of four days, we do not 

find that adding acetate has any additional effects on proliferation (Fig.5.3b). In contrast, 

when the galactose + VY-7-137 condition is applied to cells already at high cell density (2·106 

cells per mL), we observe that, after three to four days in culture, a majority of the population 

undergoes a process of cell death and that supplementing acetate reduces the fraction of 

non-viable cells recorded at the same time point (Fig.5.3c). This survival advantage in high 

cell density with galactose and ACSS2 inhibition is also provided by supplementation of 

lactate or pyruvate, although the effect of acetate is the strongest (Fig.5.3d). Additionally, we 

confirm that partial shRNA knockdown of ACSS1 (Fig.5.3e) significantly reduces the survival 

advantage provided by acetate (Fig.5.3d). 
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Figure 5.3: Acetate extends cell survival when glucose is replaced with 

galactose and ACSS2 is inhibited. (a) Schematic of the metabolic pathways for the 

downstream contribution to the TCA cycle of acetate, glucose, galactose, and 

glutamine, as well as the inhibition of ACSS2 by VY-7-137. Ac-CoA: acetyl-CoA. (b) 

Proliferation of Jurkat cells in 10 mM glucose or 10 mM galactose medium with 1 µM 

VY-7-137 and 5 mM acetate supplementation. Starting cell density of the experiment 

is 1.25·105 cells per mL of medium. Data points represent means of cell counting, 

error bars represent standard deviations (n = 3). P-value for unpaired two-tailed 

Student’s t test between “Glucose” and “Galactose” conditions is reported. (c) 
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Proliferation of Jurkat cells in 10 mM galactose medium with 1 µM VY-7-137 and 5 

mM acetate supplementation. Starting cell density of the experiment is 2·106 cells 

per mL of medium. Data points represent means of resazurin assay measurements 

per well, error bars represent standard deviations (n = 20). P-value for unpaired two-

tailed Student’s t test is reported. (d) Relative number of Jurkat cells in 10 mM 

galactose medium and 1 µM VY-7-137 after 72 hours in culture. Supplementation of 

5 mM acetate, 5 mM lactate, or 5 mM pyruvate (left) and supplementation of 5 mM 

acetate to parental, shSCR, and shACSS1 Jurkat cells (right).  Starting cell density of 

the experiments is 2·106 cells per mL of medium. Bar heights represent means of 

resazurin assay measurements per well, error bars represent standard deviations (n 

= 36). P-value for Šídák’s multiple comparisons test following one-way ANOVA is 

reported. (e) Immunoblot for ACSS1 protein expression in parental and shACSS1 

Jurkat cells. Means and standard deviations of relative ACSS1:β-actin expression 

are reported. 

By investigating the metabolism of Jurkat cells cultured with galactose or glucose, we find 

that the net consumption fluxes for acetate and glutamine are increased when glucose is 

absent, while the net consumption of galactose itself is drastically lower than that of glucose 

(Fig.5.4a). Similarly, the net secretion fluxes of pyruvate and lactate are almost completely 

abrogated when galactose substitutes glucose (Fig.5.4a). By measuring the relative 

concentration of intracellular metabolites, we find that, when cultured in galactose medium, 

supplementation of acetate increases the level of many TCA cycle-associated metabolites 

and nucleotide biosynthesis precursors, pointing to metabolic adaptations to the presence 

of acetate in conditions that do not favor rapid cell proliferation (Fig.5.4b). As a result of the 

increased consumption flux of glutamine, we find that when cells are cultured starting from 

high cell density in galactose, glutamine is completely consumed from the medium by 72 

hours after the start of the experiment (Fig.5.4c), which coincides with the onset of 

widespread cell death (Fig.5.3c). On the other hand, when acetate is supplemented 

glutamine remains available in the medium for a longer period of time (Fig.5.4c). This 

reduced rate of glutamine consumption is also observed when pyruvate and lactate are 
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supplemented to the medium instead of acetate (Fig.5.4d). Overall, these data indicate that 

when cells are made to rely solely on OXPHOS for their energetic needs by the replacement 

of glucose with galactose, acetate and glutamine become the main nutrient sources fueling 

the TCA cycle, followed by lactate and pyruvate. Additionally, the rate of glutamine 

consumption can be slowed by the addition of one of the three other monocarboxylates, and 

this effect is responsible for delaying cell death that is triggered by the complete 

disappearance of glutamine from the medium.  

While this adaptive metabolic process is useful as a targeted confirmatory assay to assess 

potential acetate transporter candidates, which if inactivated would stop acetate from 

sparing glutamine utilization, we ultimately find that it is not amenable to being used for an 

untargeted CRISPR KO screen setting. This is because the assay relies directly on cell death 

triggered by absence of glutamine in the medium and only indirectly on the cells’ ability to 

import and metabolize acetate. In other words, in a CRISPR KO setting where only a small 

fraction of cells would have KO’d genes related to acetate metabolism, most cells would still 

be able to slow down their own glutamine consumption thanks to their ability to metabolize 

acetate. This would in turn allow even those few cells incapable of metabolizing acetate to 

survive the assay, as glutamine would remain available in the medium for all cells regardless 

of their genetic background, so that their CRISPR guide RNA (gRNA) would not disappear 

from the population in the way the screen is designed to work. The relationship between a 

KO’d gene and acetate metabolism can be revealed by this assay only if the whole cell 

population is homogeneously incapable of metabolizing acetate because of the gene’s loss 

of function (Fig.5.5). 
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Figure 5.4: Acetate spares glutamine utilization in an ACSS1-dependent 

manner when medium glucose is replaced with galactose. (a) Relative net 

metabolic flux of acetate, glutamine, and glucose/galactose consumption, as well 

as lactate and pyruvate secretion of Jurkat cells cultured in 10 mM galactose or 10 

mM glucose medium. Bar heights represent means, error bars represent standard 

deviations (n = 3). P-value for unpaired two-tailed Student’s t test is reported. (b) 

Heatmap of relative intracellular metabolite concentration of Jurkat cells cultured 

for 48 hours in 10 mM galactose medium and treated with 5 mM acetate, 1 µM VY-7-
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137, or both. Squares represent means (n = 3). (c) Medium glutamine concentration 

relative to t0 for Jurkat cells cultured in 10 mM galactose + 1 µM VY-7-137 and 

supplemented with 5 mM acetate. Starting cell density of the experiments is 2·106 

cells per mL of medium. Data points represent means, error bars represent 

standard deviations. Area-under-the-curve (AUC) is highlighted for the two 

conditions. (d) Glutamine availability in the medium as AUC between t0 and 72 

hours of culture of Jurkat cells in 10 mM galactose + 1 µM VY-7-137 and 

supplemented with either 5 mM acetate, 5 mM pyruvate, or 5 mM lactate. P-value 

for Šídák’s multiple comparisons test following one-way ANOVA is reported. 

 

Figure 5.5: The galactose-acetate survival assay cannot be used in an 

untargeted CRISPR KO screen. Schematic of the three hypothetical types of cell 

populations that could be used in the galactose-acetate survival assay (parental, 

ACSS1-KO or CRISPR KO library-infected) and the results of presence or absence of 

acetate on medium glutamine concentration and cell number. 
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Lipid-depletion from culture medium renders cancer cells dependent on de novo fatty 

acid biosynthesis for proliferation 

Since the ACSS1-based assay intended to improve survival and proliferation of cells capable 

of metabolizing acetate instead proved effective as a potential targeted approach to be used 

after acetate transporter genes have already been identified (Fig.5.5), we hypothesized that 

we could use acetate’s role as a precursor of nucleocytosolic acetyl-CoA to develop an 

untargeted approach viable for a CRISPR KO screen. In this case, we sought to position 

acetate as the main nutrient source for de novo fatty acid biosynthesis, while cutting off most 

alternative sources of fatty acids, endogenous and exogenous. Cancer cells are known to 

rely on fatty acids for both the biosynthesis of complex lipids and for energy production, and 

to switch from acquiring extracellular fatty acids to upregulate de novo synthesis depending 

on their surrounding environment and proliferative needs (275–277). As such, we reasoned 

that a dual strategy of 1) removing available fatty acids from the culture medium and 2) 

blocking the activity of ATP citrate lyase (ACLY), which is the enzyme mainly, though not 

solely (278), responsible for indirectly allowing glucose-derived acetyl-CoA in the 

mitochondria to cross into the nucleocytosolic compartment and contribute to fatty acid 

biosynthesis (Fig.5.6) (125,279), could render cancer cells directly dependent on acetate 

metabolism for their proliferation. This hypothesis was based on previous studies showing 

that inactivation of ACLY leads to upregulation of ACSS2 and to partial rescue of lipogenesis 

and histone acetylation by acetate catabolism, both in vitro (280) and in vivo (281). 
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Figure 5.6: Acetate contributes to both the mitochondrial and the 

nucleocytosolic acetyl-CoA pools, and ACLY links mitochondrial acetyl-CoA to 

cytosolic biosynthetic processes. Schematic of the pathways by which acetate is 

converted into acetyl-CoA (Ac-CoA) in both the mitochondrial and nucleocytosolic 

compartments. Mitochondrial acetyl-CoA, derived from catabolism of glucose, 

lipids, amino acids, ketone bodies and acetate (125) can cross into the 

nucleocytosol by the activity of the citrate-malate shuttle-linked enzyme ATP citrate 

lyase (ACLY), which cleaves citrate into oxaloacetate and acetyl-CoA in the cytosol, 

where the latter  can be the substrate for de novo lipogenesis and acetylation of 

metabolites and proteins. 

Serum, and specifically fetal bovine serum (FBS) is the source of exogenous lipids primarily 

used in cell culture (282–284). For this reason, we employed a method of lipid removal based 

on the use of two organic solvents (di-isopropyl ether and butanol) (243) to produce lipid-

depleted dialyzed fetal bovine serum (LD-dFBS) from dialyzed bovine serum (dFBS) while 

maintaining the growth-sustaining properties of serum proteins intact (Fig. 5.7a). We 

produced two batches of LD-dFBS (batch #1 and batch #2), to test whether one cycle of lipid 

stripping by the organic solvent mix was sufficient to achieve lipid depletion (LD-dFBS batch 

#1) or if repeating the procedure twice (LD-dFBS batch #2) would improve the efficiency of 
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the process. We performed lipidomic analysis by LC-MS on LD-dFBS batch #2 and confirmed 

that, compared to control dFBS matched for the same production lot number, our lipid-

depleted serum contains significantly fewer lipid species both in terms of lipid classes (18 

out of 19 are significantly depleted) (Fig.5.7b) and individual lipid species (367 out of 387 are 

significantly depleted) (Fig.5.7c). 
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Figure 5.7: Fetal bovine serum is effectively stripped of lipid species by an 

organic solvents-mediated extraction. (a) Schematic of the process of lipid 

stripping by di-isopropyl ether and butanol extraction, followed by dialysis of the 

resulting LD-dFBS batches. For LD-dFBS batch #1, the first three steps pictured 

were performed only once, while for LD-dFBS batch #2 they were repeated twice. (b) 

Relative concentration of lipid classes in dFBS and LD-dFBS batch #2. Bar heights 

represent means of summed peak intensities for all lipid species belonging to the 

same class, error bars represent standard deviations (n = 3). P-value for unpaired 

two-tailed Student’s t test is reported. (c) Relative concentration of lipid species in 

dFBS and LD-dFBS batch #2. Each square represents a single peak intensity 

measurement pairing a sample replicate with one of 387 lipid species. 

Concentrations are normalized on the average peak intensity for each lipid species 

in dFBS. 

Once we confirmed that lipid species were removed from the serum by our method, we 

asked whether the total content of fatty acids in our LD-dFBS batches # 1 and #2 was 

comparable to that of commercially available lipid-depleted sera (LD-FBS). We selected 

three representative commercial LD-FBS, one from Cocalico Biologicals (Cocalico LD-FBS), 

one from Hyclone (Hyclone LD-FBS) and one from PurMa Biologics (PurMa LD-FBS). For the 

serum from PurMa we also tested the matching non-lipid-depleted serum from the same 

company (PurMa-FBS) as a control for the starting content of fatty acids. We performed free 

fatty acid content analysis by LC-MS and found that when the different sera were clustered 

in an unguided manner solely by their fatty acid content, the sera with the least fatty acid 

content were LD-dFBS batch #2, Cocalico LD-FBS and LD-dFBS batch #1 (Fig.5.8a). On the 

other hand, we found that the fatty acid content of Hyclone LD-FBS was not different from 

control dFBS for many fatty acid species (Fig.5.8a). PurMa LD-FBS had significantly reduced 

fatty acid species compared to dFBS in most cases, but we found that the starting serum 

from which PurMa LD-FBS derives (PurMa-FBS) contains a higher quantity of many fatty 

acids compared to dFBS, such as some of the most common biologically-derived fatty acids 

like stearic, palmitic, oleic, myristic, and linoleic, as well as some that are not normally found 
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in the other sera, such as the branched-chain fatty acids phytanic and pristanic (Fig. 5.8 a, 

b). Despite a similar level of fatty acid depletion between our two batches of LD-dFBS and 

the Cocalico LD-FBS, we found that cells cultured with medium supplemented with the 

latter commercial option presented proliferative responses that were not consistent with our 

hypotheses and could not be readily interpreted. In particular, when we tested the previously 

characterized (285) murine hepatocellular carcinoma cell line D42 with either KO of murine 

fatty acid synthase (mFasn KO) or re-expression of human FASN from mFasn KO clones 

(hFASN WT), we found that while our LD-dFBS supplemented medium caused an expected 

reduction of proliferative capabilities in cells with impaired FASN activity, Cocalico LD-FBS 

instead boosted cell proliferation for the mutant cell lines (Fig.5.8c). We hypothesized that 

these paradoxical proliferative effects could be due to a different make up of growth factors 

present in Cocalico LD-FBS compared to our dFBS and LD-dFBS, but we did not investigate 

further. Overall, these data validate our method for lipid depletion of serum as comparable 

if not superior to commercially available options. All experiments described for the 

remainder of this work using lipid-depleted sera were performed using LD-dFBS batch #2, 

which heretofore is referred to as LD-dFBS. 
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Figure 5.8: Our LD-dFBS has superior fatty acid depletion when compared to 

commercially available alternatives. (a) Relative concentrations of free fatty acids 

in all sera tested. Each square represents a single peak intensity measurement 

pairing a sample replicate with one of 42 fatty acid species. Concentrations are 

normalized on the average peak intensity for each fatty acid species in dFBS. (b) 

Absolute concentrations (µM) of palmitic, stearic, oleic, phytanic, and pristanic 

acids in all tested sera. Bar heights represent means, error bars represent standard 

deviations (n = 3). P-value for Šídák’s multiple comparisons test following one-way 

ANOVA is reported. (c) Relative cell number of D42 parental, mFasn KO, and hFASN 

WT cells cultured for 120 hours in medium supplemented with either 10% dFBS, LD-

dFBS (batch #2) or Cocalico LD-FBS. Bar heights represent means, error bars 

represent standard deviations (n = 4). P-value for Šídák’s multiple comparisons test 

following one-way ANOVA is reported. 

To orthogonally test the effect of LD-dFBS on cells unable to synthesize fatty acids 

endogenously, we treated HEK-293 and Jurkat cells with the FASN inhibitor GSK2194069 and 

analyzed their proliferation and survival in LD-dFBS (Fig.5.9a). We find that while both cell 

lines are not sensitive to FASN inhibition with regular lipid content, their proliferation is 

significantly reduced by the inhibitor when the medium is lipid-depleted (Fig.5.9b). 

Additionally, supplementing a chemically defined lipid mixture (LM1) containing 2 μg/ml of 

arachidonic acid, 10 μg/ml each of linoleic acid, linolenic acid, myristic acid, oleic acid, 

palmitic acid, and stearic acid and 0.22 mg/ml of cholesterol rescues the inhibition of FASN 

in lipid-depleted medium (Fig. 5.9b). Similarly, when assessing cell death by propidium 

iodide (PI) staining, we find that FASN inhibition increases the fraction of dead cells only in 

lipid-depleted conditions, and that LM1 can rescue the phenotype (Fig.5.9c, d). Overall, 

these data show that our LD-dFBS can be used to effectively investigate conditions in which 

cancer cells are rendered dependent on de novo fatty acid biosynthesis. 
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Figure 5.9: LD-dFBS supplementation to the medium sensitizes cells to FASN 

inhibition. (a) Schematic of expected outcomes from FASN inhibition in culture 

medium supplemented with 10% dFBS (top) or 10% LD-dFBS (bottom). (b) Relative 

number of HEK-293 (left) and Jurkat (right) cells cultured in medium supplemented 

with 10% dFBS or 10% LD-dFBS and treated with 1 µM GSK2194069 and 1% v/v Lipid 

Mixture 1 (LM1). Bar heights represent means, error bars represent standard 

deviations (n = 8). P-value for Šídák’s multiple comparisons test following one-way 

ANOVA is reported. (c) Normalized frequency of control- and 1 µM GSK2194069-

treated HEK-293 cells in dFBS and LD-dFBS medium, stained with propidium iodide 

(PI) and analyzed by flow cytometry (10,000 events recorded). (d) Fraction of non-

viable HEK293 cells positive for PI staining in dFBS or LD-dFBS medium, treated with 

1 µM GSK2194069 and 1% v/v LM1. Bar heights represent means, error bars 

represent standard deviations (n = 7; 70% EtOH negative control n = 11). P-value for 

Šídák’s multiple comparisons test following one-way ANOVA is reported. 
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Exogenous lipid removal and ACLY inactivation render cells dependent on acetate for 

proliferation 

Having validated our methodology for the removal of exogenous lipids in culture, we then 

sought to reliably inhibit the activity of ACLY, to then combine the two treatments and make 

de novo fatty acid biosynthesis, and ultimately cell proliferation, dependent on acetate 

metabolism. For this purpose we validated two previously described small molecule 

chemical inhibitors of ACLY, namely NDI-091143 (286,287) and BMS-303141 (288,289) 

(Fig.5.10b). We hypothesized that selective ACLY inhibition would provide us with a specific 

intracellular metabolic signature when either of these two ACLY inhibitors were given to cells 

concomitantly with the FASN inhibitor GSK2194069 (Fig.5.10a). It has been previously 

reported that FASN inhibition (FASNi) leads to an intracellular accumulation of malonyl-CoA 

due to the nature of the de novo fatty acid biosynthetic pathway (255). When ACLY is also 

inhibited at the same time, we expected that this upstream blockage of the metabolic 

pathway would cause a reversal of the FASNi-derived malonyl-CoA accumulation. Indeed, 

when analyzing the intracellular metabolic content of treated HEK-293 cells, we find that 

FASN inhibition alone causes a 40-fold intracellular accumulation of malonyl-CoA, which is 

rescued by both NDI-091143 and BMS-303141, as well as by disrupting mitochondrial 

metabolism with the Complex I inhibitor Fasnall (Fig.5.10c). Overall, these data validated 

the reported inhibitory activity of these two molecules against ACLY.  
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Figure 5.10: NDI-091143 and BMS-303141 are true inhibitors of ACLY activity. (a) 

Schematic of the metabolic pathway that links TCA cycle-derived citrate in the 

mitochondria and fatty acid biosynthesis in the cytosol. The location of activity of 

the inhibitors of ACLY and FASN is indicated. (b) Chemical structure of the two small 

molecule inhibitors of ACLY, NDI-091143 and BMS-303141. (c) Relative intracellular 

concentration of malonyl-CoA in HEK-293 cells treated with combinations of 1 µM 

GSK29104069 and one of either 50 µM NDI-091143, 50 µM BMS-303141, or 20 µM 

Fasnall. Bar heights represent means, error bars represent standard deviations (n = 

3, except BMS-303141 + GSK2194069 and NDI-091143 + GSK2194069 for which n = 

2). P-value for Šídák’s multiple comparisons test following one-way ANOVA is 

reported. 

Following technical validation of the culture conditions that we hypothesized would make 

cells dependent on acetate metabolism for proliferation, we then sought to test this 

hypothesis. As expected, we find that acetate does not affect proliferation when cells are 

cultured in lipid-depleted medium without any additional treatment (Fig. 5.11a), as de novo 

fatty biosynthesis is not impaired. On the other hand, acetate rescues impaired proliferation 

caused by ACLY inhibition when cells are cultured with LD-dFBS, and the magnitude of 

rescue is stronger in cells overexpressing ACSS2 (Fig. 5.11b). Similarly, when testing the 

dose-response curve of HEK-293 cells to NDI-091143, we find that the IC50 concentration of 

the drug can be increased by acetate, i.e. decreasing the inhibitor’s potency, in both lipid-

replete and lipid-depleted culture conditions, but that the stronger effect is achieved in HEK-

293 ACSS2-OE cells cultured in lipid-depleted medium (Fig. 5.11c-f). We confirmed that 

changes in proliferation and inhibitor sensitivity were not specific to one cell line, tissue, or 

species of origin, as we replicated the findings in BT-474 (human breast cancer), Jurkat 

(human T-cell leukemia), and B6TAg2.03 (murine breast cancer) (Fig.5.12a-d). For 

B6TAg2.03, which are characterized by rapid proliferation (doubling time ~13 hours) 

(Fig.5.22b) (290), we find that ACLY inhibition and acetate supplementation in lipid-replete 

medium is already sufficient to obtain conditions where acetate-metabolizing cells have a 

large proliferation advantage over cells that cannot metabolize acetate. Additionally 
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removing lipids is counterproductive to our purposes due to the excessive cytotoxic impact 

on these highly proliferative cells (Fig.5.12d). 
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Figure 5.11: Acetate rescues proliferation following medium lipid depletion and 

ACLY inhibition in an ACSS2-dependent manner. (a) Relative cell number of HEK-

293 cells cultured for 48 hours in medium supplemented with 10% dFBS or 10% LD-

dFBS and treated with 5 mM acetate. Bar heights represent means, error bars 

represent standard deviations (dFBS n = 6, LD-dFBS n = 7). All conditions normalized 

to dFBS without acetate. P-value for unpaired two-tailed Student’s t test is reported. 

(b) Relative cell number of HEK-293 parental and ACSS2-OE cells cultured for 48 

hours in medium supplemented with 10% dFBS or 10% LD-dFBS and treated with 

50 µM NDI-091143 and 5 mM acetate. Bar heights represent means, error bars 

represent standard deviations (n = 6). Conditions normalized to their relative vehicle 

control depending on serum type. P-value for Šídák’s multiple comparisons test 

following one-way ANOVA is reported. (c, e) Dose-response curve on cell viability of 

HEK-293 parental (c) and HEK-293 ACSS2-OE (e) cells cultured for 48 hours with 

increasing concentrations of NDI-091143 and 5 mM acetate in medium 

supplemented with 10% dFBS (left) or 10% LD-dFBS (right). Data points represent 

means, error bars represent standard deviations (n = 8). (d, f) IC50 concentrations 

(µM) for NDI-091143 treatment of HEK-293 parental (d) and HEK-293 ACSS2-OE (f) 

cells cultured for 48 hours with 10% dFBS or 10% LD-dFBS. Bar heights represent 

means, error bars represent standard deviations (n = 8). P-value for unpaired two-

tailed Student’s t test is reported. 
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Figure 5.12: The ability of acetate to rescue ACLYi-mediated cell proliferation 

impairment is not cell line-specific. (a) Dose-response curve on cell viability of BT-

474 cells cultured for 48 hours with increasing concentrations of NDI-091143 and 5 

mM acetate in medium supplemented with 10% dFBS (left) or 10% LD-dFBS (right). 

Data points represent means, error bars represent standard deviations (n = 8). (b) 

IC50 concentrations (µM) for NDI-091143 treatment of BT-474 cells cultured for 48 

hours with 10% dFBS or 10% LD-dFBS. Bar heights represent means, error bars 

represent standard deviations (n = 8). P-value for unpaired two-tailed Student’s t 

test is reported. (c) Relative cell number of Jurkat cells cultured for 48 hours in 

medium supplemented with 10% LD-dFBS and treated with 50 µM NDI-091143 and 

5 mM acetate. Bar heights represent means, error bars represent standard 

deviations (n = 14 for vehicle, n = 8 for treatments). P-value for Šídák’s multiple 

comparisons test following one-way ANOVA is reported. (d) Proliferation of 
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B6TAg2.03 cells cultured for 24 hours with either vehicle only, 50 µM NDI-091143 

only (control) or 50 µM NDI-091143 and 5 mM acetate in medium supplemented 

with 10% dFBS (left) or 10% LD-dFBS (right). Data points represent means, error 

bars represent standard deviations (n = 3). 

We orthogonally validated our CRISPR KO screen culture conditions by testing the rescue of 

proliferation by acetate in the murine hepatocellular cell line D42 with murine Acly KO 

(mAcly KO) and re-introduction of human ACLY activity to the KO clones (hACLY WT), which 

have been previously described in the literature (278). In agreement with the results for 

chemical ACLY inhibition, we find that parental cells having intact mAcly activity, as well as 

cells in which hACLY has been re-expressed, are not affected by acetate in lipid-depleted 

medium, while mAcly KO cells proliferate significantly more in the presence of acetate, with 

the magnitude of difference being larger in lipid-depleted medium (Fig. 5.13a). We 

confirmed that, like in cells treated with GSK2194069 to inhibit FASN (Fig.5.9b), D42 mAcly 

KO cells can be rescued by the addition of a defined mixture of lipids (LM1) (Fig.5.13b). When 

testing ACLY inhibition by NDI-091143, we predictably find that D42 parental and hACLY WT 

cells respond to the drug and acetate in the same way as all other cell lines considered, while 

the proliferation of mAcly KO cells is not further affected by treatment with the ACLY inhibitor, 

but can still be rescued by acetate supplementation (Fig. 5.13c). In agreement with the data 

about cell proliferation, we find that parental HEK-293 and D42 hACLY WT cells have a lower 

net acetate consumption flux when compared to D42 mAcly KO cells, and that this 

difference widens further when cells are cultured in lipid-depleted medium (Fig.5.13d). 

Overall, these data indicate that removing lipids from the medium and inactivating the 

enzyme ACLY is an effective and cell line-agnostic strategy to render cells dependent on 

acetate metabolism for de novo fatty acid biosynthesis. As the dependency is directly tied 

to the individual cell’s ability to metabolize acetate, these conditions can be applied to a 

CRISPR KO screen targeting genes associated with acetate import. 
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Figure 5.13: Acetate rescues proliferation in Acly KO cells. (a) Relative cell 

number of D42 parental (left), mAcly KO (center) and hACLY WT (right) cells cultured 

for 48 hours in medium supplemented with 10% dFBS or 10% LD-dFBS and treated 

with 5 mM acetate. Bar heights represent means, error bars represent standard 

deviations (n = 8). P-value for Šídák’s multiple comparisons test following one-way 

ANOVA is reported. (b) Relative cells number of D42 mAcly KO cells cultured for 48 

hours in medium supplemented with 10% dFBS or 10% LD-dFBS and treated with 

1% v/v LM1. Bar heights represent means, error bars represent standard deviations 

(n = 8). P-value for Šídák’s multiple comparisons test following one-way ANOVA is 

reported. (c) Relative cell number of D42 parental (left), mAcly KO (center) and 

hACLY WT (right) cells cultured for 48 hours in medium supplemented with 10% LD-

dFBS and treated with 50 µM NDI-091143 and 5 mM acetate. Bar heights represent 

means, error bars represent standard deviations (n = 8 for vehicle, n = 4 for 
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treatments). P-value for Šídák’s multiple comparisons test following one-way 

ANOVA is reported. (d) Net acetate consumption flux (mM/h) of D42 mAcly KO and 

hACLY cells and HEK-293 parental cells. Bar heights represent means, error bars 

represent standard deviations (n = 3). P-value for unpaired two-tailed Student’s t 

test is reported. 

Pyruvate and triacetin can rescue proliferation of cells in the same conditions as acetate 

To have additional control conditions in the CRISPR KO screen that could allow us to 

discriminate genes essential for acetate metabolism only, we tested a number of different 

nutrients for their ability to rescue proliferation in lipid-depleted medium when ACLY is 

inhibited or ablated. In particular, we were interested in testing triacetin (glycerol triacetate), 

which has been previously used to increase systemic acetate levels in vivo (291). In 

accordance with previous studies on the hydrolysis of triacetin to yield acetate (Fig. 5.14a) 

(292), we find that non-enzymatic conversion of triacetin to acetate occurs in sterile 

solutions over a period of months, while the process is greatly accelerated when triacetin 

comes in contact with live cells (Fig.5.14b). While previous reports indicate that lipases are 

involved in this reaction (293), we did not investigate whether the conversion of triacetin to 

acetate occurs outside or inside the cell. By assaying a number of compounds including 

triacetin, we find that in both D42 mAcly KO and HEK-293 cells, triacetin and pyruvate are 

both capable of rescuing proliferation (Fig. 5.14c). Additionally, we find that the proliferation 

rescue mediated by acetate, but also triacetin and to some extent pyruvate can be negated 

by treating cells with GSK2194069 and VY-3-135 to inhibit FASN and ACSS2 respectively 

(Fig.5.14d,e). We also tested if the MCT1 inhibitor AZD3965 could abrogate the acetate-

mediated proliferation advantage in the same way as VY-3-135, but we find that the inhibitor 

does not impact the effect of acetate on D42 mAcly KO cells (Fig.5.15) Overall, these data 

indicate the triacetin and pyruvate can be used as additional treatments to rescue 

proliferation in a CRISPR KO screen in order to discriminate genes specifically essential for 

acetate import. 
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Figure 5.14: Triacetin and pyruvate confer a proliferation advantage like acetate 

to cells in the CRISPR KO screen culture conditions. (a) Schematic of triacetin 

conversion to glycerol and acetic acid. Each molecule of triacetin carries three 
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acetyl moieties and can be hydrolyzed to 3 molecules of acetatic acid for each 

molecule of glycerol. (b) Concentration of acetate (mM) measured from a sterile 

tube solution (left) or from medium in contact with live D42 mAcly KO cells. In both 

experiments triacetin was originally dissolved at a concentration of 2 mM. Bar 

heights represent means, error bars represent standard deviations (n = 6 for sterile 

solutions, n = 3 for medium samples). P-value for unpaired two-tailed Student’s t 

test (left) and for Šídák’s multiple comparisons test following one-way ANOVA (right) 

is reported. (c) Relative cell number of D42 mAcly KO (left) and HEK-293 parental 

(right) cells cultured for 48 hours in medium supplemented with 10% LD-dFBS. HEK-

293 cells were treated with 50 µM NDI-091143, and both cell lines were 

supplemented with one of the following (unless otherwise indicated in the figure): 5 

mM acetate, 2 mM triacetin, 10% dFBS in place of LD-dFBS, 30 µM oleic acid, 1% 

v/v LM1, 5 mM pyruvate, 60 µM octanoate, 500 µM propionate, 250 µM butyrate, 5 

mM lactate, 6 µM cholesterol, 500 µM formate, or 2 mM ethyl acetate. Bar heights 

represent means, error bars represent standard deviations (n = 8). Control 

conditions belonging to the same experiment are repeated for clarity of comparison. 

P-value for Šídák’s multiple comparisons test following one-way ANOVA is reported. 

(d,e) Relative cell number of D42 mAcly KO (left), HEK-293 parental (right) (d), and 

HEK-293 ACSS2-OE (e) cells cultured for 48 hours in medium supplemented with 

10% LD-dFBS. HEK-293 parental and ACSS2-OE cells were treated with 50 µM NDI-

091143, and all three cell lines were supplemented with one of the following: 5 mM 

acetate, 2 mM triacetin or 5 mM pyruvate. All supplementations were tested with 1 

µM GSK2194069 and 1 µM VY-3-135. Bar heights represent means, error bars 

represent standard deviations (n = 8). Control conditions belonging to the same 

experiment are repeated for clarity of comparison. P-value for Šídák’s multiple 

comparisons test following one-way ANOVA is reported. 
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Figure 5.15: Inhibition of MCT1 by AZD3965 does not affect the proliferation 

rescue of acetate in mAcly KO cells. Dose-response curve on cell viability of D42 

mAcly KO cells cultured for 48 hours with increasing concentrations of AZD3965 

and 5 mM acetate in medium supplemented with 10% dFBS (left) or 10% LD-dFBS 

(right). Data points represent means, error bars represent standard deviations (n = 

8). Each condition is normalized to its relative cell number with no drug. 

Lipid depletion and Complex I inhibition render cells depended on acetate for proliferation 

Although we ultimately decided to apply inhibition of ACLY with low lipid content as our main 

CRISPR KO screen condition, we also hypothesized that treatment with the Complex I 

inhibitor Fasnall combined with lipid-depleted culture conditions could provide an 

environment in which cells would become dependent on acetate for proliferation. This was 

based on the understanding that, by avoiding NAD+ consuming reactions for the production 

of cytosolic acetyl-CoA, acetate can reduce the dependence on exogenous lipids when 

electron acceptors are limited by OXPHOS inhibition (Fig. 5.16a) (294). Indeed, while we find 

that acetate has no effect on proliferation in cells treated with Fasnall in dFBS medium, the 

same treatment in LD-dFBS shows that acetate can rescue cell proliferation (Fig.5.16b,c). 

Overall, these data indicate that Complex I inhibition and lipid depletion also render cells 

dependent on acetate metabolism. 



102 
 

 

Figure 5.16: Acetate rescues proliferation following medium lipid depletion and 

Complex I inhibition. (a) Schematic of the metabolic pathways for nucleocytosolic 

acetyl-CoA production and their associated requirements for electron disposal in 

the form of generation of NADH. Fasnall inhibitory activity against complex I is 

shown. (b,c) Relative cell number of HEK-293 ACSS2-OE (b) and D42 mAcly KO (c) 

cells cultured for 48 hours in medium supplemented with 10% dFBS or 10% LD-

dFBS and treated with 20 µM Fasnall and 5 mM acetate. Bar heights represent 

means, error bars represent standard deviations (n = 8). P-value for Šídák’s multiple 

comparisons test following one-way ANOVA is reported. 
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CRISPR KO screen conditions can be sustained in long-term culture 

To carry out a CRISPR KO screen and allow genes essential in the culture conditions tested 

to disappear from the cell population it is necessary to culture cells for a certain number of 

days, which can depend on the specific cell line’s proliferation rate. As a consequence of 

this, we tested the ability of cells that were previously only subjected to experimental 

conditions for up to 48 hours to a long-term trial of multiple passages under lipid-depletion 

and ACLY inhibition conditions. We find that cells change their morphology and significantly 

slow down their proliferation when treated with the ACLY inhibitor NDI-091143, but remain 

viable even after multiple passages (Fig.5.17). We did observe that trypsinization and 

surface attachment are processes that can increase cell death in treated conditions, so we 

considered this when performing the experimental CRISPR screen, by splitting at a lower 

fraction or in some cases passaging the whole population to conserve cells undergoing 

selection under the screening conditions. We did not test a condition with ACLY inhibition, 

lipid-depletion and no acetate as most cell lines tested either do not survive it or 

alternatively remain viable, but do not proliferate. Overall, we find that cells can remain 

viable for long-term culturing in the CRISPR KO screen conditions we elected to employ. 
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Figure 5.17: HEK-293 ACSS2-OE cells remain viable in CRISPR KO screen 

conditions. Phase-contrast micrographs of HEK-293 ACSS2-OE cells cultured for 
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17 days under one of three conditions: 1) 10% dFBS + vehicle, 2) 10% dFBS + 50 µM 

NDI-091143, and 3) 10% LD-dFBS + + 50 µM NDI-091143. Successive instances of 

passaging and split ratio or medium refresh are indicated. Representative examples 

of n = 3 experiments shown. 

CRISPR KO screen preparation 

Pooled CRISPR screens rely on a library of guide RNAs (gRNA) to introduce genetic 

perturbations inside a cell population in a heterogeneous fashion. This is then followed by a 

biological challenge that affects cell proliferation (or other measurable phenotypes) 

differently based on the specific genetic modification inside each cell in the pool, which in 

the case of a CRISPR KO screen is gene deletion (295). The result is that the KO of genes that 

are essential for cell proliferation in the challenge condition will cause the associated gRNAs 

to disappear from the cell population. This can be quantified once the experiment is over by 

collection of the pooled genomic DNA, followed by PCR amplification of the gRNA regions 

and high-throughput sequencing and identification of those regions. 

To introduce gRNAs, it is necessary to carefully calibrate the multiplicity of infection (M.O.I.) 

of the lentiviral library. The objective is to maximize the number of cells with a single gRNA 

integration event in their genome, while avoiding instances of multiple integration events, 

which can complicate the interpretation of results. In accordance with the Poisson 

distribution for the occurrence of random events, CRISPR screens are usually carried out at 

a M.O.I. of 0.3, which roughly corresponds to 30% of the cell population successfully 

transduced by the lentiviral pooled gRNA library (296). Additionally, unless all-in-one 

libraries containing both a single gRNA (sgRNA) and a Cas9 expression construct are used, 

cells need to be clonally selected before the screen to confirm that the entire experimental 

population expresses Cas9 and will thus be subjected to the genetic perturbations and 

biological challenge of the experimental conditions as hypothesized (297). 

We employed two whole-genome dual-gRNA libraries, one for the human genome and one 

for the murine genome. The human library covered 20,048 genes with 91,926 gRNA pairs, 

while the murine library covered 20,493 genes with 90,344 gRNA pairs. “Dual-gRNA” implies 
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the presence of pairs of gRNAs whose purpose is to introduce large deletions in the genome, 

instead of single point mutations. We decided to employ a whole-genome library, instead of 

one focused on solute carrier transporters (SLC), in order to probe genes that may not be 

currently classified as SLC, but are still involved in metabolite transport. The classification 

of SLCs is in constant revision, and genes that at the time of their discovery were not 

classified as SLCs, like the serine transport family of sideroflexins (SFXNs), have since been 

included, in the case of SFXNs as making up the SLC56 family (207,298). We therefore 

adapted the number of cells involved in the screen to guarantee at least 250 reads per 

sgRNA, before the dropout of essential housekeeping genes is considered. 

To prepare for the screen, we set out to define an assay that would allow us to determine the 

viral transduction efficiency. Given that the gRNA libraries include an expression construct 

for green fluorescent protein (GFP), we employed flow cytometry measurements for all 

determinations of transduction efficiency and active Cas9 presence. We confirmed that our   

method of assaying transduction efficiency is reliable by testing increased amounts of 

lentiviral vectors for GFP expression (Fig.5.18a), noting that transduction efficiency against 

viral amount follows a sigmoidal curve (Fig.5.18b). While for all other viral manipulations we 

used the cationic polymer polybrene to enhance transduction efficiency, we validated our 

assay by recapitulating the reported fact that lymphocytes, like the T cell leukemia-derived 

Jurkat cell line, can have their transduction efficiency dramatically increased by treatment 

with the poloxamer Synperonic F108 in place of polybrene, although this is not the case for 

other cell lines such as the myeloid leukemia-derived MOLM-13 (Fig.5.18c,d). 
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Figure 5.18: GFP fluorescence can be used to measure lentiviral transduction 

efficiency. (a) Normalized frequency of GFP negative or positive Jurkat cells 

infected with 40% (left) or 80% (right) v/v lentiviral medium and 10 µg/mL polybrene. 

Representative examples, 10,000 events recorded for each. (b) Lentiviral 

transduction efficiency of Jurkat + 10 µg/mL polybrene and increasing percentage 

of v/v lentiviral medium. Data points represent the percentage of GFP+ cells in a 

single recording of 10,000 events. (c) Pseudocolor dot plot of cell events gated for 

GFP fluorescence of Jurkat (left) and MOLM-13 (right) cells infected with 40% v/v 

viral medium and 1 mg/mL Synperonic F108. Representative example of n = 5 

experiments, 10,000 events recorded for each replicate. (d) Lentiviral transduction 

efficiency of Jurkat infected with 40% v/v viral medium and either 10 µg/mL 
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polybrene or 1 mg/mL Synperonic F108. Bar heights represent means, error bars 

represent standard deviations (n = 5). P-value for unpaired two-tailed Student’s t 

test 

To employ stable clonal cell lines expressing Cas9 it is not sufficient to transduce a pool 

of cells with a Cas9 lentiviral vector, select them for the presence of an antibiotic marker 

and then isolate clonal populations. This is because antibiotic-resistant but Cas9-

inactive cells are always present in the transduced pooled population due to mutations 

in the proviral Cas9 coding sequence and epigenetic silencing of the inserted Cas9 gene 

(297,299). For this reason, after clonal expansion, we analyzed the clones’ Cas9 activity 

by a dual fluorescence reporter system (Fig.5.19a) (297). The reporter system relies on 

the concomitant expression of green fluorescent protein (GFP) and blue fluorescent 

protein (BFP) in transduced cells, and harbors a gRNA sequence targeting GFP, such that 

if a transduced cell expresses active Cas9, then the signal for green fluorescence 

disappears and only blue fluorescence is recorded (Fig. 5.19b). With this reporter 

system we analyzed 45 clones for the D42 mAcly KO cell line (Fig.5.19c), 96 clones for 

the HEK-293 ACSS2-OE cell line (Fig.5.20a), and 21 clones for the B6TAg2.03 cell line 

(Fig.5.20b). Each clonal cell line was considered as having homogeneous Cas9 activity 

sufficient to be employed in the CRISPR KO screen if the percentage of the infected 

subpopulation having lost GFP fluorescence was between 98 to 99%. The best clones 

for each cell line were then used to titrate the M.O.I. of the species-matched CRISPR 

gRNA library to determine the infection conditions achieving 30% of positively 

transduced cells (Fig. 5.21a-c). 
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Figure 5.19: A dual fluorescence reporter system is used to identify Cas9-active 

clonal cell lines. (a) Schematic of the reporter construct. CMV: Cytomegalovirus 

promoter; gGFP: guide RNA targeting GFP; PGK: phosphoglycerate kinase promoter. 

(b) Schematic of the workflow for confirming Cas9 activity in clonal populations: a 

non-clonal mixed pool will contain cells expressing both GFP and BFP and others 

only expressing BFP; all cells of a Cas9-negative clonal population will express both 

GFP and BFP; all cells of Cas9-positive clonal population will express only BFP. (c) 

Pseudocolor dot plot of D42 mAcly KO transduced with Cas9 and tested with the 

activity reporter. Cell events gated for BFP+ and GFP+. Representative examples for 

10 clones out of 45 analyzed, 10,000 events recorded for each. 
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Figure 5.20: Active Cas9 clones for HEK-293 ACSS2-OE and B6TAg2.03 cell lines. 

(a-b) Pseudocolor dot plot of HEK-293 ACSS2-OE (a) and B6TAg2.03 (b) cells 

transduced with Cas9 and tested with the activity reporter. Cell events gated for 

BFP+ and GFP+. Representative examples for 10 clones out of 96 (a) or 21 (b) 

analyzed, 10,000 events recorded for each. 
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Figure 5.21: CRISPR whole-genome dual gRNA library titration. (a-c) Normalized 

frequency and population percentage of D42 mAcly KO Cas9 clone 6 (a), HEK-293 

ACSS2-OE Cas9 clone 73 (b), and B6TAg2.03 Cas9 clone 15 (c) gated for GFP+ from 

infection of murine (a,c) or human (b) gRNA library at different percentages of viral 
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medium. mWG: mouse whole-genome gRNA library; hWG: human whole-genome 

gRNA library. 

SLC16A13 is identified by a CRISPR KO screen for dependencies on acetate metabolism 

in murine hepatocellular carcinoma cells 

In this work we present the results of the acetate-based CRISPR KO screen performed with 

the first of the three cell lines selected, namely the murine hepatocellular carcinoma D42 

mAcly KO cell line. The experiment was designed with a control condition in lipid replete 

medium with 10% dFBS and three experimental conditions in lipid-depleted medium with 

10% LD-dFBS and supplementation of either 5 mM acetate, 5 mM pyruvate or 2 mM triacetin 

(Fig. 5.22a). This cell line was chosen because it would provide an orthogonal control to 

screens performed using ACLY chemical inhibition and because, among the cell lines used 

in this work, it is among the fastest proliferating ones, as are HEK-293 and B6TAg2.03 

(Fig.5.22b). Upon infection with the murine whole-genome dual gRNA library (Fig.5.22c), 

cells were cultured in complete medium and selected for puromycin resistance during the 

first 21 days of culture. Throughout this period, cell morphology was assessed, and it was 

observed that from day 10 onwards, many cells started to present an enlarged morphology 

(Fig.5.22d). Additionally, we recorded widespread cell death not related to puromycin, which 

we ascribed to the dropout of essential housekeeping genes and to additional synthetic 

lethality due to the Acly KO background of these cells. After culturing cells in separate 

replicates for an additional 15 days in the respective experimental conditions, extracting the 

genomic DNA, amplifying and sequencing the gRNA regions, we find that on average each 

condition presents ~100 genes that are either underrepresented or overrepresented in the 

experimental conditions compared to control (Fig.5.23a). We find that Fasn is always 

significantly underrepresented in all three experimental conditions, due to the dependency 

on de novo fatty biosynthesis enforced by the supplementation with LD-dFBS and KO of Acly. 

We also find that acetate and triacetin conditions present several genes that are 

differentially regulated in the same way, including Cyp2b9 and, intriguingly, the gene 

Slc16a13 encoding for the monocarboxylate transporter MCT13 (Fig.5.23b,c). Following up 

on this finding, we performed net acetate consumption flux analysis on a human cell line 
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instead, HEK-293 ACSS1-OE, modified with knockdown (KD) constructs for SLC16A13, and 

we find that all MCT13 KD cell lines have some level of significant reduction in net acetate 

consumption (Fig.5.23d). Overall, these data suggest that MCT13 is a transporter involved in 

acetate utilization and that this is likely the case between different cancer types and species. 

 

Figure 5.22: D42 mAcly KO CRISPR KO screen. (a) Schematic of the procedure for 

the CRISPR KO screen performed with D42 mAcly KO Cas9 clone 6 cells. (b) 

Doubling time of most of the cell lines employed for this work. Bar heights represent 
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means, error bars represent standard deviations (n = 3). (c) Schematic map of the 

murine whole-genome dual gRNA CRISPR library. (d) Representative 

epifluorescence micrographs of cells taken throughout the duration of the screen. 

On the third panel on top, a cell with enlarged cell morphology is indicated with a 

white asterisk.  
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Figure 5.23: MCT13 is functionally involved in acetate utilization. (a,b) All genes 

(a) or only SLC genes (b) underrepresented (red) or overrepresented (blue) in 

experimental conditions compared to control in the CRISPR KO screen of D42 

mAcly KO cells. Data points represent means of log2(fold-change) for each gRNA 

pair. Q-value for Benjamini-Hochberg multiple comparisons correction of unpaired 

two-tailed Student’s t test are reported. (c) Number of reads per Slc16a13 gRNA 

only. Bar heights represent means, error bars represent standard deviations. (d) Net 

acetate consumption flux (mM/h) of HEK-293 ACSS1-OE cells modified with either 

shSCR, shSLC16A13 #1-3 or SLC16A13-OE constructs. Bar heights represent 

means, error bars represent standard deviations (n = 3).  P-value for Šídák’s multiple 

comparisons test following one-way ANOVA is reported. 
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CHAPTER 6: DISCUSSION 

The research work presented in this thesis sought to quantitatively characterize acetate 

utilization in a variety of cancer cell models, and to combine available transporter gene 

expression data with a genomic screen for acetate essentiality in order to identify novel 

transporters involved in acetate import. We report that acetate consumption is variable 

between and within cancer types (Fig.3.4) and correlated with acetate metabolism-

associated gene expression levels (Fig.3.6), that its magnitude is primarily dictated by the 

need to fuel the TCA cycle (Fig.3.7), and that inhibitors of the monocarboxylate transporters 

MCT1 and MCT4 only partially affect acetate consumption (Fig.3.8). We find that MCT1, 

MCT4 and MCT13 are ubiquitously expressed in the large majority of cancer cell line models 

available for research, although some cell lines with high acetate consumption capabilities 

do not express high levels of MCT1 (Fig.4.1). We describe how MCT13 gene expression is 

linked to acetate metabolism by its correlation with acetyl-CoA synthetase (ACSS2) 

expression, which is unique among the three MCTs considered hitherto (Fig.4.2). We present 

a CRISPR knockout (KO) screen which we developed in order to render cancer cells 

dependent for their biosynthetic needs on acetate metabolism. We find that this can be 

achieved by inhibition of the enzyme ATP citrate lyase (ACLY) and that the magnitude of 

dependence on acetate is increased by removing lipids from the culture medium (Fig.5.11, 

5.12, 5.13). We also report on how inhibition of Complex I can achieve the same role for 

acetate (Fig.5.16), while substitution of glucose for galactose in the medium allows acetate 

to partially spare glutamine utilization (Fig.5.3, 5.4), but not to become essential for cell 

proliferation. Lastly, we report how CRISPR KO screen conditions including acetate or the 

metabolically equivalent molecule triacetin highlight MCT13 as a gene essential for acetate-

dependent cell proliferation, contrary to the condition supplemented with pyruvate 

(Fig.5.23). 

The main novelty of our approach has been the combination of a metabolomics platform 

capable of quantitatively detecting acetate and of a genetic screening system. Indeed, a 

similar approach performed on a larger scale by the RESOLUTE Consortium, measuring 

metabolic changes on a panel of cell lines for which each SLC had been individually deleted, 
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did not report anything on acetate transport, because acetate itself was not included in the 

list of metabolites detected, nor was it present in the culture conditions in the first place 

(210). In regards to our metabolomics platform, we specifically validated its capability to 

provide us with accurate and consistent readouts throughout the course of this work 

(Fig.3.2), as it is known that some level of enzymatic activity can remain present even in 

samples processed for metabolomics analysis (300), which can, in time, reduce the content 

of certain metabolite, thus compromising the quantitative measurements on which this 

work is based. As an additional layer of validation, we measured the consumption flux of 

other essential metabolites used in cell culture, thanks to which we were able to find 

correspondence between our results and previous measurements available in the literature. 

For instance, in the case of glucose consumption flux, both our data (Fig.3.5a) and previous 

calculations for glycolysis rate flux show comparable results centered around 100 mM/h for 

different cancer types (301). 

With regards to our investigation of net acetate consumption flux in cancer cells (Fig.3.4c), 

it is notable how for many cell lines acetate and glutamine consumption are within a 

comparable range of 5 – 40 mM/h. We did not expect, and indeed do not observe except for 

BT-474 cells, that acetate consumption flux would be comparable to that of glucose, but it 

is still notable to confirm that acetate ranks among the three main sources of carbons for 

cancer cells. Consumption fluxes were also calculated but not reported for all amino acids 

present in RPMI 1640, and while some like serine are readily consumed by cancer cells, it is 

uncommon for them to approach the magnitude of flux that glucose, glutamine or acetate 

have for most cell lines. In terms of secretion of acetate, we did not systematically 

investigate this, and thus we can report data only for a limited number of cell lines (Fig.3.4d). 

In relation to this, we confirmed previous observations on the fact that pyruvate can be 

converted to acetate in the presence of reactive oxygen species (ROS) (113), though the data 

has not been reproduced here. The original article which presented this phenomenon and 

the related enzymatic conversion of pyruvate to acetate also used one of the same cell lines 

from which we observe significant acetate secretion, HCT116. Assuming that these cells 

secrete excess intracellular acetate due to this pyruvate-to-acetate conversion (since their 
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expression of ACSS1 is low and thus they can scarcely metabolize it) (Fig.3.6), it is interesting 

to speculate on whether we could further increase acetate secretion by triggering oxidative 

stress in these cells, possibly by treating them with galactose or palmitate, which are known 

methods to increase ROS production (302). If this were possible, and we could effectively 

target acetate transport to block its export, we could drive cells to metabolize acetate 

through ACSS2 and force an increase in the synthesis of lipids. This in turn would deplete the 

cytosolic pool of NADPH and produce an imbalance of acetyl-CoA, which may be toxic for 

cancer cells. Under the same logic, cells expressing ACSS1 would instead be forced to 

metabolize acetate to drive OXPHOS, potentially increasing the production of ROS. 

Ultimately it may be possible to induce the generation of ROS in in vivo cancer models by low 

level irradiation and trap acetate inside cells by targeting transport. Additional treatment 

with an ACSS2 inhibitor would force all intracellular acetate to be metabolized by ACSS1, 

further increasing the production of ROS, and likely resulting in anti-tumor effects. In this 

way it may be possible to potentiate the effect of radiotherapy without excessive radiation 

exposure. 

In relation to our analysis of transporter gene expression in all the cancer cell lines for which 

mRNA expression data is available in CCLE (Fig.4.1), it must be noted that the conclusions 

that we drew from transporter expression levels are valid in so far as we don’t consider how 

the exposure to acetate or other environmental factors may influence them. Indeed, it has 

been reported that MCT1 expression can be upregulated by the presence of acetate in low 

glucose conditions (131), while MCT4 expression is upregulated in hypoxia (239). We did not 

test this, and this could be relevant for low MCT1 cell lines like BT-474. On the other hand, 

our exposure to acetate in metabolic net flux experiments was always in conditions of high 

acetate availability (except when we tested the effect of galactose), and exposure to acetate 

did not exceed the 24 hours of the experiment. 

The results for net acetate consumption flux following inhibition of MCT1 and MCT4 (Fig.4.3) 

point to the fact that this type of experiment is of difficult interpretation when blocking 

lactate export in highly glycolytic cell lines leads to a metabolic rearrangement potentially 

affecting acetate consumption indirectly. It may be useful to find ways to allow cells to still 
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secrete lactate freely while blocking the two MCTs. One possibility may be overexpressing 

aquaporins with lactate permeability in the cancer cells tested (303), or otherwise sodium-

coupled MCTs (SMCTs), which should not be targeted by the inhibitors (304). 

Similarly, the influence of pH on acetate secretion (Fig.4.4) points at the involvement of 

proton symport, the mechanism of transport typical of MCTs, in acetate import, such that 

the higher concentration of extracellular protons drives acetate according to the proton 

gradient while impeding the secretion of lactate. Unfortunately, with this experimental set 

up it is not possible to gain additional information about which MCT would be involved, or if 

other proton coupled transporters could influence the result. 

As for the results of our first CRISPR KO screen (Fig.5.23), it is important to note that we plan 

to repeat it with other cell lines, the human HEK-293 ACSS2-OE and murine B6TAg2.03, to 

understand whether our finding that MCT13 is involved in acetate-mediated cell proliferative 

advantage is cell type- and species-agnostic or if changing the cancer type will provide us 

with additional findings. On a technical note, it is also important to repeat the screen in a cell 

line whose genetic background does not already harbor a genetic deletion, like the D42 

mAcly KO cell line. This is because synthetic lethality effects that were in place as the screen 

started with the gRNA library transduction, before the actual experimental conditions were 

introduced, have likely reduced our coverage of sequenced gRNAs. Indeed, for each 

condition we recovered reads for around 20,000 gRNA pairs, which even considering 

essential housekeeping genes that we expected to disappear from the population, is still 

lower than our predictions. Lastly, another notable characteristic of this genetic screening 

setup is that, by being reliant on metabolism of acetate in the cytosol by ACSS2, it did not 

allow us to identify mitochondrial acetate transporters. 

In terms of future directions on MCT13’s role in acetate import, a variety of approaches 

should be considered. Given that knockdown shows some effect on acetate consumption, 

stable KO cell lines should be developed and tested, also in combination with MCT1 and 

MCT4 inhibitors, to assess their residual acetate consumption capabilities. The galactose- 

and ACLYi-assays can also be used to assess whether MCT13 ablation reduces acetate’s 
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ability to confer a proliferative advantage. Another approach would be to employ cell-free 

systems based on proteoliposomes to assess the affinity of MCT13 for acetate. A method for 

combining this and LC-MS metabolomics has recently been proposed (305). MCT13 should 

also be investigated on a structural level to better understand its similarities with MCT1. 

Since the mechanism of transport of lactate in MCT1 has been described (306), this 

knowledge combined with dynamic modeling would be a starting point to understand if 

acetate can be a substrate for transport by MCT13.  

It is interesting to note that MCT13 is among one of the so-called neglected SLC transporters 

in terms of publications available (175). A query for “SLC16A13” on Google Scholar 

performed on October 2025 returns only a handful of papers in which SLC16A13 is the main 

topic (182,307–314), as well as one undergraduate thesis (315). Among these, two studies 

based on GWAS analyses point to an association between MCT13 and type 2 diabetes 

(312,313). Further, it has been shown that genetic deletion of SLC16A13 in mice leads to 

reduced hepatic lipid accumulation and consequently to an increase in hepatic insulin 

sensitivity compared to control when the animals are fed with a high fat diet (182). In the 

same study it was also confirmed that, while MCT13 had been previously assumed to be 

localized in the Golgi membrane, it can also be found on the plasma membrane. Several 

transport substrates have been proposed for MCT13, such as lactate (182) or oligopeptides 

(307), but direct evidence remains limited and the transporter is still classified as orphan 

(174). It is interesting to speculate over whether high MCT13 expression, rather than being 

directly causally linked to diabetes, may instead be responsible for facilitating the entry of 

acetate in hepatocytes to increase lipid biosynthesis, accelerate liver steatosis, and thus 

drive insulin resistance. Intriguingly, a study from 2004 also reported that inhibition of the 

Na+/H+ exchanger 1 (NHE1), which in conditions of low intracellular pH exchanges 

intracellular H+ with extracellular Na+, leads to downregulation of SLC16A13 expression in 

murine in vivo brain tissue and primary neuronal cells (314). It can be speculated that the 

inability to correctly regulate intracellular pH may lead to a downregulation of MCT13 in order 

to stop further intracellular acidification from the symport of H+ and the transporter’s 

substrate, be it acetate, lactate, or both. On this note, while it is reasonable to assume that 



122 
 

there is a degree of similarity in the mechanistic functions of MCT1 and MCT13, no 

information is available on whether MCT13 interacts with a chaperone protein and if it acts 

as a proton symporter, though our own data appears to suggest that acetate transport is 

influenced by changes in extracellular pH (Fig.4.4). Indeed, while amino acid sequence 

identity between human MCT1 and MCT13 is only 32.5%, the likelihood of structural 

alignment between the PDB structure 7CKR of MCT1 and the Alphafold 3 predicted structure 

of MCT13 is statistically significant (E-value = 9.47*10-20). 

A number of limitations of this present study need to be mentioned. Firstly, the panel of 

cancer cell lines that we experimentally investigated for their ability to metabolize acetate 

(Fig.3.4c), while larger and more diverse in scope than many comparable studies, is still 

considerably small when compared to the 1020 cell lines in CCLE for which SLC expression 

data is available. As such, our statistical power when making inferences using our acetate 

consumption flux data remains limited. For example, our currently available data does not 

suggest any statistically significant correlation between acetate consumption flux 

measurements and any MCT expression data for the cell lines considered, which may be due 

to the fact that we possess flux data for only 26 cell lines present in CCLE at the moment. 

Moreover, it is important to note that our measurements of net metabolite consumption or 

secretion are not equivalent to measuring transport rate through the plasma membrane, as 

many transporters can function as both importers and exporters (209) and the net change of 

a metabolite in the medium may be limited by either transport or downstream catabolic 

reactions. These measurements, which can be conducted with heavy-labelled species over 

short periods of time between seconds and minutes will become particularly relevant when 

validating the magnitude of the contribution of MCT13 to acetate transport, in order to de-

convolute the effect of the transporters from that of the downstream catabolism inside the 

cell. A number of additional validation experiments have not yet been conducted, including 

confirming the plasma membrane localization of MCT13 suggested in the literature, 

quantitatively determining the protein expression reduction achieved by shRNA knockdown 

(Fig.5.23d), producing and validating SLC16A13 KO cell lines, and testing if SLC16A13 

ablation in the liver leads to changes in the concentration of circulating and hepatic acetate 
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in an in vivo setting. Lastly, it is necessary to remark that due to the redundant and substrate-

promiscuous nature of SLC-mediated transport, the results of our study are strictly 

dependent on the context of the cell lines and cancer types that we chose to investigate, 

meaning that additional work will be required to fully elucidate the landscape of acetate 

import and export in different pathophysiological contexts.  
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