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ABSTRACT OF THE DISSERTATION 

Fructose Promotes the Growth of Tumors through Metabolite Exchange with Non-malignant 

Tissues 

by 

Ronald Joseph Fowle Grider 

Doctor of Philosophy in Biology and Biomedical Sciences 

Biochemistry, Biophysics and Structural Biology 

Washington University in St. Louis, 2021 

Professor Gary Patti, Chair 

The amount of dietary fructose consumed in the United States has increased considerably over 

the past five decades, largely due to the widespread use of high fructose corn syrup as a 

sweetener. The potential link between this elevated fructose intake and the development of 

cancer remains incompletely understood. Here we show that, even though cervical cancer cells 

themselves cannot directly utilize fructose carbon, diets high in fructose enhance the growth of 

cervical tumors by nearly threefold in mice. We demonstrate that efficient utilization of fructose 

carbon requires ketohexokinase-C, which was not expressed in ~100 cervical tumors that we 

examined from human patients or any transformed cancer cell line that we studied in vitro. In 

contrast, primary hepatocytes did express ketohexokinase-C. In a co-culture system, primary 

hepatocytes fed cervical cancer cells fructose-derived nutrients that drove proliferation of cancer 

cells through metabolite exchange. Similarly, in mice bearing cervical tumors, metabolism of 

fructose in ketohexokinase-C-expressing tissues enhanced tumor growth through a cell non-

autonomous mechanism. We demonstrate that PF-06835919, a drug in clinical trials to inhibit 

ketohexokinase-C in non-alcoholic fatty liver disease, had no direct effects on cervical cancer 
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cells themselves. Yet, when given to mice with cervical cancer, it was sufficient to prevent diets 

high in fructose from promoting tumor growth by inhibiting ketohexokinase-C in non-malignant 

tissue. These findings suggest that PF-06835919 has anti-tumor activity and demonstrate a 

therapeutic paradigm where non-malignant, distal organs may be targeted as a treatment for 

cancer.  
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Chapter 1: Introduction 

1.1 Cancer Metabolism 

1.1.1 Overview of cancer metabolism as a discipline 

Metabolism supports every cellular process in both cancerous and noncancerous cells: Cellular 

mobility, gene transcription, protein synthesis, ROS generation, ROS neutralization, protein 

trafficking, endocytosis, and exocytosis are just a few of the examples of cellular functionally 

that metabolism makes possible. Far from being an intransigent cellular property, however, 

metabolism is highly mutable, altering itself to support the demands of the cell. Thus, cells in 

different physiological states often have different metabolic states as well. For example, action 

potential-generating neurons have a different metabolic program from nutrient-absorbing 

enterocytes in the small intestine. A given cell type can alter its metabolism in accordance with a 

new functional state as well: For instance, endometrial and ovarian cells at different stages of the 

menstrual cycle alter their nutrient fate and turnover rate as they respond to changing levels of 

hormones 1–3 

     Given the importance of metabolism for supporting and enabling various functionalities of 

cells, one would expect that cells in a transformed, cancerous state would exhibit a different 

metabolic program from cells in a quiescent, somatic state. Indeed this is observed, and the field 

of cancer metabolism is based on this principle.  

     The current perspective of tumorigenesis and tumor development is that cancer is ultimately a 

genetic disease driven by activation of oncogenes and inactivation of tumor suppressors4,5. 

Accordingly, cancer researchers have put forth a monumental effort over the last several decades 

to delineate all the genetic drivers of various tumors 6,7. Conversely, the study of cancer’s 
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metabolic alterations has received considerably less attention, until more recently. These 

renewed investigations into tumor metabolism have revealed that oncogenic mutations and 

metabolism are often intimately linked: anabolic metabolism is the fundamental workhorse of 

genetic drivers that allows for a malignant growth phenotype. For example, several studies have 

revealed that activating mutations in oncogenes such as Ras, Braf, and myc result in distinctive 

metabolic phenotypes as compared to wildtype cells 8–11.  Thus, by understanding the metabolic 

responses connected to oncogenic transformation, we can better understand how these drivers 

bring about cell growth.  

 

  

      So what is the metabolic phenotype of cancerous growth? To understand this, we first have to 

understand that the programming of cancer cells is replication. In order to replicate, a cancer 

must make copies of all of its constituent materials to produce a new cell. In other words, a 

cancer cell must reproduce all of its biomass, including its lipids, DNA, and proteins. Therefore, 

metabolism in cancer cells is programmed by oncogenes and altered tumor suppressor signaling 

pathways to produce biomass. This is a different metabolic goal than most non-transformed, 

Figure 2.1 Metabolic priorities in quiescent and proliferating cells. Created with BioRender.com 
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quiescent cells. In these cells, most of the metabolic resources are directed towards energy 

generation in the form of ATP and less towards biomass production. (figure 1.1). Therefore, once 

a cell becomes transformed and cancerous, it undergoes a metabolic rewiring from an energy-

centric metabolism to a biomass-centric metabolism. Reproduction of biomass is a phenotype 

conserved in every type of cancer. Thus, while different cancer genotypes and tissues of origin 

can confer differences in metabolic fate and metabolic rate, there are many aspects of 

metabolism that are conserved among a diversity of malignancies. A prime example of such 

conservation is the dramatically enhanced rate of glucose utilization by the tumor relative to the 

somatic quiescent cell of origin from which it was derived12–14.  

1.1.2 Glucose metabolism in cancer cells  

     Glucose is the most abundant nutrient in the human circulation. To capitalize on this nutrient, 

cancer cells alter their glucose metabolism substantially upon transformation. This is evidenced 

by the pervasive use of fluordeoxyglucose (FDG) positron emission tomography (PET) to image 

a wide variety of tumors 15,16. In this technique, a radioactive analog of glucose (FDG) is 

administered to cancer patients. This analog of glucose cannot be metabolized but can be 

uptaken by glucose transporters. Imaging of the patients after FGG administration reveals a 

strong signal from the FDG concentrated within the tumor relative to the surrounding normal 

tissues. In this way, the size and extent of the tumors in a patient can be assessed. FDG 

accumulates in tumors to such an extent, because tumors greatly increase their glucose utilization 

relative to somatic tissues 14,17. This increase in utilization is due to increased tumor expression 

of glucose transporters as well as a profound increase in glucose turnover14. Several metabolic 

pathways drive this enhancement in tumor glucose utilization, including glycolysis, the pentose 

phosphate pathway, and the TCA cycle18.  
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     Carbon flux through glycolysis is greatly increased in many cancers 19,20. In most somatic 

cells, glycolysis is fueled almost exclusively by glucose. Glucose is phosphorylated by 

hexokinase, which prevents it from leaving the cell and diffusing back into the extracellular 

environment. Glucose 6-phosphate then undergoes a series of catabolic reactions to produce a 

final 3-carbon product of one of two forms: pyruvate or lactate. The long-held view is that lactate 

is thought to be an inert “metabolic waste product” that is excreted from the cell; whereas, 

pyruvate can enter the mitochondria to be oxidized by the TCA cycle.  

     A cell’s choice to create either lactate or pyruvate from a glucose molecule has important 

implications for how much energy can be harvested from that molecule. If the cell makes lactate, 

only a net production of 2 ATP’s is obtained from glucose. If a cell makes pyruvate, then that 

pyruvate can be oxidized in the TCA cycle to produce a total of over 30 ATP. Most somatic cell 

types have the metabolic goal of producing as much energy as possible. Indeed, humans produce 

their body weight in ATP per day21. Therefore, it would seem prudent for a cell to send glucose 

carbons into the TCA cycle to extract maximal ATP for energy.  

    However, oxidation of glucose comes with a prerequisite: the availability of oxygen. Under 

hypoxic or anaerobic conditions, TCA cycle activity decrease significantly. For example, in a 

muscle that is undergoing heavy exertion, oxygen demand increases dramatically. This increased 

demand outpaces oxygen supply, and the tissue enters an anaerobic state. This anaerobic state 

results in most of the glucose carbons being fermented to lactic acid, thus precluding entry into 

the TCA cycle. Thus, the canonical picture of sugar metabolism is that cells prefer to send most 

of their glycolytic carbons into the TCA cycle in the presence of oxygen and to lactic acid as a 

necessary evil in oxygen-deprived conditions.  
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   In contrast to this established mechanism of control for glucose fermentation and oxidation, 

cancer cells undergo significant lactic acid production in aerobic conditions: Malignant cells in 

conditions that are apparent for glucose oxidation consume high amounts of glucose and undergo 

robust lactic acid fermentation. This was first observed in the early 20th century by Otto 

Warburg, and is thus called the “Warburg Effect22,23.” The Warburg Effect is a foundational 

phenotype in the field of cancer metabolism, and there is still no consensus as to why cancer 

cells adopt this metabolic state. Otto Warburg’s original hypothesis that aerobic glycolysis is the 

result of mitochondrial damage in malignancy has been nullified. Cancer cells have been shown 

to have functional mitochondria24,25. One prominent hypothesis is that glycolysis generates ATP 

a lot faster than full glucose oxidation, with lactate production from glucose being 10-100 times 

faster than full glucose oxidation 18. Thus, faster nutrient turnover in tumor cells may result in a 

 Figure 1.2 Schematic of how biomass  can be produced from glycolysis and the pentose phosphate pathway. gluc, glucose; F6P, 

fructose 6-phosphate; HK, hexokinase; Fruc, fructose; KHK-C, ketohexokinase-C; KHK-A, ketohexokinase-A; F1P, fructose 1-

phosphate; ALDOB, aldolase B; DHAP, dihydroxyacetone phosphate; G3P, glyceraldehyde 3-phosphate;  glycerol3-P, glycerol 

3-phosphate; 3PG, 3-phosphoglycerate; R5P, ribose 5-phosphate; OxPPP, oxidative pentose phosphate pathway; Non-oxppp, non 

oxidative pentose phosphate pathway;  
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competitive advantage over the surrounding stroma cell in the tumor microenvironment18. 

Another more recently proposed model is that biomass production creates an increased reliance 

on NAD+ regeneration over ATP synthesis26. In this model, production of lactate helps a 

biomass-centric cell maintain adequate NAD+ levels, because the generation of lactate is 

accompanied by production of NAD+.  

     Regardless of the driving force for the Warburg Effect, it is accompanied by a profound 

increase in flux through glycolysis 19,20. Many biosynthetic reactions for important components 

of the cancer cell’s biomass are fed from glycolysis (see figure 1.2). These include the 

hexosamine pathway for membrane glycosylation, the production of glycerol for the head groups 

of membrane phospholipids, the production of serine and glycine for participation in one-carbon 

metabolism for production of DNA precursors27–29 (see figure 1.2). Thus, glycolysis is one of the 

main drivers for increased glucose utilization and consumption in cancer. This increased 

glycolytic flux helps to fuel the growing cell with biomass precursors.  

     There are other pathways that glucose uses to provide biosynthetic precursors as well. The 

pentose phosphate pathway provides the cell with de novo synthesis of the ribose ring for the 

production of nucleotides. Furthermore, the oxidative arm of the pentose phosphate pathway is 

the largest source of NADPH in the cell30. This NADPH is essential for oxidative stress 

neutralization and a necessary cofactor for fatty acid synthesis and 1-carbon metabolism aiding 

in the synthesis of nucleotides. Carbons from glucose that enter the TCA cycle also feed a 

variety of biosynthetic pathways. De novo lipogenesis, which begins with mitochondrial citrate, 

is a very important anabolic pathway for cancer cells. This pathway is a major contributor to the 

production of fatty acids for membrane phospholipid biosynthesis.  
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   All in all, glucose utilization is greatly increased in a proliferative cancer cell, and this property 

is exploited by FDG-PET imaging. Increased glucose utilization is mostly a result of increased 

glycolytic flux and Warburg metabolism.  Other pathways anabolic for biomass draw on glucose 

as well, including the pentose phosphate pathway and certain pathways fed by the TCA cycle. 

These pathways supply both direct carbons from glucose as well as cofactors such as NADPH 

for the construction of new cellular components.  

 1.1.3 Fructose metabolism in cancer cells 

    Glucose is the primary sugar that is maintained in the circulation to fuel the cells of the body. 

But glucose is not the only sugar that the human body is exposed to. Fructose is a dietary sugar 

that most Americans consume in significant quantities every day and is the second most 

abundant dietary sugar  found in humans31. The amount of dietary fructose consumed in the 

United States has increased considerably over the past five decades, largely due to the 

widespread use of sucrose and high fructose corn syrup as a sweetener 32–34. In 2008, fructose 

consumption in the United States accounted for over 10% of daily caloric intake in adults with  

over a quarter of adolescents consuming over 15% of  their daily calories from fructose 35.  The 

potential link between this elevated fructose intake and metabolic disorders such as obesity, 

insulin resistance, hyperlipidemia, and non-alcoholic fatty liver disease has been the subject of 

intense investigation36–39. The potential effect of high fructose consumption on the development 

of cancer, on the other hand, has received much less attention.   

     Fructose can be metabolized by two different routes by cells. The primary way fructose is 

thought to be metabolized is via ketohexokinase. Ketohexokinase can phosphorylate fructose to 

produce fructose 1-phosphate. This fructose 1-phosphate can then be metabolized by aldolase B 

to produce trioses, which can then enter glycolysis, glycerol synthesis, or the pentose phosphate 
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pathway (see figure 1.3). There are two functional isoforms of ketohexokinase: KHK-A and 

KHK-C. KHK-C is expressed only in the liver, small intestine, and kidney. It is the isoform that 

robustly metabolizes fructose, producing very high levels of fructose 1-phosphate in a short 

period of time40,41.  In contrast, KHK-A does not metabolize fructose well, having a much higher 

Km  for fructose than KHK-C. KHK-A is more ubiquitously expressed in various tissue types and 

is thought to have other primary substrates besides fructose42–44. Aldolase B, like KHK-C, is also 

only expressed in the liver, kidney, and small intestine. Thus, due to the presence of fructolytic 

enzymes in these organs, they are thought to be the primary sites of fructose metabolism.      The 

second route that fructose enters central carbon metabolism is via hexokinase. Hexokinase 

Figure 1.3 Schematic of possible routes of fructose metabolism. gluc, glucose; F6P, fructose 6-phosphate; HK, hexokinase; 

Fruc, fructose; KHK-C, ketohexokinase-C; KHK-A, ketohexokinase-A; F1P, fructose 1-phosphate; ALDOB, aldolase B; 

DHAP, dihydroxyacetone phosphate; G3P, glyceraldehyde 3-phosphate;  R5P, ribose 5-phosphate; OxPPP, oxidative 

pentose phosphate pathway; Non-oxppp, non oxidative pentose phosphate pathway 
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directly phosphorylates fructose to produce fructose 6-phosphate, which can enter glycolysis or 

the pentose phosphate pathway (see figure 1.3).  Hexokinase is ubiquitously expressed in most 

cell types. Consequently, most cell types are thought to possess a hexokinase-dependent 

capability for fructose metabolism. However, this pathway is generally thought to be less 

productive for fructose turnover due to competition from glucose, which is the primary substrate 

for hexokinase40.  

     To understand how cancer cells might productively use fructose to fuel their growth and 

proliferative programs, we would need to understand cancer cells capacity to metabolize fructose 

via either hexokinase or ketohexokinase. Several studies have reported that fructose is 

metabolized via ketohexokinase in certain cancers, primarily colon cancer. In one genetic model 

of intestinal cancer in which the adenomatous polyposis coli (APC) gene was deleted in 

intestinal stem cells, fructose stimulated tumor growth in a cell autonomous fashion45. This 

growth stimulation was due to these tumors expressing ketohexokinase and aldolase B, allowing 

for intracellular fructolysis46. However, most of the tumors studied in this model arose in the 

small intestine as opposed to the colon46. Unlike the colon, the small intestine expresses high 

levels of ketohexokinase and aldolase b. Therefore, it is questionable how relevant these results 

might be to colon cancer. It has also been reported that colon cancer liver metastases increase 

their expression of aldolase b upon metastasizing to the liver, supporting the direct use of 

fructose carbons to support their growth in the liver environment47. In hepatocellular carcinoma, 

it was shown that tumors predominantly expressed KHK-A unlike the liver tissue which 

expresses high levels of KHK-C44.  This isoform switch as a result of carcinogenesis of the liver 

tissue was associated with decreased fructose metabolism44. Conversion to KHK-A in tumors 
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was shown to promote nucleotide biosynthesis via activation of phosphoribosyl pyrophosphate 

synthetase 144.  

     Several other studies have implicated fructose in supporting growth via direct utilization of 

fructose in certain cancer cell types. Fructose has been reported to increase the synthesis of 

nucleotides in pancreatic cancer cell lines48. However, the metabolic mechanism for this 

phenotype was not determined. In acute myeloid leukemia, administration of fructose resulted in 

an increased NAD+/NADH ratio, which promoted carbon flux to serine biosynthesis49. Yet, the 

metabolic mechanism leading to this observation was not determined. In several lung cancer cell 

lines, knockout of glut5, a transporter that can allow for fructose transport was associated with 

decreased growth in vitro and in vivo50. In these studies, determination of how fructose gave rise 

to the observed metabolic phenotype was not determined.  

   Literature on tumor fructose metabolism and effect on tumor growth is quite sparse, especially 

in comparison to the vast quantity of literature that exists for glucose metabolism in cancer cells. 

Thus, there are many tumor types in which the effects of fructose metabolism are not known. It 

is possible that there is conservation in fructose metabolism among various cancer types. Or the 

response could be varied depending on the tissue of origin. Thus, given the how ubiquitous 

fructose is in the western diet, there is a need to understand how fructose might contribute to 

tumor growth.  

1.2 Metabolomics 

1.2.1 Overview 

Genomics is the study of the genome. Proteomics is the study of the proteome. Metabolomics is 

the study of the metabolome. The metabolome is the comprehensive set of metabolites in a 
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biological sample. Note that the term “metabolites” is often defined in the field to include all the 

small molecules in the sample, not just those that have been transformed by metabolic processes. 

Thus, metabolomics is the comprehensive evaluation of small molecules in a sample. By “small 

molecules” we generally mean molecules less than 1,500 daltons. Metabolomics approaches can 

be either targeted or untargeted. In a targeted approach, we are intentional in the metabolites and 

pathways that we wish to study from a metabolomics dataset. This approach is often hypothesis- 

driven. In an untargeted approach, we assess all the metabolites in a sample in an unbiased 

manner. This approach is often hypothesis-generating. For either approach, sophisticated 

analytical instrumentation is needed to generate the data. The most common setup used is liquid-

chromatography/mass spectrometry (LC/MS).  

1.2.2 Liquid-chromatography/mass spectrometry 

    Frequently in a metabolomics experiment we want to assess the relative levels of a metabolite 

under one or more experimental conditions (i.e. wild type vs knockout). To do this, we need to 1) 

separate the mixture of metabolites into individual metabolites and then 2) determine the amount 

of each metabolite that was resolved. Liquid chromatography/mass spectrometry is the most 

common method to accomplish both of these aims. Liquid chromatography allows us to resolved 

metabolites from a biological mixture, and mass spectrometry allows us to quantify those 

metabolites. 

     Liquid chromatography separates a mixture of metabolites by chemical separation on column 

chromatography. The stationary phase is the solid part of the column. The mobile phase is the 

solvent that runs over it. Different combinations of stationary and mobile phases allow for 

separation of different polarities of compounds. Hydrophilic interaction chromatography 

(HILIC) allows for separation of polar metabolites such as sugars and amino acids. Reverse 
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phase chromatography allows for separate of nonpolar metabolites such as lipids. Thus, 

comprehensive analysis of the entire metabolome by LC/MS often requires at least two different 

columns.  

    Once metabolites are resolved, they enter the mass spectrometer where their exact mass is 

measured. The time at which each metabolite leaves the column and enters the mass 

spectrometer is characteristic to that metabolite and is known as the retention time. The putative 

identity of a given metabolite can be determined from a combination of its exact mass and its 

retention time. The intensity of the mass spectrometry signal for a given metabolite can also be 

determined. This signal intensity is proportional to the amount of that metabolite present. The 

total amount of metabolite that is measured in a sample is called the pooled size.  Thus, in a 

conventional metabolomics experiment, the relative differences in pools sizes under various 

experimental conditions can be assessed. In this way, metabolic information about the 

experimental systems under study can be obtained by assessing the accumulation and depletion 

of various metabolite pools.  

     1.2.2 Stable Isotope Tracing 

As a result of metabolism, the carbons of a given nutrient are often disseminated to dozens if not 

hundreds or thousands of downstream metabolites. Often we wish to understand the fate of one 

or several nutrients under one or more experimental conditions. Metabolomics allows us to 

assess all the metabolites that a given nutrient might give rise to. In order to track the carbons 

coming from a nutrient, we isotopically label the carbons in that nutrient, most commonly 

replacing them with carbon-13 (13C).  Most of the carbon (over 98.9%) on earth is carbon-12 

(12C). 13C is approximately one mass unit heavier than 12C due to an extra neutron. 13C makes up 

less than 1.1% of carbon. Thus, a vast majority of the carbons in biomolecules are 12C. Replacing 
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the 12C with 13C results in a molecule that is heavier than the naturally-occurring version; 

however, this heavier molecule is otherwise indistinguishable from the 12C version, undergoing 

the same metabolic processes with equal efficiency. Therefore, we can track the fate of 13C-

labeled nutrients in mass spectrometry by determining the downstream metabolites that undergo 

a mass shift consistent with incorporation of 13C carbon. This allows us to determine the 

metabolic rate and fate of a given nutrient under one or more experimental conditions.  

     One common way to understand 13C labeling in various metabolites is through determination 

of isotopologue distribution. Isotopologues are molecules that differ only in their isotopic 

composition51. For instance, a glucose molecule containing one 13C carbon is a different 

isotopologue than a glucose molecule with two 13C carbons. Note that the term “isotopologue” 

does not provide any information about the connectivity of the 13C carbons: if one molecule of 

glucose is 13C-labled at carbon 1 and another molecule of glucose 13C-labeled at carbon 6, they 

are not distinguished in isotopologue analysis. A hypothetical presentation of the isotopologues 

of lactate under two different experimental conditions after administration of some 13C-labeled 

nutrient is shown in (figure 1.4). Note M+0 represents the unlabeled metabolite and M+1, M+2, 

and M+3 represents one 13C carbons, two 13C carbons, or three 13C carbons respectively within 

lactate, a three carbon molecule. Essentially, the data is a histogram of the carbon isotope 

distribution within the entire pool of lactate in each experimental condition.  By studying these 

isotopologue distributions in metabolites downstream of the 13C-labeled nutrient of interest, we 

can gain information concerning the metabolic fate and rate of that nutrient in the experimental 

conditions with wish to study. The use of 13C-labeled nutrients is a recurring theme in this 

dissertation.  
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Figure 1.4 Hypothetical isotopologue distribution of lactate. 
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Chapter 2: Dietary fructose supports tumor growth  

2.1 Introduction 
It is well established that cancer cells have a high avidity for glucose relative to most other 

healthy tissues. Increased uptake of glucose supports an elevated glycolytic flux, which is 

typically assumed to be a requirement of cell proliferation 22. Fructose has the same molecular 

formula as glucose and can be fed into glycolysis by two independent enzymes: hexokinase and 

ketohexokinase (KHK). Thus, it seems plausible that fructose could support the proliferation of 

cancer cells. Indeed, previous work has already demonstrated that fructose promotes the growth 

of intestinal cancers by directly activating central carbon metabolism within the intestinal cancer 

cell45,48. Considering the availability of fructose in the microenvironment of the cervix, we aimed 

to determine whether dietary fructose could be utilized by cervical cancer cells to promote their 

growth 52,53.  

2.2 Results 

Elevated consumption of dietary fructose promotes tumor growth 

To determine whether high fructose consumption increases cervical tumor growth in vivo, we 

placed nude mice with subcutaneous CaSki tumors on a high-fructose diet or a calorie-matched 

control diet that did not contain sugar but still contained complex carbohydrates. After 4 weeks 

on these respective diets, we observed a significant increase in tumor size in the high-fructose 

group relative to the control (figure 2.1A).  

Given that fructose is most commonly consumed in combination with glucose, we also evaluated 

the effect of both glucose and fructose on tumor growth. For mice on a normal chow diet, 

replacement of water with a 10% high fructose corn syrup (HFCS) solution resulted in increased 

tumor growth (figure 2.1B). CaSki tumors similarly grew faster on a high sucrose diet relative to 
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control diet (figure 2.1C). Therefore, fructose by itself increased CaSki tumor growth and 

fructose in combination with glucose increased growth. To understand the mechanism behind 

these observations, we first wanted to ensure that increased growth with high fructose 

onsumption was not due to increased total caloric consumption on the high-sugar diets. Indeed, 

we found that the total caloric consumption on all the diets was the same (figure 2.1D). 

Furthermore, the effects of the high-sugar diet were not secondary to weight gain, as there were 

no statistically significant differences in mouse weights (figure 2.1E). The mice also did not 

exhibit changes consistent with the onset of insulin resistance on the high fructose diet after 6 

weeks of dietary consumption. This was revealed by comparable fasting glucose levels among 

the control and high fructose diet groups  (figure 2.2A). Furthermore, there was no difference in 

glucose tolerance test or the rate of gluconeogenesis from [U-13C] alanine administration 

between the high fructose diet and control (figure 2.2B-C). Therefore, the observed increases in 

tumor growth rate did not appear to be secondary to obesity, caloric consumption or insulin 

resistance. These observations suggest that the compositions of the diets themselves may be 

responsible for the increased rate of tumor growth.  

2.3 Discussion 

The ability of high sugar consumption to promote tumor growth in any tumor model has been 

poorly studied. These data represent some of first to show that high sugar intake can promote 

growth in a cervical xenograft model. Notably, a diet high in fructose is sufficient to promote 

increased tumor growth relative to a calorie-matched control diet, which resembles mouse 

normal chow diet in terms of macronutrient distribution. Most interesting is that this sugar-

induced growth enhancement was not secondary to either obesity or increased caloric 

consumption. Obesity has been shown in many other studies to promote both tumor incidence 
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and development in certain tumor types54,55. Accordingly, it has previously been proposed that 

high sugar diets may indirectly support tumor growth via promotion of weight gain and 

obesity56,57. Furthermore, insulin resistance has been associated with fructose consumption58–60. 

However, over the timescale of the tumor growth that we observed, no insulin resistance was 

noted. Therefore, these results suggested that the faster growth rate with fructose feeding is not 

secondary to metabolic syndrome in this model and may be due to the manner in which fructose 

is metabolized within the organism or the tumor. The organismal and intratumor metabolic fate 

of fructose is furthermore explored in subsequent chapters in this dissertation.  
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Figures 

Figure 2.1 Dietary fructose supports tumor growth in vivo.  

Tumor volume of a subcutaneous CaSki xenograft on a (A) high fructose (HF; n = 7) diet, (B) high fructose corn syrup (HFCS; n 

= 5) diet, or (C) high sucrose (HS; n = 7) diet compared to a control diet (n= 4-5 for each comparison) in nude mice. (D) Relative 

caloric intake for control, HF, HS, or HFCS diets (n=4). (E) Body weight of mice on a control, HF, HS, or HFCS diet (n= 4 for 

each diet). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed 

Student’s t < 0.001, ****P < 0.0001, and n.s. is not significant 
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Fig 1: Dietary fructose supports tumor growth in vivo

Fig 1. Dietary fructose supports tumor growth in vivo. Tumor volume of a subcutaneous CaSki xenograft on a (A) high 
fructose (HF; n = 7) diet, (B) high fructose corn syrup (HFCS; n = 5) diet, or (C) high sucrose (HS; n = 7) diet compared to a 
control diet (n= 4-5 for each comparison) in nude mice. (D) Relative caloric intake for control, HF, HS, or HFCS diets (n=4). 
(E) Body weight of mice on a control, HF, HS, or HFCS diet (n= 4 for each diet). *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed Student’s t test. All data represent means ±
standard deviation.
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Figure 2.2 Fructose does not induce insulin resistance in nude mice 

(A) Fasting glucose levels of mice after administration of a control diet (n =4) or a high fructose diet (n = 4) for 6 weeks. 

B) Oral glucose tolerance test with 1 g/kg of glucose gavaged into mice fed a high fructose (n = 4) or control diet (n = 4) 

for 6 weeks 3) alanine tolerance test with 0.5 g of alanine gavaged into mice fed a high fructose (n = 4) or control diet (n 

= 4) for 6 weeks. n.s. is not significant 
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Chapter 3: Fructose does not directly support cancer cell 

metabolism in vitro 

3.1 Introduction 
It is well established that cancer cells have a high avidity for glucose relative to most other 

healthy tissues. Increased uptake of glucose supports an elevated glycolytic flux, which is 

typically assumed to be a requirement of cell proliferation.20 However, the role of other sugars to 

support tumor metabolism is less well explored. Phosphorylation of fructose by hexokinase 

produces the glycolytic intermediate fructose 6-phosphate. Alternatively, phosphorylation of 

fructose by ketohexokinase (KHK) produces fructose 1-phosphate, which can then be 

transformed into three-carbon glycolytic intermediates by aldolase B (figure 1.3). Thus, through 

the activity of hexokinase or KHK, it seems plausible that fructose could support the 

proliferation of cancer cells. Indeed, previous work has already demonstrated that fructose 

promotes the growth of pancreatic and intestinal cancers by directly activating central carbon 

metabolism in the cancer cells46,61. However, it is not clear if the capacity for fructose catabolism 

is idiosyncratic to specific cancer cell types or if there is any conservation among how tumors 

metabolize fructose.  

In this chapter one, we determined that fructose administration in the water or diet of mice could 

enhance the tumor growth rate of CaSki xenografts. In this chapter, we seek to understand how 

fructose is directly metabolized in vitro by CaSki cells and a variety of other cancer cell lines. 

We show that none of the tumor cell lines that we tested could either metabolize fructose or grow 

substantially in vitro with fructose as their only sugar source. This is due to hexokinase in these 

cells having a marked decreased affinity for fructose vs glucose. Furthermore, all tested cell lines 

expressed an isoform of ketohexokinase that did not metabolize fructose well, and none of the 
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cell lines expressed aldolase B. Co-culturing CaSki cells with hepatocytes, however, resulted in 

robust growth of CaSki cells in media containing fructose as the only sugar source. We show that 

CaSki growth in this context is dependent on fructose catabolism in the hepatocytes in a 

ketohexokinase-dependent manner. Fructose is catabolized by hepatocytes, resulting in excretion 

of a variety of downstream metabolites that are passaged to the cancer cell. This observation 

supports the idea that fructose may support cancer cell growth in a cancer cell nonautonomous 

manner.  

3.2 Results 

Fructose does not directly support the growth of cancer cells in vitro 

Given the significant effect of high fructose supplementation on CaSki growth, we suspected that 

fructose was avidly metabolized by the CaSki cells. To understand fructose metabolism in 

CaSki, we labeled cells with [U-13C] fructose or [U-13C] glucose in culture for 4 hours. As 

expected, we saw extensive metabolism of the glucose label (figure 3.1A). Yet, surprisingly, we 

saw only minimal metabolism of the fructose label (figure 3.1A, extended data figure 3.1). To 

assess whether this observation was specific to CaSki cells, we repeated the labeling experiments 

in several other transformed and non-transformed proliferating cell lines. All cell lines that we 

tested produced the same results (extended data figure 3.2). Consistent with these data, CaSki 

cells incubated in DMEM and 10 mM fructose as the only sugar source grew poorly relative to 

CaSki cells grown in DMEM and 10 mM glucose as the only sugar source (figure 3.1B). 

Strikingly, these cells grown in fructose did not grow much better than cells in control media 

with no sugar added at all (figure 3.1B). Similar results were obtained for all proliferating cell 

lines tested (extended data figure 3.3). Furthermore, we determined that the lack of fructose 
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metabolism was not due to an inability of these cells to uptake fructose, as all cell lines readily 

took up 1-NBDF, a fluorescent fructose analog (extended data figure 3.4).  

We next assessed whether the presence of glucose might allow fructose to better support the 

growth of cultured cancer cells. We found that the addition of fructose to glucose-containing 

media did not increase CaSki cell growth in our experiments (figure 3.1C). This result was 

replicated in all of the cell lines that we evaluated (extended data figure 3.5). Fructose also had 

no effect on glucose metabolism, as the fate of [U-13C] glucose was unaffected by the presence 

of fructose (figure 3.1D, extended data figure 3.6). The findings also highlight that the 

contribution of fructose to metabolism is undetectable in the presence of glucose, as [U-13C] 

glucose labeling is not diluted by unlabeled fructose.  

For cells that express the enzymes aldose reductase and sorbitol dehydrogenase of the polyol 

pathway, intracellular fructose is not only derived from exogenous sources (figure 3.1E). 

Fructose can be produced endogenously from conversion of glucose carbons to sorbitol, which 

can then form fructose via sorbitol dehydrogenase. In non-transformed cells in the retina or the 

kidney, this pathway is activated by hyperglycemia, as aldose reductase has a high km for glucose 

62,63. We reasoned that elevated consumption of glucose in cancer cells may lead to increased 

levels of intracellular glucose and polyol pathway activation. Notably, we did find that CaSki 

cells (as well as other cell lines tested) express sorbitol dehydrogenase and thus have the capacity 

for endogenous fructose production (figure 3.1F). After labeling with [U-13C] glucose, we found 

evidence of fructose production in CaSki and other cell lines tested (figure 3.1G; extended data 

figure 3.7B-G). It is important to note that this assessment required application of a liquid 

chromatography method that could resolve fructose and glucose (extended data figure 3.7A). To 
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understand whether the fructose being produced from sorbitol dehydrogenase is important for 

CaSki growth, we silenced sorbitol dehydrogenase in CaSki cells grown with dialyzed FBS 

containing no exogenous fructose (extended data figure 3.8). Under these conditions, we 

observed a decrease in CaSki cell growth. Adding fructose back to the medium did not rescue 

this reduced cell growth (figure 3.1H). This result was similar for other tested cell lines 

(extended data figure 3.9). Therefore, it is unlikely that endogenously produced fructose is 

important for cell growth. We conclude that any impact of sorbitol dehydrogenase on cell growth 

is not due to its production of fructose. 

Ketohexokinase does not support fructolysis in transformed cell lines 

Our isotope tracer results show that a minimal amount of [U-13C] fructose is metabolized in 

CaSki cells, as well as other cell lines tested. We next sought to determine whether the minimal 

amount of metabolism observed was a product of hexokinase or KHK activity (figure 3.2A), 

which required establishing a liquid chromatography method that could resolve each product 

from other hexose phosphates (extended figure 3.10). We discovered that CaSki cells produce 

fructose 1-phosphate from both [U-13C] glucose and [U-13C] fructose, suggesting the presence of 

KHK in these cells (figure 3.2B). We also detected fructose 1-phosphate labeling from [U-13C] 

fructose in every cell line that we evaluated (extended figure 3.11).  

It is important to point out that there are two known isoforms of ketohexokinase: KHK-A and 

KHK-C. In nonmalignant tissues, KHK-C is the isoform responsible for efficient metabolism of 

fructose. In contrast, the KHK-A isoform does not readily metabolize fructose, having a high km 

for fructose 64–66. Most tissues of the body express a low level of KHK-A and no KHK-C. Only 

the liver, kidney, and small intestine express high amounts of KHK-C 64,65 (extended data figure 

3.12). Notably, while KHK isoform expression has been studied for normal tissues, little is 
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known about KHK isoform expression in tumors. Given that the presence of fructose 1-

phosphate is not specific to the activity of one isoform, we assayed the levels of KHK-A and 

KHK-C directly in CaSki and other cell lines. None of the cell lines tested expressed KHK-C in 

either hypoxia or normoxia (figure 3.2C). We tested the hypoxia condition because there are 

several reports of hypoxia inducing expression of KHK-C in naked mole rats or human 

cardiomyocytes 66,67.  On the other hand, all cell lines expressed KHK-A. These data indicate that 

some KHK-A activity leads to a small level of intracellular fructose 1-phosphate, but that this 

activity is insufficient to enable extensive metabolism of fructose (figure 3.2D). As expected, 

there is a striking difference in the relative pool size of fructose 1-phosphate in hepatocytes 

expressing KHK-C compared to CaSki cells expressing only KHK-A (figure 3.2E).   Moreover, 

none of the cell lines expressed aldolase B (extended data figure 3.13), which is necessary to 

feed fructose 1-phosphate into glycolysis (figure 3.2A). We hypothesized that the lack of 

expression of KHK-C and aldolase-B might be due to cultured cells being chronically grown in 

conditions deprived of fructose. However, we determined that the FBS used in these experiments 

contained millimolar levels of fructose (figure 3.2F). This finding is consistent with reports that 

ruminants in utero have high blood fructose 68,69. Thus, cells grown in culture with 10% FBS 

experience physiological levels of fructose; nevertheless, this does not drive expression of 

fructolytic enzymes. Additionally, we determined that the relative expression of total KHK is 

decreased in proliferating fibroblasts compared to quiescent fibroblasts (extended data figure 

3.14), suggesting that KHK may be downregulated during proliferation in some growth models.   

Administration of clinical candidate PF-06835919 does not alter cell growth in vitro 

To evaluate whether the small amount of KHK-A activity that we observed in CaSki cells 

contributes to proliferative metabolism, we obtained a KHK inhibitor, PF-06835919, currently in 

clinical trials 70(extended data figure 3.15). PF-06835919 inhibits both isoforms of KHK 71. We 
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administered PF-06835919 to CaSki cells at doses up to 250 µM and observed no effect on cell 

growth (extended data figure 3.16A). The same observation was made for immortalized Huh7 

cells expressing KHK-A, even though they were derived from liver tissue expressing KHK-C 

(extended data figure 3.16B). At 30 μM, fructose 1-phosphate production in CaSki and Huh7 

cells was completely blocked (figure 3.2G, extended data figure 3.16C). These data suggest that 

KHK-A production of fructose 1-phosphate is not important for cell proliferation. Notably, 

administration of PF-06835919 up to 250 µM did not reduce M+3 labeling of lactate from [U-

13C] fructose, suggesting that the minimal amount of labeling in central carbon metabolism from 

[U-13C] fructose is not due to KHK-A activity (figure 3.2H, extended data figure 3.16D). In 

contrast, co-administration of 20 mM 2-deoxyglucose with [U-13C] fructose significantly 

reduced M+3 lactate labeling in CaSki cells, indicating that the minimal amount of fructose 

metabolism observed in these cells is a result of hexokinase rather than KHK (figure 3.2I). Given 

that labeling of fructose 6-phosphate in CaSki cells was small from [U-13C] fructose relative to 

[U-13C] glucose, it is apparent that hexokinase has a decreased capacity to use fructose as a 

substrate compared to glucose (extended data figure 3.16E). These observations are consistent 

with previous reports that hexokinase has a significantly higher km for fructose relative to glucose 

64,72,73. On the basis of our results, we conclude that hexokinase cannot efficiently utilize fructose 

as a substrate in CaSki cells, or any of the other transformed cell lines that we investigated.  

Translation to human cervical cancer patients 

To examine the translational relevance of our findings of KHK isoform expression in our cervical 

cancer models, we used whole transcriptome sequencing (RNA-seq) data to measure KHK-A and 

KHK-C isoform expression in primary cervical cancer samples from a cohort of 99 patients 

uniformly treated with chemoradiation at Washington University School of Medicine. Overall, we 

observed that the relative expression of KHK-A and KHK-C from all of the human cervical tumors 
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were consistent with our in vitro data. None of the cervical tumors showed KHK-C expression, 

while all of the cervical tumors expressed low levels of KHK-A with a mean of 0.876 FPKM 

(figure 3.3A). This is also confirmed by examining read coverage of exons that are specific to 

KHK-A (Exon 3A) or KHK-C (Exon 3C), and splice junction reads at these exons (figure 3.3B). 

Although the function of KHK-A in cancer is incompletely understood, our cell-culture data 

indicate that KHK-A is not important for cancer cell proliferation because inhibition of KHK-A 

with PF-06835919 did not impact growth. Consistent with this finding, we also determined that 

KHK-A expression was not significantly associated with cervical cancer stage, risk of recurrence, 

or overall survival in this cohort of human patients (figures 3.3C-E). 

Hepatocytes transfer fructose-derived nutrients to CaSki cells to promote their growth 

Given that CaSki cells cannot efficiently use fructose carbon themselves, we hypothesized that 

fructose promotes CaSki tumor growth through its transformation in KHK-C expressing tissues. 

As reported by Jang et al., the small intestine and liver rapidly convert fructose into glucose and 

a variety of other small molecule metabolites that may support tumor growth 74. We found that 

isolated primary hepatocytes from C57BL/6j mice readily incorporated 13C-label into their 

metabolome after being administered [U-13C] fructose. In fact, the amount of [U-13C] lactate 

excreted was higher when primary hepatocytes were provided 5 mM [U-13C] fructose compared 

to when they were provided 5 mM [U-13C] glucose (figure 3.4A).  In addition to excreting [U-

13C] lactate, primary hepatocytes administered [U-13C] fructose also excreted [U-13C] glucose 

into the media (figure 3.4B).  These data demonstrate that fructose supports gluconeogenesis in 

primary hepatocytes.  

To model whether the liver can convert fructose into useable nutrients for cancer cells, we 

applied a transwell system to co-culture CaSki cells with primary hepatocytes isolated from 
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C57BL/6j mice. As a control, the same setup was used but with CaSki cells in both wells (figure 

3.4C). We administered glucose and [U-13C] fructose to the co-cultures at a ratio of 1:1. We then 

harvested metabolites from both the media and from the CaSki cells. Several growth-promoting 

nutrients, such as lactate and aspartate, were found to be labeled in the media. The same 

metabolites were also found to be labeled in CaSki cells, suggesting that they were excreted by 

heptatocytes and taken up from the media by CaSki cells (figures 3.4D to 3.4I). Additionally, in 

media where the only significant source of sugar was fructose, CaSki cells co-cultured with 

hepatocytes proliferated significantly faster than CaSki cells alone (figure 3.4J). Taken together, 

these data support a nutrient-exchange model where hepatocytes transfer fructose-derived 

metabolites to CaSki cells to promote their cell growth.  

3.3 Discussion  

The data in this chapter reveals the role of direct fructose utilization in various cancer cell lines 

on their growth and metabolism. It was shown that fructose did not support growth as well as 

glucose. Furthermore, fructose was barely metabolized in contrast to glucose which was readily 

catabolized. Sparse fructose catabolism in these cancer cells was due to lack of expression of 

fructolytic enzymes and to hexokinase have a stronger preference for glucose phosphorylation vs 

fructose phosphorylation. Metabolism of fructose carbons by KHK-C-expressing hepatocytes, 

however, resulted in the passage of useable metabolites to the cancer cells that they could 

metabolize for growth.  

This is the first report that we know of showing that fructose and glucose have remarkably 

different capacities for supporting tumor cell metabolism. Several other studies have shown that 

tumor cells express fructose transporters, and these studies often conclude that transporter 
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expression indicates metabolism of fructose within the cell50,75–77. But as we show here, all the 

cancer cell lines that we studied could uptake fructose analogs comparably with glucose analogs, 

in spite of vastly different metabolic efficiencies with each sugar. It is also notable that there is a 

previous reported by Goncalves et al that a mouse model of colon cancer expressed 

ketohexokinase and had capacity for fructolysis45. In contrast, the HCT116 colon cancer cells 

that we studied did not metabolize fructose well and did not express fructolytic enzymes, though 

the investigators did not determine which isoform of ketohexokinase was present. In this study 

by Goncalves et al, a mouse deficient in APC (APC -/-) in the intestinal stem cells was used45. 

This resulted in tumors forming all along the intestinal tract, with most tumors forming in the 

small intestine as opposed to the colon45. Within the small intestine, there is very high expression 

of KHK-C and very little expression within the colon (figure 3.12, figure 6.1). Therefore, it is 

possible that the tumors in the APC -/- mouse model reported by Goncalves et al expressed 

ketohexokinase and aldolase B because they were derived from the small intestine45 
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Figures 

 

Fig 3.1. Exogenous and endogenous fructose do not directly support growth.  

(A) Percent 13C labeling from lactate in CaSki cells after 4 hours in either 5 mM [U-13C] glucose (n=3) or 5 mM [U-13C] fructose 

(n=3).  (B) Relative number of CaSki cells after 4 days in media containing either 10 mM glucose (G, n=5), 10 mM fructose (F, 

n=5), or no-sugar-added control (C, n=5). (C) Relative number of CaSki cells after 4 days in 20 mM glucose (G, n=6) or 10 mM 

glucose + 10 mM fructose media (G +F, n=4). (D) 13C-labeling of lactate after administering either 10 mM [U-13C] glucose ([U-
13C] glucose, n=3) or 10 mM [U-13C] glucose and 10 mM fructose ([U-13C] glucose + fructose, n=3) for four hours. (E) 

Schematic depicting the polyol pathway and the generation of endogenous fructose from glucose. (F) Western blot against 

sorbitol dehydrogenase in 8 different cancer or proliferating cell lines (G) 13C labeling of fructose in CaSki cells after 4 hours of 

treatment with 5 mM [U-13C] glucose (n=3). (H) Comparing relative CaSki cell growth in response to sorbitol dehydrogenase 

siRNA (SORD siRNA, n=5), scrambled control (scrambled control, n=5), or sorbitol dehydrogenase silencing with exogenous 

fructose added to the media (SORD siRNA + 10 mM fructose, n=5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and 

n.s. is not significant using an unpaired, 

 

0

0.2

0.4

0.6

0.8

1

1.2

N
o

rm
a

li
ze

d
 c

e
ll

 n
u

m
b

e
r

n.s.

G G+ F 

Glucose Fructose

NADPH NADP+ NAD+ NADH

Sorbitol
Aldose 

reductase
Sorbitol 

dehydrogenase

Fig 2: Exogenous and endogenous fructose do not directly support growth

0

10

20

30

40

50

60

70

80

M+0 M+1 M+2 M+3 M+4 M+5 M+6

P
e

rc
e

n
t 

la
b

e
l 

(%
)

0

20

40

60

80

100

M+0 M+1 M+2 M+3

P
e

rc
e

n
t 

la
b

e
l 

(%
)

**

**

**

lactate
A

0

0.2

0.4

0.6

0.8

1

1.2

N
o

rm
a

li
ze

d
 c

e
ll

 n
u

m
b

e
r

****
****

****

G F C

B

E

beta tubulin 

sorbitol dehydrogenase

C
a

S
k

i

H
u

h
7

 

H
e

L
a

 

M
IA

 P
a

C
a

-2

M
C

F
7

H
C

T
1

1
6

3
T

3
 F

G

0

0.2

0.4

0.6

0.8

1

1.2

N
o

rm
a

li
ze

d
 c

e
ll

 n
u

m
b

e
r scrambled control

SORD siRNA

SORD siRNA + 10
mM fructose

**
*

Hfructose

0

10

20

30

40

50

60

70

M+0 M+1 M+2 M+3

P
e

rc
e

n
t 

la
b

e
l 

(%
)

n.s.

n.s.

n.s.

D
lactate

C

Fig 2. Exogenous and endogenous fructose do not directly support growth. (A) Percent 13C labeling from lactate in CaSki cells after 4 hours in either 5 mM 

[U-13C] glucose (n=3) or 5 mM [U-13C] fructose (n=3).  (B) Relative number of CaSki cells after 4 days in media containing either 10 mM glucose (G, n=5), 10 

mM fructose (F, n=5), or no-sugar-added control (C, n=5). (C) Relative number of CaSki cells after 4 days in 20 mM glucose (G, n=6) or 10 mM glucose + 10 mM 

fructose media (G +F, n=4). (D) 13C-labeling of lactate after administering either 10 mM [U-13C] glucose ([U-13C] glucose, n=3) or 10 mM [U-13C] glucose and 10 

mM fructose ([U-13C] glucose + fructose, n=3) for four hours. (E) Schematic depicting the polyol pathway and the generation of endogenous fructose from 

glucose. (F) Western blot against sorbitol dehydrogenase in 8 different cancer or proliferating cell lines (G) 13C labeling of fructose in CaSki cells after 4 hours of 

treatment with 5 mM [U-13C] glucose (n=3). (H) Comparing relative CaSki cell growth in response to sorbitol dehydrogenase siRNA (SORD siRNA, n=5), 

scrambled control (scrambled control, n=5), or sorbitol dehydrogenase silencing with exogenous fructose added to the media (SORD siRNA + 10 mM fructose, 

n=5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed Student’s t test. All data represent means  

standard deviation.

n.s.

[U-13C] glucose

[U-13C] glucose + fructose

[U-13C] glucose

[U-13C] fructose

S
iH

a



30 

 

Fig 3.2  Hexokinase, not ketohexokinase, metabolizes fructose.  

(A) Schematic showing fructose metabolism via hexokinase, ketohexokinase-C, or ketohexokinase-A. gluc, glucose; F6P, 

fructose 6-phosphate; HK, hexokinase; Fruc, fructose; KHK-C, ketohexokinase-C; KHK-A, ketohexokinase-A; F1P, fructose 1-

phosphate; ALDOB, aldolase B; DHAP, dihydroxyacetone phosphate; G3P, glyceraldehyde 3-phosphate; TK, triokinase. (B) 13C 

labeling of fructose 1-phosphate in CaSki cells after labeling for 4 hours with either 5 mM [U-13C] glucose (n=3) or 5 mM [U-
13C] fructose (n=3). (C) Western blot against KHK-C in the indicated cell lines. (D) Western blot against KHK-A in the indicated 

cell lines. (E) Relative signal of fructose 1-phosphate (F1P) per mg of cells in hepatocytes (n=3) or CaSki cells (n=3). (F) 

Relative concentration of glucose (G) and fructose (F) in FBS (n=3). (G) Relative pool size of fructose 1-phosphate (F1P) in 

CaSki after incubation with either vehicle control (C, n=3), 30 µM of PF-06835919 (n=3), or 250 µM of PF-06835919 (n=3). 

Experiment was performed in the presence of both 10 mM glucose and 10 mM fructose in the media. (H) Relative pool size of 
13C-labeled lactate in cells treated with 5 mM [U-13C] fructose together with either vehicle control (C, n=3), 30 µM of PF-

06835919 (n=3), or 250 µM of PF-06835919 (n=3). (I) Relative pool size of 13C-labeled lactate in CaSki cells treated with 5 mM 

[U-13C] fructose only (F, n=3) or 5 mM [U-13C] fructose + 20 mM 2 DG (F + 2DG, n=3). *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed Student’s t test. All data represent means  
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Figure 3.3. Human cervical tumors exclusively express KHK-A, which is not linked to survival, recurrence, or tumor stage.  

 

(A) Relative isoform expression of KHK-A and KHK-C using RNA-seq data from cervical tumors of 99 patients treated at 

Washington University School of Medicine. (B) An IGV view of KHK gene expression in a cervical tumor shows expression of 

only Exon 3A that is specific to KHK-A. (C) Cervical tumor FIGO stages and KHK-A isoform expression in the 99 primary 

cervical cancer samples. (D) Kaplan-Meier plot of the recurrence rate of patients with pre-existing cervical cancer expressing high 

levels of KHK-A or low levels of KHK-A. (E) Kaplan-Meier plot of the overall survival rate of patients with cervical cancer 

expressing high levels of KHK-A or low levels of KHK-A. 
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Fig 3.4. Hepatocytes transform fructose into useable carbons for growth.  

 

(A) Relative pool of 13C-labeled lactate in the media after administering 5 mM [U-13C] glucose (G, n=3) or 5 mm [U-13C] 

fructose (F, n=3) to primary mouse hepatocytes for 4 hours. (B) 13C labeling of media glucose after administering 5 mM [U-13C] 

fructose to primary mouse hepatocytes for 4 hours (n=3). (C) A schematic of a transwell coculture experiment for CaSki + 

hepatocytes or CaSki + CaSki. Both coculture conditions were incubated in 12.5 mM glucose + 12.5 mM [U-13C] fructose for 4 

hours. Both the media and the CaSki cells on the upper layer of the transwell were harvested for both conditions. 13C enrichment 

was measured in (D) media glucose (n=3), (E) intracellular CaSki glucose (n=3), (F) media lactate (n=3), or (G) intracellular 

CaSki lactate (n=3), (H) media aspartate (n=3), or (I) intracellular CaSki aspartate (n=3). (J) Relative CaSki cell number from 

the upper well of a transwell coculture of CaSki + hepatocytes (n=3) or CaSki + CaSki (n=3), each incubated for 48 hours in 

media containing 20 mM fructose as the only sugar source. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not 

significant using an unpaired, two-tailed Student’s t test. All data represent means ± standard deviation. 
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Extended Data Figures 

Extended figure 3.1. CaSki cells do not efficiently metabolize fructose.  

13C enrichment in various metabolites of central carbon metabolism after 4 hours of labeling with either [U-13C] glucose (n=3) or 

[U-13C] fructose (n=3) in CaSki cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an 

unpaired, two-tailed Student’s t test. All data represent means ± standard deviation 
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**P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed Student’s t test. All 
data represent means ± standard deviation.
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Extended figure 3.2. Various transformed and proliferating cell lines do not efficiently metabolize fructose.  

 

(A to E) 13C enrichment in lactate after 4 hours of labeling the indicated cell lines with either [U-13C] glucose (n=3) or [U-13C] 

fructose (n=3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed 

Student’s t test. All data represent means ± standard deviation. 
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Extended figure 3.3. Fructose does not support growth as well as glucose.   

Relative cell number of indicated cell lines after 4 days in media with DMEM containing 10mM glucose (G, n=4-6), 10 mM 

fructose (F, n=4-6), or no added sugar (C, n=4-6). Media also contains 10% FBS and 1% pen/strep. *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed Student’s t test. All data represent means ± 

standard deviation 
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Fig S3: Fructose does not support growth as well as glucose

Figure S3. Fructose does not support growth as well as glucose. (A to G) Relative cell number of indicated cell lines 
after 4 days in media with DMEM containing 10mM glucose (G, n=4-6), 10 mM fructose (F, n=4-6), or no added sugar (C, 
n=4-6). Media also contains 10% FBS and 1% pen/strep. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is 
not significant using an unpaired, two-tailed Student’s t test. All data represent means ± standard deviation.
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Extended figure 3.4 Transformed and proliferative cell lines can take up fructose.  

(A) Relative intracellular fluorescence signal following a 30-min incubation with either 2-NBDG (n=5) or 1-NBDF (n=5) in 

CaSki cells. (B) Fluorescent images of CaSki cells incubated with either 2-NBDG or 1-NBDF. (C to G) Relative intracellular 

fluorescence signal following a 30-min incubation with either 2-NBDG (n=4-5) or 1-NBDF (n=4-5) in various cell lines. All data 

represent means ± standard deviation. 

 

 

 

 

 

 

 

0

0.2

0.4

0.6

0.8

1

1.2
N

o
rm

al
iz

e
d

 r
e

la
ti

ve
 u

p
ta

ke
CaSki

Fig S4: Transformed and proliferative cell lines can take up fructose
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Figure S4. Transformed and proliferative cell lines can take up fructose. (A) Relative intracellular fluorescence signal 
following a 30-min incubation with either 2-NBDG (n=5) or 1-NBDF (n=5) in CaSki cells. (B) Fluorescent images of CaSki 
cells incubated with either 2-NBDG or 1-NBDF. (C to G) Relative intracellular fluorescence signal following a 30-min 
incubation with either 2-NBDG (n=4-5) or 1-NBDF (n=4-5) in various cell lines. All data represent means ± standard 
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Extended figure 3.5. Addition of fructose to glucose-containing media does not enhance growth.  

(A to G) Relative cell number of the indicated cell lines after 4 days in media with DMEM containing 20 mM glucose (n=4-5) or 

10 mM glucose + 10 mM fructose (n=4-5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using 

an unpaired, two-tailed Student’s t test. All data represent means ± standard deviation 
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Figure S5. Addition of fructose to glucose-containing media does not enhance growth. (A to G) Relative cell number of 
the indicated cell lines after 4 days in media with DMEM containing 20 mM glucose (n=4-5) or 10 mM glucose + 10 mM
fructose (n=4-5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an unpaired, two-
tailed Student’s t test. All data represent means ± standard deviation.
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Extended figure 3.6. Fructose does not change the metabolic fate of glucose. 

 

 CaSki cells were incubated for 4 hours with either 10 mM [U-13C] glucose (n=3) or 10 mM [U-13C] glucose + 10 mM fructose 

(n=3). Relative labeling in various central carbon metabolites is shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and 

n.s. is not significant using an unpaired, two-tailed Student’s t test. All data represent means ± standard deviation. 
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Figure S6. Fructose does not change the metabolic fate of glucose.CaSki cells were incubated for 4 hours with either 
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carbon metabolites is shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an 
unpaired, two-tailed Student’s t test. All data represent means ± standard deviation.
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Extended figure 3.7. Transformed and proliferative cell lines produce fructose from glucose.  

(A) Fructose and glucose can be chromatographically resolved with a pHILIC column (see Methods).(B to G) Enrichment of 

intracellular fructose in the indicated cell lines after labeling with 5mM [U-13C] glucose for 4 hours (n=3). All data represent 

means ± standard deviation 
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Extended figure 3.8. Sorbitol dehydrogenase expression is silenced by siRNA. 

  

Western blot against the indicated cell lines after transfection with either sorbitol dehydrogenase siRNA (+) or scrambled control 

(-).  
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Fig S8: Sorbitol dehydrogenase expression is silenced by siRNA 

Figure S8. Sorbitol dehydrogenase expression is silenced by siRNA. Western blot against the indicated cell lines after 
transfection with either sorbitol dehydrogenase siRNA (+) or scrambled control (-). 
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Extended figure 3.9. Endogenous fructose has no impact on proliferation.  

(A to F) Relative cell number after treating the indicated cell lines for 4 days with sorbitol dehydrogenase siRNA (SORD siRNA, 

n=4-5), scrambled control siRNA (scrambled control, n=4-5), or sorbitol dehydrogenase siRNA and 10 mM fructose (SORD 

siRNA + 10 mM fructose, n=4-5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an 

unpaired, two-tailed Student’s t test. All data represent means ± standard deviation. 
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Fig S9: Endogenous fructose has no impact on proliferation
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Extended figure 3.10. Fructose 1-phosphate is resolved from other hexose phosphates.  

 

Analysis of 15 µM solutions of glucose 6-phosphate, fructose 6-phosphate, glucose 1-phosphate, or fructose 1-phosphate 

standards on a HILICpak VT 50-2D column. Each is chromatographically resolved from one another.  
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Fig S10: Fructose 1-phosphate is resolved from other hexose 
phosphates

Figure S10. Fructose 1-phosphate is resolved from other hexose phosphates. Analysis of 15 µM solutions of glucose 6-
phosphate, fructose 6-phosphate, glucose 1-phosphate, or fructose 1-phosphate standards on a HILICpak VT 50-2D 
column. Each is chromatographically resolved from one another. 
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Extended figure 3.11. Transformed and proliferative cell lines produce fructose 1-phosphate.  

 

(A to F) Enrichment of fructose 1-phosphate in the indicated cell lines after labeling with [U-13C] fructose for 4 hours (n=3). 

Labeled fructose 1-phosphate indicates KHK expression. All data represent means ± standard deviation. 
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Figure S11. Transformed and proliferative cell lines produce fructose 1-phosphate. (A to F) Enrichment of fructose 1-
phosphate in the indicated cell lines after labeling with [U-13C] fructose for 4 hours (n=3). Labeled fructose 1-phosphate 
indicates KHK expression. All data represent means ± standard deviation.
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Extended figure 3.12. The KHK gene is expressed in common human tissues.  

 

KHK is shown to be expressed in common human tissues from analyzing the Genotype-Tissue Expression (GTEx) data. Kidney, 

liver, and intestine have the highest KHK gene expression compared to other tissue types. 
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Figure S12. The KHK gene is expressed in common human tissues. KHK is shown to be expressed in common human tissues 
from analyzing the Genotype-Tissue Expression (GTEx) data. Kidney, liver, and intestine have the highest KHK gene expression 
compared to other tissue types.
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Extended figure 3.13. No tested cell lines express aldolase B.  

Western blot against aldolase B in the indicated cell lines or mouse hepatocytes.  
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Figure S13. No tested cell lines express aldolase B. Western blot against aldolase B in the indicated cell lines or mouse 
hepatocytes. 
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Extended figure 3.14. Proliferating 3T3-L1 cells decrease expression of KHK relative to quiescent state. 

 

 (A) Schematic to illustrate that proliferation of 3T3-L1 cells is contact inhibited when cells become confluent. 3T3-L1 cells were 

harvested at the points indicated to obtain cells in the proliferative or quiescent state. (B) Western blot against KHK in either 

quiescent or proliferating 3T3-L1 cells The antibody used did not distinguish KHK isoforms. 
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Figure S14. Proliferating 3T3-L1 cells decrease expression of KHK relative to quiescent state. (A) Schematic to illustrate 
that proliferation of 3T3-L1 cells is contact inhibited when cells become confluent. 3T3-L1 cells were harvested at the 
points indicated to obtain cells in the proliferative or quiescent state. (B) Western blot against KHK in either quiescent 
or proliferating 3T3-L1 cells The antibody used did not distinguish KHK isoforms.



47 

 

Extended figure 3.15. Characterization of PF-06835919.  

 

(A) Proton NMR and (B) mass spectrum of PF-06835919.  

 

 

 

A

B

Fig S15: Characterization of PF-06835919

Figure S15. Characterization of PF-06835919. (A) Proton NMR and (B) mass spectrum of PF-06835919. 

Bruker 400 MHz
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Extended figure 3.16. KHK-A is not important for growth of  CaSki or Huh7 cells.  

 

(A) Dose-response for PF-06835919 in CaSki cells. Response is measured as CaSki cell number (n=3 at each dose). (B) Dose-

response for PF-06835919 in Huh7 cells. Response is measured as Huh7 cell number (n=3 at each dose). (C) Relative pool size 

of fructose 1-phosphate in Huh7 cells after treatment with vehicle (n=3), 30 µM PF-06835919 (n=3), or 250 µM PF-06835919 

(n=3). Cells were cultured with 10 mM glucose and 10 mM fructose in the media. (D) 13C enrichment of lactate from Huh7 cells 

labeled with 5 mM [U-13C] fructose in the presence of vehicle (n=3), 30 µM PF-06835919 (n=3), or 250 µM PF-06835919 (n=3). 

(E) 13C enrichment of fructose 6-phosphate from CaSki cells after labeling with [U-13C] fructose (n=3) or [U-13C] glucose (n=3). 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed Student’s t test. All 

data represent means ± standard deviation. 
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Fig S16: KHK-A is not important for growth of CaSki or Huh7 
cells 

Figure S16. KHK-A is not important for growth of CaSki or Huh7 cells. (A) Dose-response for PF-06835919 in CaSki cells. 
Response is measured as CaSki cell number (n=3 at each dose). (B) Dose-response for PF-06835919 in Huh7 cells. 
Response is measured as Huh7 cell number (n=3 at each dose). (C) Relative pool size of fructose 1-phosphate in Huh7 
cells after treatment with vehicle (n=3), 30 µM PF-06835919 (n=3), or 250 µM PF-06835919 (n=3). Cells were cultured 
with 10 mM glucose and 10 mM fructose in the media. (D) 13C enrichment of lactate from Huh7 cells labeled with 5 mM 
[U-13C] fructose in the presence of vehicle (n=3), 30 µM PF-06835919 (n=3), or 250 µM PF-06835919 (n=3). (E) 13C 
enrichment of fructose 6-phosphate from CasKi cells after labeling with [U-13C] fructose (n=3) or [U-13C] glucose (n=3). 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed 
Student’s t test. All data represent means ± standard deviation.
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Chapter 4: Organismal metabolism of fructose drives tumor growth 

4.1 Introduction 
In chapter 2, we observed that high fructose diets could increase tumor growth. In chapter 3, we 

established that the cancer cell lines do not metabolize fructose directly but co-culture of CaSki 

cells with hepatocytes were sufficient to transform fructose carbons into those useable for tumor 

growth. Therefore, in this chapter, we wish to consider how fructose is metabolized in vivo to 

produce tumor growth rate enhancement. It has been reported that fructose is robustly 

metabolized in vivo via organs such as the small intestine, liver, and kidney74. Those organs 

express ketohexokinase-C and aldolase B. In the liver specifically, chronic high fructose 

consumption has been shown to be a significant contributor to fatty liver39,78–81. However, since 

our tumors are distal to the liver, liver fat may not have a direct contribution to their growth. 

Fatty liver has been shown to contribute to insulin resistance82,83. But in our nude mouse model 

over the timescale of our tumor growth assay, we show in chapter 2 that these mice are not 

insulin-resistant. Therefore, in this chapter, we assessed the metabolites that were produced from 

fructolysis and entered the general circulation where they would be available for tumor 

utilization. Using this approach, we showed that glucose is produced significantly from 

gluconeogenesis of the fructose label. We showed via administration of a high glucose diet that 

glucose can increase CaSki tumor growth. Furthermore, the growth-enhancing effects of fructose 

were blocked via administration of a ketohexokinase inhibitor on a high fructose diet. 

Administration of the inhibitor on a control diet had no effect. We then recapitulated most of 

these observations in a different cancer model: that BRAFV600E-mutant; p53-deficient zebrafish  

melanomas. Thus, we show that organismal metabolism of fructose can drive tumor growth in 

the absence of tumor cell autonomous metabolism of fructose   
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4.2 Results 

Fructose requires organismal metabolism to promote the growth of mouse cervical 

xenografts 

Based on the results of our in vitro experiments, we speculated that the effect of fructose on 

tumor growth in vivo was not due to utilization of fructose in CaSki cells directly but rather a 

consequence of fructose first being converted into other nutrients by KHK-C expressing tissues.  

To assess the metabolism of fructose in vivo, mice were administered a 1:1 mixture of unlabeled 

glucose to [U-13C] fructose or mice were administered a 1:1 mixture of [U-13C] glucose to 

unlabeled fructose. First, we directly injected each 1:1 mixture into the tumors of different 

animals. After 20 minutes, we harvested the tumors and analyzed them by metabolomics for 

isotopic labeling. Similar to our results from cell culture, we observed extensive utilization of the 

glucose label but only minimal utilization of the fructose label (figure 4.1A). These differences 

in the extent of labeling reflect differences in the efficiency of glucose and fructose utilization by 

the tumor. We also noted that there was no evidence for intratumoral gluconeogenesis from the 

fructose label (extended data figure 4.1A).  

In a second experiment, we administered each 1:1 mixture to separate mice by oral gavage. In 

contrast to the first set of injections described above, oral gavage resulted in similar labeling of 

metabolites within tumors irrespective of whether [U-13C] glucose or [U-13C] fructose was used 

(figure 4.1B). Additionally, we found substantial labeling of intratumoral glucose from [U-13C] 

fructose, suggesting that [U-13C] fructose was used as a substrate for gluconeogenesis in non-

tumor tissues (figure 4.1C). An analysis of [U-13C] glucose in the serum as a function of time 

after oral gavage with either [U-13C] glucose or [U-13C] fructose revealed similar kinetic curves, 

indicating that fructose is readily transformed into glucose (figure 4.1D). It is interesting that 
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fructose contributes to gluconeogenesis even when co-administered with stoichiometric amounts 

of glucose.  The result is consistent with previous work showing that fructose activates the 

carbohydrate-response element-binding protein (ChREBP), which overrides the ability of insulin 

to suppress gluconeogenesis from fructose 74,84. After oral gavage of either [U-13C] glucose or 

[U-13C] fructose, labeling of lactate and alanine in the serum were also similar (extended data 

figure 4.1B,C). These data further highlight that [U-13C] fructose is readily transformed in non-

tumor tissues. Finally, given that much of the gavaged fructose was rapidly converted into 

glucose, we wished to determine whether a high-glucose diet itself would promote the growth of 

CaSki tumors. Similar to high-fructose diets, we found this to be the case (figure 4.1E).  

Administration of clinical candidate PF-06835919 impairs fructose-mediated growth 

Our results indicate that fructose-derived nutrients such as glucose promote tumor growth and 

are produced by KHK-C activity in distal, non-cancer tissues. Thus, we sought to evaluate the 

effect of systemic KHK-C inhibition on tumor growth. For inhibition, we used the KHK inhibitor 

PF-06835919, which we already established had no direct effect on the proliferation of CaSki 

cells themselves (extended data figure 3.16A). We found that intraperitoneal administration of 

increasing concentrations of PF-06835919 led to a dose-dependent increase in mouse serum 

fructose, suggesting that utilization of fructose declined upon addition of the inhibitor (figure 

4.1F). At a drug dose of 50 mg/kg, we also found that label from a large bolus of 1.5g/kg [U-13C] 

fructose was not readily utilized (figure 4.1G). We note that PF-06835919 was still detected in 

the serum 25 hours after a single 50 mg/kg dose (extended data figure 4.2). Accordingly, we 

administered a daily 50 mg/kg dose of PF-06835919 to mice on a control diet. As expected, the 

drug had no effect on tumor growth (figure 4.1H). Administration of the drug to mice on a high-

fructose diet, however, significantly decreased tumor growth (figure 4.1I). Collectively, these 

data show that while fructose carbon cannot be readily utilized by the tumor directly, tumor 
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growth can still be mediated by the KHK-C dependent transformation of fructose into other 

nutrients, such as glucose. Furthermore, we provide evidence that administration of a clinical 

candidate, PF-06835919, can curtail fructose-mediated tumor growth.  

Fructose requires organismal metabolism to promote the growth of melanoma tumors in 

zebrafish 

Our mouse cervical xenograft model revealed that metabolism of fructose carbons by the animal 

is sufficient to promote cervical tumor growth. To begin to explore the applicability of our 

results beyond this model, we wished to use not only a different cancer model but also a different 

organism. Previous studies have shown that BRAFV600E-mutant; p53-deficient zebrafish  

melanomas are responsive to insulin and high-fat/ketogenic diets and that the onset of tumors is 

sensitive to the amount of feeding 10,85–87. Furthermore, several studies in juvenile or adult 

zebrafish have shown that fructose administration can induce fatty liver, changes in metabolic 

gene expression, and changes in serum metabolite levels 88–90 . Thus, we chose to investigate the 

effect of fructose on the BRAFV600E-mutant; p53-deficient zebrafish melanoma model (hereafter 

referred to as BRAF/p53 fish), in which BRAFV600E is under the control of the melanocyte-

specific mitfa promoter.  

The effects of fructose on tumor growth were evaluated by performing a tumor-regrowth assay 

(extended data figure 4.3A). Here, we first amputated the BRAF/p53 melanomas of a cohort of 

fish so that the tumor surface was flush with the surface of the skin. For every resected-tumor 

fish, however, tumor tissue remained under the surface of the skin to allow for tumor regrowth. 

We then randomly transferred the resected-tumor fish to either normal water as a control or 

water containing 100 mM fructose. After 2 weeks, there was significant regrowth of the tumors 

in fructose water, while there was only minimal regrowth of tumors in control water (extended 

data figure 4.3B). Although fish were immersed in a relatively high concentration of fructose, 
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their serum fructose was only 4 mM, most likely because they do not efficiently take up fructose 

from the water (extended data figure 4.3C).  

To determine whether fructose is metabolized directly by these melanoma tumors, we amputated 

a tumor from BRAF/p53 fish, formed a single-cell suspension, and plated the cells ex vivo for 

cell-culture analysis. We then labeled the cells with either [U-13C] glucose or [U-13C] fructose. 

Even though the melanoma cells in each condition were viable at the end of the experiment, 13C-

label from glucose was efficiently incorporated into metabolites whereas 13C-label from fructose 

was not (extended data figure 4.4A,B). These data are consistent with those from all of the cell 

lines we tested and suggest that melanoma tumors in zebrafish can efficiently use glucose as a 

substrate, but not fructose. Similarly, as observed for other cell lines, ex vivo melanomas 

produced fructose endogenously from glucose and can transform fructose into fructose 1-

phosphate (extended data figure 4.5A,B).  

Next, we aimed to compare glucose and fructose metabolism in the tumors of the BRAF/p53 fish. 

To accomplish this, we transferred fish to water containing either 50 mM [U-13C] glucose or 50 

mM [U-13C] fructose. Fish were kept in the 13C-labeled water for 30 hours prior to analysis to 

achieve isotopic steady state. We measured comparable labeling in intratumor glucose, lactate, 

and several TCA cycle intermediates from both [U-13C] glucose and [U-13C] fructose, suggesting 

gluconeogenesis of the fructose label as we observed in mice bearing CaSki tumors (extended 

data figure 14A-D). Indeed, serum metabolites were also similarly labeled by [U-13C] glucose 

and [U-13C] fructose (extended data figure 4.6). To assess whether fructose utilization was KHK 

dependent, we administered a 50 mg/kg intraperitoneal injection of PF-06835919 prior to 

soaking animals in 50 mM [U-13C] fructose for 12 hours. With PF-06835919 treatment, we 

observed an increase in total serum fructose and a decrease in M+3 glucose (which is a signature 
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for gluconeogenesis) relative to control animals given a vehicle injection (extended data figure 

4.7A,B). These results indicate that [U-13C] fructose is primarily metabolized by KHK in 

zebrafish. Protein analysis also revealed expression of aldolase B (extended data figure 4.7C) in 

the livers of zebrafish, which is required to transform fructose carbon into glycolytic 

intermediates (figure 3.2A). We conclude that fructose increases the rate of tumor growth in 

BRAF/p53 zebrafish but, like we found for a xenograft model of cervical cancer in mice, fructose 

cannot be efficiently used by the tumor directly. Rather, it is fructose-derived nutrients produced 

by non-cancerous tissues that promote tumor growth.  

4.3 Discussion 

In this chapter, we show that while CaSki tumors don’t metabolize fructose directly, 

ketohexokinase-dependent conversion of ingested fructose to other metabolites results in tumor 

growth. This is supported by the observation that daily administration of a ketohexokinase 

inhibitor blocks the effects of fructose mediated growth on the CaSki tumor. One of the most 

13C- enriched serum metabolites resulting from administration of 13C-labeled fructose to mice is 

glucose. Gluconeogenesis from fructose in the post-prandial period results in glucose carbons 

which enter the circulation, raising serum glucose levels. That glucose can be metabolized to 

other secondary metabolites or feed the tumor directly.  Administration of a high glucose diet is 

sufficient to increase the growth of CaSki xenografts. Therefore, we provide evidence that 

increased glucose availability in an organism can enhance the growth of some tumors. We also 

show that BRAFV600E-mutant; p53-deficient zebrafish melanomas regrow faster in the presence of 

either glucose or fructose, while the melanomas themselves do not metabolize fructose well ex 

vivo. Like in the nude mice, zebrafish also metabolize a significant portion of their carbons to 
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forming new glucose molecules in the serum. Thus, we have discovered at least one metabolite 

from organismal fructose metabolism that can support tumor growth.  

      Like mice and zebrafish, humans also can also form new glucose molecules from 

fructose91,92. Reports of the efficiency of gluconeogenesis from fructose in humans are varied, 

however, with most studies indicating that less glucose is made from a fructose bolus than the 

resulting glucose load from an equivalent glucose bolus. However, most of these studies 

administer glucose and fructose separately92–94. It is well-described that fructose is not absorbed 

as well as glucose when each sugar is administered alone46,74,95,96. This difference in intestinal 

absorption of each sugar may contribute to why there is less glycemic change with fructose 

ingestion vs glucose ingestion. Co-administration of fructose with glucose results in much 

greater absorption of fructose95,97. But few studies have assessed glucose production from 

fructose with glucose co-administration in humans as we did in this chapter in mice; 

notwithstanding, fructose is almost always consumed in the human diet along with glucose in the 

form of sucrose or high fructose corn syrup and is almost never consumed as the sole sugar. 

Furthermore, fructose is one of the only nutrients that can still undergo robust gluconeogenesis in 

the presence of glucose. In response to a postprandial insulin spike, especially with a high sugar 

meal, gluconeogenesis from most nutrient sources is shut off. However, fructose is unique in its 

ability to produce glucose even in the presence of raised levels of insulin and glucose. This is due 

to its potent activation of the carbohydrate-response element-binding protein (ChREBP), which 

overrides insulin signaling in regulating fructose metabolism84. This allows fructose to contribute 

to gluconeogenesis even in a postprandial state. Certain tumors maybe be able to capitalize on 

this increased glucose availability to promote tumor replication.  
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Figures 

 

Figure 4.1. Organismal metabolism of fructose drives tumor growth.  

 

(A) 13C labeling of intratumor lactate from a CaSki xenograft after either direct intratumor injection of 1:1 [U-13C] glucose : 12C 

fructose (n=3) or 1:1 [U-13C] fructose :12C glucose (n=3). (B) 13C labeling of intratumor lactate from a CasSki xenograft after oral 

gavage with 1:1 [U-13C] glucose : 12C fructose (n=4) or 1:1 [U-13C] fructose : 12C glucose (n=4). (C) 13C labeling of intratumor 

glucose from a CaSki xenograft after oral gavage with 1:1 [U-13C] glucose : 12C
 
fructose (n=4) or 1:1 [U-13C] fructose (n=4). (D) 

Time course of total 13C enrichment in serum glucose after oral gavage with either 1:1 [U-13C] glucose : 12C fructose (n=4) or 1:1 

[U-13C] fructose : 12C glucose (n=4). (E) Relative growth of CaSki xenografts from mice fed either a high glucose diet (n =7) or a 

control diet (n=5). (F) Concentration of fructose in the serum of mice 30 minutes after administration of [U-13C] fructose and 75 

minutes after the indicated doses of PF-06835919 (n=3-4, per dose). (G) Labeling of serum glucose 30 minutes after 

administration of [U-13C] fructose and 75 minutes after the indicated doses of PF-06835919 (n=3-4, per dose). (H) Relative 

growth of CaSki xenografts in response to daily IP injection of vehicle (n=4) or 50 mg/kg PF-06835919 (n=4) on a control diet 

(CD). (I) Relative growth of CaSki xenografts in response to daily IP injection of vehicle (n=4) or 50 mg/kg PF-06835919 (n=4) 

on a control diet (CD) or high fructose diet (HFrD). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not 

significant using an unpaired, two-tailed Student’s t test. All data represent means ± standard deviation. 
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Fig 5. Organismal metabolism of fructose drives tumor growth. (A) 13C labeling of intratumor lactate from a CaSki xenograft after 
either direct intratumor injection of 1:1 [U-13C] glucose : 12C fructose (n=3) or 1:1 [U-13C] fructose :12C glucose (n=3). (B) 13C labeling 
of intratumor lactate from a CasSki xenograft after oral gavage with 1:1 [U-13C] glucose : 12C fructose (n=4) or 1:1 [U-13C] fructose : 
12C glucose (n=4). (C) ) 13C labeling of intratumor glucose from a CaSki xenograft after oral gavage with 1:1 [U-13C] glucose : 12C
fructose (n=4) or 1:1 [U-13C] fructose (n=4). (D) Time course of total 13C enrichment in serum glucose after oral gavage with either 
1:1 [U-13C] glucose : 12C fructose (n=4) or 1:1 [U-13C] fructose : 12C glucose (n=4). (E) Relative growth of CaSki xenografts from mice 
fed either a high glucose diet (n =7) or a control diet (n=5). (F) Concentration of fructose in the serum of mice 30 minutes after 
administration of [U-13C] fructose and 75 minutes after the indicated doses of PF-06835919 (n=3-4, per dose). (G) Labeling of 
serum glucose 30 minutes after administration of [U-13C] fructose and 75 minutes after the indicated doses of PF-06835919 (n=3-4, 
per dose). (H) Relative growth of CaSki xenografts in response to daily IP injection of vehicle (n=4) or 50 mg/kg PF-06835919 (n=4) 
on a control diet (CD). (I) Relative growth of CaSki xenografts in response to daily IP injection of vehicle (n=4) or 50 mg/kg PF-
06835919 (n=4) on a control diet (CD) or high fructose diet (HFrD). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is 
not significant using an unpaired, two-tailed Student’s t test. All data represent means ± standard deviation.
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Extended Data Figures 

Extended figure 4.1. Fructose is not in metabolized CaSki tumors directly but is readily metabolized by the organism.  

(A) 13C enrichment of intratumor glucose from CaSki xenografts 20 minutes after injection of either [U-13C] glucose (n=4) or [U-
13C] fructose (n=4) into the tumor. Time course of total 13C enrichment in (B) serum lactate or (C) serum alanine after oral 

gavage with either 1:1 [U-13C] glucose : 12C fructose (n=4) or 1:1 [U-13C] fructose : 12C glucose (n=4). *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed Student’s t test. All data represent means ± 

standard deviation 
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Figure S17. Fructose is not in metabolized CaSki tumors directly but is readily metabolized by the organism. (A) 13C 
enrichment of intratumor glucose from CaSki xenografts 20 minutes after injection of either [U-13C] glucose (n=4) or [U-
13C] fructose (n=4) into the tumor. Time course of total 13C enrichment in (B) serum lactate or (C) serum alanine after 
oral gavage with either 1:1 [U-13C] glucose : 12C fructose (n=4) or 1:1 [U-13C] fructose : 12C glucose (n=4). *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed Student’s t test. All 
data represent means ± standard deviation.
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 Extended figure 4.2 Single 50 mg/kg dose of PF-06835919 remains in mouse serum for over 24 hours. 

 

Concentration of PF-06835919 in nude mouse serum after an IP-injection at a dose of 50 mg/kg. Measurements were made at 1 

hour, 4 hours, 8 hours, and 25 hours post-injection (n=4 mice per data point). All data represent means ± standard deviation.  
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Fig S18: Single 50 mg/kg dose of PF-06835919 remains in 
mouse serum for over 24 hours 

Figure S18. Single 50 mg/kg dose of PF-06835919 remains in mouse serum for over 24 hours. Concentration of PF-
06835919 in nude mouse serum after an IP-injection at a dose of 50 mg/kg. Measurements were made at 1 hour, 4 
hours, 8 hours, and 25 hours post-injection (n=4 mice per data point). All data represent means ± standard deviation.
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Extended figure 4.3. BRAF/p53 melanoma regrows faster in the presence of fructose. 

 (A) Schematic illustrating the tumor-regrowth assay. (B) Tumor-regrowth assay from BRAF/p53 zebrafish in control water (n=6) 

or water containing 100 mM fructose (n=6). Data represent means ± SEM. (C) Serum fructose concentration after soaking fish in 

100 mM fructose for 30 hours (n=4). Data represent means ± standard deviation. 
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Fig S19. BRAF/p53 melanoma regrows faster in the presence of fructose. (A) Schematic illustrating the tumor-regrowth 
assay. (B) Tumor-regrowth assay from BRAF/p53 zebrafish in control water (n=6) or water containing 100 mM fructose 
(n=6). Data represent means ± SEM. (C) Serum fructose concentration after soaking fish in 100 mM fructose for 30 hours 
(n=4). Data represent means ± standard deviation. 
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Extended figure 4.4. BRAF/p53 melanoma plated ex vivo do not efficiently metabolize fructose.  

 
(A) Viability of zebrafish melanoma after 4 hours of ex vivo culture in media containing either [U-13C] glucose (n=3) or [U-13C] 

fructose (n=3) as the only sugar source in the DMEM. (B) 13C enrichment of various metabolites from central carbon metabolism 

after 4 hours of labeling zebrafish BRAF/p53 melanoma tumors plated ex vivo with either [U-13C] glucose (n=3) or [U-13C] 

fructose (n=3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed 

Student’s t test. All data represent means ± standard deviation. 
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Figure S20. BRAF/p53 melanoma plated ex vivo do not efficiently metabolize fructose . (A) Viability of zebrafish melanoma 
after 4 hours of ex vivo culture in media containing either [U-13C] glucose (n=3) or [U-13C]  fructose (n=3) as the only sugar 
source in the DMEM. (B) 13C enrichment of various metabolites from central carbon metabolism after 4 hours of labeling 
zebrafish BRAF/p53 melanoma tumors plated ex vivo with either [U-13C] glucose (n=3) or [U-13C] fructose (n=3). *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed Student’s t test. All data 
represent means ± standard deviation.
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Extended figure 4.5. Ex vivo BRAF/p53 zebrafish melanomas produce endogenous fructose and fructose 1-phosphate.  

 
(A) 13C enrichment of fructose after labeling ex vivo zebrafish melanomas with [U-13C] glucose for 4 hours (n=3). (B) 13C 

enrichment of fructose 1-phosphate after labeling ex vivo zebrafish melanoma with either [U-13C] glucose (n=3) or [U-13C] 

fructose (n=3) for 3 hours. All data represent means ± standard deviation. 
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Figure S21. Ex vivo BRAF/p53 zebrafish melanomas produce endogenous fructose and fructose 1-phosphate. (A) 13C enrichment 
of fructose after labeling ex vivo zebrafish melanomas with [U-13C] glucose for 4 hours (n=3). (B) 13C enrichment of fructose 1-
phosphate after labeling ex vivo zebrafish melanoma with either [U-13C] glucose (n=3) or [U-13C] fructose (n=3) for 3 hours. All 
data represent means ± standard deviation.
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Extended figure 4.6. Fructose carbons enter BRAF/p53 zebrafish melanoma via metabolite exchange.  

13C enrichment of (A) intratumor glucose, (B) intratumor lactate, (C) intratumor malate, (D) intratumor citrate, (E) serum 

glucose, (F) serum lactate, (G) serum malate, or (H) serum citrate after soaking fish in either 50 mM [U-13C] glucose (n=6) or 50 

mM [U-13C] fructose (n=4) for 30 hours. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an 

unpaired, two-tailed Student’s t test. All data represent means ± standard deviation 
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Figure S22. Fructose carbons enter BRAF/p53 zebrafish melanoma via metabolite exchange.13C enrichment of (A) intratumor
glucose, (B) intratumor lactate, (C) intratumor malate, (D) intratumor citrate, (E) serum glucose, (F) serum lactate, (G) serum malate, 
or (H) serum citrate after soaking fish in either 50 mM [U-13C] glucose (n=6) or 50 mM [U-13C] fructose (n=4) for 30 hours. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed Student’s t test. All data represent 
means ± standard deviation.
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Extended figure 4.7. BRAF/p53 Zebrafish metabolize fructose via KHK and aldolase B. 

 
 Relative pool size of (A) 13C-fructose and (B) M+3 glucose in zebrafish serum after soaking fish in 20 mM [U-13C] fructose 

water following IP injection of vehicle (c, n=5) or after soaking fish in 20 mM [U-13C] fructose and 190 µM PF-06835919 water 

following an IP injection of 50 mg/kg PF-06835919 (drug, n=4). Fish in each experimental condition were placed in their 

respective fructose-labeled water conditions an hour after IP injection of PF-06835919 or vehicle. They were then soaked in 

fructose-labeled water for 12 hours.  (C) Western blot from two zebrafish livers against aldolase B. *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed Student’s t test. All data represent means ± 

standard deviation. 
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Figure S23. BRAF/p53 Zebrafish metabolize fructose via KHK and aldolase B. Relative pool size of (A) 13C-fructose and (B) M+3 
glucose in zebrafish serum after soaking fish in 20 mM [U-13C] fructose water following IP injection of vehicle (c, n=5) or after 
soaking fish in 20 mM [U-13C] fructose and 190 µM PF-06835919 water following an IP injection of 50 mg/kg PF-06835919 (drug, 
n=4). Fish in each experimental condition were placed in their respective fructose-labeled water conditions an hour after IP injection 
of PF-06835919 or vehicle. They were then soaked in fructose-labeled water for 12 hours.  (C) Western blot from two zebrafish livers 
against aldolase B. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. is not significant using an unpaired, two-tailed 
Student’s t test. All data represent means ± standard deviation.
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Chapter 5: Conclusions 

In this study, we have shown that high-fructose diets promote the growth of cervical cancer 

tumors in mice and melanoma tumors in zebrafish. Interestingly, however, fructose itself does 

not support the growth of any cancer cell line that we tested in vitro, even though these cell lines 

also produce fructose endogenously. By tracking isotopic labels on fructose, we demonstrated 

that tumors of cervical cancer from mice and melanoma tumors from zebrafish cannot efficiently 

use fructose carbon directly because they do not express KHK-C. These results were conserved 

in every transformed and proliferative cell line that we tested. Although the cells do express 

hexokinase and KHK-A, both enzymes have only a limited capacity to support fructolysis under 

physiological conditions. The tumor-enhancing effects of dietary fructose are therefore not cell 

autonomous. Rather, in vivo, fructose is readily metabolized by non-cancerous tissues expressing 

KHK-C in both mice and zebrafish. Notably, even when fructose and glucose are co-

administered, these tissues use gluconeogenesis to transform fructose into glucose, which we 

showed is sufficient in itself to enhance the growth of cervical cancer tumors in mice. Together, 

our results support a mechanism where fructose promotes tumor growth through metabolite 

exchange with otherwise healthy (i.e., non-malignant) tissues expressing KHK-C.  

As we show in extended data figure 3.12, expression of KHK is not limited to the liver. Actually, 

most tissues in the human body express low levels of KHK. When evaluating fructose 

metabolism, it is important to distinguish between KHK-A and KHK-C. The liver, small 

intestine, and kidney express high levels of KHK-C, which enables efficient fructolysis. Aldolase 

B expression is also restricted to these same organs 74,98. Most other tissues, in contrast, only 

express KHK-A. Although the function of KHK-A is still incompletely understood, we have 

shown that KHK-A does not support efficient utilization of fructose carbon in the context of 
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cancer. Consequently, detection of fructose 1-phosphate or KHK in a tissue without isoform 

discrimination is not a sufficient indicator of fructose metabolism by that tissue.  

To begin to extend the applicability of our mechanism beyond animal models, we analyzed 

tumors from 99 patients with cervical cancer. These tumors expressed KHK-A, but not KHK-C. 

Such an expression pattern may be applicable to other human cancers as well, even those derived 

from liver and kidney. Although healthy liver and kidney tissue express high levels of KHK-C 

and aldolase B, liver and kidney tumors have been shown to decrease expression of these 

enzymes 99,100. Even cancers of the liver and kidney may therefore depend upon cell non-

autonomous metabolism of fructose in their surrounding organ microenvironments for fructose-

induced growth.  

Historically, chemotherapies inhibiting metabolism have mostly focused on targeting the tumor 

itself 101. Here, we offer support for an alternative therapeutic paradigm where the metabolism of 

otherwise healthy tissues is targeted. PF-06835919, an inhibitor of KHK-A and KHK-C, did not 

affect the growth of CaSki cells in vitro. This result is consistent with KHK-A, which is 

expressed in CaSki cells, not having an important role in cancer cell growth. Yet, when PF-

06835919 was administered to mice bearing tumors, the drug inhibited the growth-promoting 

effects of dietary fructose by preventing metabolite exchange with non-malignant tissues 

expressing KHK-C. KHK is an attractive drug target because it is a non-essential metabolic 

enzyme whose loss is not harmful to the organism 65,102,103. Indeed, essential fructosuria is a 

benign, asymptomatic condition in which individuals have a deficiency in KHK. In these 

patients, fructose is wasted in the urine 103. Our data reveal that there may be a role for using a 

KHK inhibitor as a treatment for some cancer patients, particularly those with high sugar intake. 

There may be complementary benefits of KHK inhibition in the treatment of cancer as well, 
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independent of fructose metabolite exchange. Fructose comprises a significant portion of the 

daily caloric intake in the United States 32,34. KHK inhibition could therefore lead to caloric 

restriction, which has been shown to curtail the growth of several types of cancers 104,105. 

Additionally, KHK has been shown to have a role in mediating the effects of high glucose 

consumption, with loss of KHK rescuing high glucose-induced weight gain and metabolic 

syndrome 106. KHK inhibition in the setting of high glucose consumption might thus also have an 

impact on tumors that respond to high dietary glucose.  
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Chapter 6: Future directions for completed work 

Colon cancer metastases express KHK-C 
One of the key results of this manuscript is that most cancerous tissue types express KHK-A. 

Furthermore, we show that for several cancer cell lines, inhibition of intratumor KHK-A with 

PF-06835919 does not reduce growth of tested cancer cell lines. KHK-A expression is also not 

correlated with tumor stage, tumor recurrence, or patient survival in patients with cervical 

cancer. KHK-A metabolizes fructose very poorly, as the enzyme has a high km for fructose. Its 

primary function remains unknown. KHK-C, on the other hand, robustly metabolizes both 

endogenous and exogenous sources of fructose. Thus, the expression of KHK-C in a cancer cell 

would profoundly alter its metabolism. Therefore, we sought to identify any contexts under 

which a tumor might express KHK-C.  

We thought it highly likely that primary colon tumors express KHK-A, as we and others have 

shown that the normal colon tissue primary expresses KHK-A 64. Furthermore, HCT116 cells, 

derived from human colon cancer, express KHK-A and don’t metabolize fructose (figure 3.2D 

and extended figure 3.2E). A significant fraction of primary colon tumors metastasize to the 

liver, with up to 25% of all patients who present with colon cancer already having liver 

metastases at the time of tumor detection107,108. We hypothesized that colon tumors that 

metastasize to the liver may began to express KHK-C, as colon tumors that metastasize to the 

liver express higher levels of aldolase B than primary colon tumors 47  

To investigate the expression of different KHK isoforms (figure 6.1A) in colon cancer and 

associated liver metastasis, we used Cufflinks 109 to calculate the isoform expression using RNA-

seq data from a colorectal cancer (CRC) cohort (N=18) with matched adjacent normal and liver-

metastatic samples. Overall, we observed an upregulation of the KHK gene in the primary tumor 
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and metastatic samples comparing to the adjacent normal samples (6.1 figure B,C,D). However, 

different isoforms (KHK-A, KHK-C, and KHK-203) showed different patterns in their changes 

in expression during tumor progression. KHK-A has low expression (FPKM = 4.31±2.57) in the 

normal samples, which only increases to 8.78±5.71 in the primary cancer samples, while shows 

no further significant increase in the metastatic samples (10.74±6.56) (figure 7C,D). Expression 

levels of KHK-203 are similar to KHK-A in the adjacent normal and primary cancer samples, 

but show a significant increase in the metastatic samples (figure 6.1C,D). While 0% of patients 

have KHK-A with FPKM larger than 25, 55.56% (i.e. 10 out of 18) have KHK-203 with FPKM 

larger than 25 in metastatic samples (figure 7D) (Fisher’s exact test, p = 0.000344). KHK-C 

shows virtually no expression (FPKM = 0.67±0.49) in the adjacent normal samples (figure 

6.1C,D). In contrast to KHK-A and KHK-203’s upregulation in the primary cancer samples, 

KHK-C still shows very low expression levels in the primary cancer samples (figure 6.1C,D). 

However, the expression of KHK-C is greatly upregulated in the metastatic samples (figure 

6.1C,D). The upregulation of KHK-203 (FPKM from ~8.42 in the primary samples to ~31.97 in 

the metastatic samples; with both Exons 3A and 3C) and especially KHK-C (FPKM from ~0.71 

in the primary samples to ~24.06 in the metastatic samples; only with Exon 3C), represents a 

selection for the specific Exon 3C of the KHK gene in tumor metastasis. These patterns are also 

validated by counting isoform specific junction reads (figure 6.1E) and evaluating normalized 

expression of junction reads (figure 6.1F).  

These data reveal that human colon cancer liver metastases begin expressing KHK-C upon 

metastases to the liver, while the primary colon tumors express KHK-A. This observation 

implicates PF-06835919, a potent KHK inhibitor, as a therapeutic to slow the growth of colon 

liver metastases, which already also express aldolase B. The expression of both KHK-C and 
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aldolase B not only confers an ability for the metastasized tumors to robustly metabolize dietary 

fructose but also enables a profound rewiring of glucose metabolism as a result of endogenous 

fructose production (figure 6.2). In every tested cancer line or tumor type, we see evidence of 

endogenous fructose production via the polyol pathway (figure 3.1G, extended data figure 3.7 B-

G, extended figure 4.5B). Expression of KHK-C and aldolase B in a cancer cell can allow for 

this endogenously-produced fructose to enter glycolysis downstream of the rate-limiting step of 

glycolysis, phosphofructokinase-1 (PFK-1) (figure 6.2). Thus, the glucose that enters the 

intrahepatic metastatic colon cancer cell can be metabolized to fructose which is then 

metabolized via KHK-C and aldolase B to enter glycolysis as phosphorylated trioses (figure 6.2). 

By bypassing PFK1, a major bottleneck of glycolytic flux, this process could greatly increase the 

rate of glucose metabolism and thus the growth rate of the tumor. Generation of mouse models to 

study colon cancer cancer and associated liver metastases could be initiated to investigate these 

hypotheses and gain more insight into the mechanism behind this KHK isoform switch observed 

in human colon cancer patients.  

The role of fructose metabolism in intrahepatic tumors 

Fructose is a major contributor to liver fat and non-alcoholic fatty liver disease. This is achieved 

via 1) direct fructose carbon contribution to triglyceride and fatty acid production and 2) 

fructose-dependent activation of carbohydrate-response element-binding protein (ChREBP) to 

rewire liver metabolism, enhancing hepatic de novo lipogenesis. In terms of direct carbon 

contribution to the liver, fructose can contribute carbons in two ways: 1) direct metabolism of 

fructose in a KHK-C-dependent manner 2) metabolism of microbiota-derived metabolites. KHK-

C-dependent metabolism of fructose has been discussed elsewhere in this dissertation and is the 
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predominant mechanism by which fructose is metabolized by the body. However, compared with 

glucose, fructose is rather poorly absorbed from the gut. This is due in part to glucose being 

absorbed via active transport and fructose being absorbed by passive transport mechanisms 46. 

Therefore, while a glucose bolus is completely absorbed by the small intestine, a fructose bolus 

may not be fully absorbed. This is especially likely when larger quantities of fructose are 

consumed. Unabsorbed fructose can then enter the colon and be metabolized by the microbiota. 

These metabolites then go via the portal circulation directly to the liver. One of the primary 

metabolites that the microbiota can form from fructose carbons is acetate 110. When this acetate 

reaches the liver, it can directly fuel de novo lipogenesis after forming acetyl coA via acetyl-coA 

sythetase (figure 6.3). This acetyl coA can then enter the first committed step of de novo 

lipogenesis by transformation to malonyl coA by acetyl-coA carboxylase (figure 6.3). Therefore, 

fructose can contribute carbons to de novo lipogenesis via both KHK-C-dependent metabolism 

and microbiota-derived acetate. 

Many tumor cell types have been shown to use acetate as a fuel to help them produce lipids. 

Thus an intrahepatic tumor within the liver may benefit from an acetate bolus that comes from 

the microbiota after fructose ingestion. Furthermore, development of fatty liver has been shown 

to increase growth of intrahepatic tumors, via increased availability of exogenous fatty acids for 

tumor growth111.  Thus, intrahepatic tumors, based on their location, are uniquely poised for 

fructose-stimulated growth from KHK-C metabolite exchange, development of fatty liver, and 

large amounts of fructose-derived acetate from the microbiota.  

 Currently in clinical trials is a ketohexokinase inhibitor, PF-06835919, and acetyl coA 

carboxylase inhibitor, PF-05221304. Both drugs are being tested as therapeutics for the 

amelioration of fatty liver. Use of both PF-06835919 and PF-05221304 as a combination therapy 
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to patients with intrahepatic tumors would result in concurrent ketohexokinase and acetyl coA 

carboxylase inhibition. This combination of drugs could be used to 1) decrease fructose-

dependent fatty liver and the 2) utilization of fructose carbons from KHK-C dependent 

metabolism and microbiota-derived acetate.  
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Figures 

Figure 6.1. Human colon cancers that metastasize to the liver express KHK-C. 

 

(A): IGV view of KHK expression for a matched set of tissues at Exons 3A and 3C. Exon 3 is upregulated in the metastatic 

sample. Reads spanning the specific junctions are also shown using red lines. (B): Stacked bar plot of KHK isoform expression 

calculated by Cufflinks. (C): Box plots showing the distribution of KHK isoforms in normal colon tissue (NC), primary 

colorectal cancer (CRC) and liver-metastasized cancer (LM). (D): Line plots showing the expression of KHK isoforms in normal 

colon tissue (NC), primary colorectal cancer (CRC) and liver-metastasized cancer (LM). (E): Stacked bar plot of KHK isoform 

expression as measured by unique junction counts (raw read count). (F): Stacked bar plot of KHK isoform expression as 

measured by unique junction counts (RPM) 

 

 

 

Fig 7: human colon cancers that metastasize to the liver express KHK-C  

Figure 7. Human colon cancers that metastasize to the liver express KHK-C.(A): IGV view of KHK expression for a matched set of tissues at Exons 3A and 3C. 

Exon 3 is upregulated in the metastatic sample. Reads spanning the specific junctions are also shown using red lines. (B): Stacked bar plot of KHK isoform 
expression calculated by Cufflinks. (C): Box plots showing the distribution of KHK isoforms in normal colon tissue (NC), primary colorectal cancer (CRC) and liver-

metastasized cancer (LM). (D): Line plots showing the expression of KHK isoforms in normal colon tissue (NC), primary colorectal cancer (CRC) and liver-
metastasized cancer (LM). (E): Stacked bar plot of KHK isoform expression as measured by unique junction counts (raw read count). (F): Stacked bar plot of KHK 
isoform expression as measured by unique junction counts (RPM)
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Figure 6.2.  KHK-C rewires glucose metabolism via endogenous fructose. 

 

 (A) Schematic showing how presence of KHK-C and aldolase B allow for metabolism of endogenous fructose. gluc, glucose; 

F6P, fructose 6-phosphate; PFK1, phosphofructokinase-1; FBP1, fructose 1,6-bisphosphate; AR, aldose reductase ; Fruc, 

fructose; KHK-C, ketohexokinase-C; F1P, fructose 1-phosphate; ALDOB, aldolase B; G3P, glyceraldehyde 3-phosphate; DHAP, 

dihydroxyacetone phosphate; TK, triokinase; TPI, triose phosphate isomerase; ppp, pentose phosphate pathway; R5P, ribose 5-

phosphate 

 

 

 

 

 

 

 

Fig S24: KHK-C enhances glucose metabolism via endogenous 
fructose

Fig S24.  KHK-C enhances glucose metabolism via endogenous fructose. (A) Schematic showing how presence of KHK-C and aldolase 
B allow for metabolism of endogenous fructose. gluc, glucose; F6P, fructose 6-phosphate; PFK1, phosphofructokinase-1; FBP1, 
fructose 1,6-bisphosphate; AR, aldose reductase ; Fruc, fructose; KHK-C, ketohexokinase-C; F1P, fructose 1-phosphate; ALDOB, 
aldolase B; G3P, glyceraldehyde 3-phosphate; DHAP, dihydroxyacetone phosphate; TK, triokinase; TPI, triose phosphate isomerase; 
ppp, pentose phosphate pathway; R5P, ribose 5-phosphate
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Figure 6.3. Schematic showing contribution of fructose and fructose-derived acetate to de novo 

lipogenesis in a hepatocyte. Shown cell is a hepatocyte. ACSS2,  acetyl coA synthetase. ACC, 

acetyl coA carboxylase. FASN, fatty acid synthase. DNL, de novo lipogenesis. choRE, 

carbohydrate response element. ChREBP carbohydrate-response element-binding protein . 

Figure obtained from Zhao et al. Nature 2020110. 
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Chapter 7: Materials and Methods 

Mouse xenograft model 
 

All mouse procedures were approved by the Washington University Institutional Animal Care 

and Use Committee. The number of mice used in each experiment is reported in the associated 

figure legends. To form xenografts, 3 million cells in 1:1 DMEM: matrigel were injected into the 

left flank of female nude mice. A week post-injection, tumors were measured with calipers to 

assess initial tumor volume. Tumor size was then assessed once per week with calipers and 

volume was calculated by using the formula V = (1/2) (L*W2), where L and W are length and 

width respectively. Mice were fed a control diet (Envigo TD.05075), a high fructose diet (Envigo 

TD.89247), a high sucrose diet (Envigo TD.06685), or a high glucose diet (Envigo TD.05256) 

ad lib. Mice were fed a high fructose corn syrup (HFCS) diet by providing normal chow and ad 

lib access to 10% HFCS water. Average caloric consumption was assessed over a 24 hour 

period. For the four mice in each of the diet conditions, 65 grams of a given diet were provided. 

To determine the amount of diet consumed, the weight of diet remaining after 24 hours was 

recorded. The consumed weight was then converted to calories consumed on the basis of 

calories/gram of each diet. This value was divided by the number of mice in the cage to get the 

average caloric consumption per mouse. Each 24-hour measurement was repeated 5 times for 

each diet, and the average of each trial is reported. All isotopic labels were purchased from 

Cambridge Isotope Labs. Stock solutions of 13C-labeled nutrients were made for injection into 

mouse tumors by suspending 200 mg 13C-labeled nutrient per mL of normal saline. The amount 

of labeled stock solution injected into each mouse tumor was normalized by tumor volume (40 

µL of stock solution/ 200 mm3 CaSki tumor volume). The same stock solution of 200 mg 13C-
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labeled nutrient per mL of normal saline was used for oral gavage. When introducing 13C-labeled 

nutrients by gavage, a feeding needle was used to introduce 5 µL of labeled stock solution per g 

of mouse weight. PF-06835919 (Wuxi, for chemical structure see fig S15) was administered via 

intraperitoneal injection in 10% DMSO and 10% tween-80 in normal saline at the doses 

indicated in figure 5. In experiments where mice were given PF-06835919 via intraperitoneal 

injection and [U-13C] fructose via gavage, a feeding needle was used to introduce 1.5 g of [U-

13C] fructose stock solution per kg of mouse weight. In all isotope-tracer experiments, mice were 

fasted for 4 hours prior to the administration of label. Mouse whole-blood samples 

(approximately 25 L) were collected via tail snip. Mouse xenograft tumors were collected via 

rapid manual dissection with a scalpel and flash frozen in liquid nitrogen. Tissues were stored at 

-80 ºC until extraction for liquid chromatography/mass spectrometry (LC/MS) analysis. 

Zebrafish 

All zebrafish procedures were approved by the Washington University Institutional Animal Care 

and Use Committee. The number of Tg(mitfa:BRAFV600E); p53-/- fish 112 used in each experiment 

is reported in the associated figure legends. Fish used were reared according to standard 

laboratory procedures. Fish were kept in an indoor environment at a temperature of 28 ±1 °C 

with a 14:10-hr light:dark circadian cycle. Fish were euthanized with an ice bath. Euthanization 

was deemed complete 1 minute after cessation of opercular movement in an ice water slurry.  

To perform in vivo 13C-labeling of Tg(mitfa:BRAFV600E); p53-/- zebrafish (referred to as 

BRAF/p53 fish), 50 mM of either [U-13C] glucose or [U-13C] fructose was dissolved directly into 

zebrafish tank water containing 3% penicillin/streptomycin (Life Technologies), 5 µg/mL 

kanamycin (MilliporeSigma), and 100 µg/mL ampicillin (MilliporeSigma) to prevent bacterial 
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contamination. Fish were maintained at a density of 1 fish/100 mL 13C-labeled water.  Fish were 

maintained in labeled water for 30 hours prior to euthanization. Melanomas were rapidly 

harvested from the surface of the body, snap frozen in liquid nitrogen, and stored at -80 °C until 

LC/MS analysis. Serum and tissues were harvested as described below.  

To perform the tumor regrowth assay, BRAF/p53 zebrafish were anesthetized in tricaine and a 

scapel was used to amputate their tumors to be flush with the surface of the skin. Every fish had 

tumor tissue that extended beneath the surface of the skin, and this portion of the tumor remained 

after dissection. Fish were then randomized to the fructose-treated group or the control group. In 

the fructose-treated group, fish were placed in normal zebrafish water containing 100 mM 

fructose, 3% penicillin/streptomycin, 5 µg/mL kanamycin, and 100 µg/mL ampicillin. In the 

control group, fish were in the same water conditions without fructose. The water in both 

conditions was changed every other day to prevent bacterial contamination. Fish were 

maintained at a density of 1 fish / 333 mL of water in each condition. Fish were fed brine shrimp 

once a day in each condition. After two weeks in each condition, tumor regrowth was assessed 

with calipers. Tumor volume above the surface of the skin was calculated with the formula V = 

(W*L*H) *0.5236, where W, L, and H are width, length, and height respectively.   

To administer PF-06835919 or vehicle control (DMSO) to BRAF/p53 zebrafish, a 10 µL nanofil 

syringe (WPI) was used to inject 50 mg / kg of PF-06835919. PF-06835919 was dissolved in 

DMSO and the injection volume was 2 µL drug solution / gram zebrafish weight. Fish were 

injected with PF-06835919. An hour later, fish were then placed in zebrafish water containing 25 

mM [U-13C] fructose, 190 µM PF-06835919, 3% penicillin/streptomycin, 5 µg/mL kanamycin, 

and 100 µg/mL ampicillin. Fish that were injected with vehicle were placed in the same water 
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conditions, except without PF-06835919. After 12 hours, fish in both conditions were euthanized 

and serum was collected as described below.  

To collect BRAF/p53 zebrafish serum for LC/MS analysis, the following method was used. A 

simple blood collection device was constructed by forming a small hole in the bottom of a 

microcentrifuge tube (the holding tube) with a razor blade. The hole was approximately the 

diameter of the cross section created through distal amputation of a given fish. This holding tube 

was then fit into another microcentrifuge tube (the collection tube), and the connection was 

secured with tape. To begin the blood-collection process, fish were euthanized in ice water as 

described above. Fish were then removed from ice water and dried thoroughly with a kimwipe. 

A razor blade was used to amputate the caudal fin and some associated distal tissue by making a 

transverse cross section midway between the anal and caudal fin. The amputated fish were 

immediately placed into the holding tube (with the wound end nearest the hole). The holding 

tube was then placed into the collection tube, securing the connection with tape. We placed the 

entire collection device containing the amputated fish into a microcentrifuge and spun at 100 xg 

at 28 °C for 1 minute. Tissues were anatomically dissected, snap frozen in liquid nitrogen, and 

stored at -80 ºC until extraction for LC/MS analysis.  

Preparation of mouse and zebrafish serum 

Mouse and zebrafish blood samples were placed on ice without anticoagulant for 20 minutes. 

The samples were subsequently centrifuged at 6000 rpm for 10 minutes. Serum was then 

collected and stored at -80 ºC until extraction for LC/MS analysis.  
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Cell culture 

Cell lines were maintained in high glucose DMEM (Life Technologies) containing 10% FBS 

(Life Technologies) and 1% penicillin/streptomycin (Life Technologies). For all monoculture 

growth studies, cells were maintained at the indicated conditions for 4 days. For the co-culture 

growth study, CaSki cells and hepatocytes were maintained at the indicated conditions for 48 

hours. For evaluating cell number, all cells were trypsinized and stained with trypan blue. For 

isotope-tracer experiments with [U-13C] glucose or [U-13C] fructose, labels were administered in 

no glucose DMEM with 10% FBS and 1% penicillin/streptomycin in 100 mm cell culture plates. 

Except where indicated, 5 mM of each label was administered. Unless specified otherwise, cells 

were harvested after 4 hours of labeling. Harvesting was performed after washing cells once with 

PBS and then water. Cells were quenched with 1 mL of methanol per 100 mm plate (TPP), and 

cells were collected into a microcentrifuge tube via scraping. Methanol was removed from cells 

with a nitrogen evaporator. Samples were then lyophilized for 12 hours. Dried samples were 

weighed and extracted by using the metabolite extraction protocol below. PF-06835919 was 

administered to cells in DMSO for a final concentration of 30 µM or 250 µM in the culture 

media. These cell culture PF-06835919 experiments were done in DMEM containing 10 mM 

glucose and 10 mM fructose with 10% FBS and 1% penicillin/streptomycin. NBDG (Caymen) 

and NBDF (Caymen) uptake studies were performed based on previous work 113. In summary, 

media was aspirated from cells plated in a 96-well plate at a uniform density. Cells were then 

incubated in PBS for 30 minutes and subsequently incubated in glucose-free DMEM and 10% 

dialyzed FBS with 100 µM NBDG or NBDF for 30 minutes. After media removal and PBS 

rinsing, fluorescence was read on a Cytation 5 microplate reader (Biotek) with an excitation of 

475 nm and an emission of 550 nm while cells were in PBS.  
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Primary hepatocytes were isolated as described previously 114. The hepatocytes were plated on a 

collagen-coated transwell (Corning). When co-cultured with CaSki cells, 1 x 105 CaSki cells 

were plated on the upper insert of the transwell containing hepatocytes. In the control conditions, 

1 x 105 CaSki cells were plated on both the insert and the bottom well. Caski cells were 

harvested from the upper inserts of both conditions for LC/MS analysis or determination of 

relative cell number via trypan blue staining.  

Ex vivo culture of BRAF/p53 zebrafish melanoma was performed via amputation of a melanoma 

from a euthanized fish, based on a previously applied protocol 115. A single-cell suspension of 

the isolated tumor was formed via incubation of the tumor at room temperature in a 0.075 

mg/mL solution of liberase (Sigma) for 30 minutes. Disintegration of the tumor was encouraged 

via periodic pipetting. The suspension was filtered through a 40 µm filter (MidSci) to remove 

any aggregates of tumor and then centrifuged at 1000 rpm for 5 minutes. The pellet was 

resuspended in DMEM containing 10% FBS, 1% penicillin/streptomycin, 1% glutamax, and no 

pyruvate prior to being plated on fibronectin-coated plates (Corning) and cultured at 28.5 ºC and 

5% CO2. 

Metabolite extraction 

For mouse serum and cell culture media extractions, 90 µL of 2:2:1 methanol:acetonitrile:water 

(M:A:W) was added to 10 µL of sample. For zebrafish serum extraction, 36 µL of M:A:W was 

added to 4 µL of sample. The samples were vortexed and placed at -20 ºC for an hour. The 

samples then were centrifuged at 4 ºC for 10 minutes. The supernatant was removed and 

analyzed by LC/MS. For tissue, frozen samples were first ground into a fine powder with a 

mortar and pestle in the presence of liquid nitrogen. The powder was weighed and 1 mL M:A:W 
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was added per 5 mg of tissue weight. For tumors, the entire sample was extracted. For cell-

culture samples, 1 mL of M:A:W was added per 1 mg of lyophilized cell pellet. Tissue and cell-

culture samples were then vortexed for 30 seconds, placed in liquid nitrogen for 1 minute, and 

sonicated for 10 minutes. This cycle was repeated 3 times. The samples were subsequently 

maintained at -20 ºC for an hour, centrifuged at 14,000 rpm for 10 minutes, and then the 

supernatants were transferred to new microcentrifuge tubes. The M:A:W solvent was evaporated 

under nitrogen, and samples were resuspended in 60:40 acetonitrile:water with a normalization 

of 40 µL per milligram of initial lyophilized cell pellet or tissue weight.   

Western blots 

Cells or tissues were harvested in RIPA buffer (Thermo Fisher Scientific) with a protease 

inhibitor cocktail (Thermo Fisher Scientific). Each sample was sonicated for 30 seconds, and the 

resulting lysates were separated on SDS-PAGE under reducing conditions. Protein bands were 

transferred to a PVDF membrane. Immnoblotting was performed with anti-ketohexokinase 

(Santa Cruz), anti-ketohexokinase-C (Signalway), anti-ketohexokinase-A (Signalway), anti-

sorbitol dehydrogenase (Santa Cruz), or anti-aldolase B (Santa Cruz). Anti-beta tubulin (Cell 

Signaling) or anti-succinate dehydrogenase (Cell Signaling) was used as a loading control. Anti-

rabbit and anti-mouse secondary antibodies were from Cell Signaling. Blots were imaged on a 

LI-COR C Digit blot scanner (LICOR).  

Silencing of sorbitol dehydrogenase  

Sorbitol dehydrogenase was silenced in various cell lines by using a collection of siRNA 

duplexes targeting human SORD (TriFECTa, IDT; Design ID hs.Ri.SORD.13). Lipofectamine 
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RNAiMAX Transfection Reagent (Invitrogen) was used for the transfection according to the 

manufacturer’s instructions. Scrambled siRNA (TriFECTa, IDT) was used as a negative control. 

The knockdown efficiency was assessed via western blotting.  

LC/MS 

LC/MS was performed by using a SeQuant ZIC-pHILIC column (EMD Millipore) interfaced 

with an Agilent 6540 Q-TOF. Unless otherwise indicated, a 150 × 2.1 mm, 5 μm SeQuant ZIC-

pHILIC column was used with an Agilent 1290 Infinity II LC system, applying methods 

established previously 116. Mobile-phase solvents had the following composition: A = 20 mM 

ammonium acetate in water:acetonitrile (95:5) and B = 100% acetonitrile. The following linear 

gradient was used: 0−0.5 min, 90% B; 0.5−30 min, 90−30% B; 30−31 min, 30% B. Injection 

volumes were 2 μL for all experiments. The column compartment was maintained at 45 °C. 

Mass range was set to 50 to 1500 m/z. MS parameters were as follows: gas, 200 °C at 4 L/min; 

nebulizer, 44 psi at 2000 V; sheath gas, 300 °C at 12 L/min, capillary, 3000 V; fragmentor, 100 

V; skimmer, 65 V; and scan rate, 3 scans/second. The MS was operated in negative ionization 

mode for all samples analyzed. Isotopologues were generated from analysis of the raw data. 

Isotopologues are not natural-abundance corrected.  

To separate fructose 1-phosphate from other hexose phosphates, a 2 mm x 150 mm HILICpak 

VD 50-2D column (Shodex) was used with an isocratic flow of 80% acetonitrile, 20% water with 

25 mM formic acid. The flow rate was 0.150 mL/min. All other experimental conditions were 

kept as above.  
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Analysis of human cervical cancer patient data 

Cervical cancer patients included in this study (N=99) were enrolled in a prospective tumor 

banking study with written informed consent (201105374), and data were analyzed with 

institutional review board (IRB) approval with waiver of consent. All patients in this cohort were 

uniformly treated with curative-intent chemoradiation and clinical data were prospectively 

collected, including outcome data and FIGO stage. Primary cervical cancer samples with sufficient 

high-quality RNA, as defined by the criteria utilized for TCGA 117, were included in this study for 

whole transcriptome sequencing (RNA-seq). PolyA-selection and multiplexed sequencing 

(Illumina HiSeq 2500, 1 × 50 nt, ~40 million reads per sample) were performed at the Genome 

Technology Access Center (GTAC) at Washington University School of Medicine. RNA-seq 

reads were aligned to the Genome Reference Consortium Human Build 38 (GRCh38) using 

STAR2 with Ensembl genes for homo sapiens version 90. Isoform expression levels for KHK-A 

and KHK-C were calculated and normalized as Fragments Per Kilobase per Million reads (FPKM) 

using Cufflinks with default parameters 118,119. Integrative genomics viewer (IGV) was used to 

visualize and manually inspect sequencing reads from isoform specific exons 120. The Kaplan–

Meier estimator is used to estimate recurrent-free survival and overall survival based on KHK-A 

expression levels, and significance levels from log rank test were reported. 

Statistics  

Data are reported as means   SD. Comparisons of the means of different experimental conditions 

were performed with a Student’s unpaired, two-tailed t test. Statistical significance is designated 

according to the following convention: * P < 0.05, ** P < 0.01, ***P < 0.001, ****P <0.0001. 

Except where indicated, all data represent means ± standard deviation. 
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