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B I O C H E M I S T R Y

Ketohexokinase-mediated fructose metabolism is lost 
in hepatocellular carcinoma and can be leveraged 
for metabolic imaging
Sui Seng Tee1,2†, Nathaniel Kim1,2‡, Quinlan Cullen1,2,3‡, Roozbeh Eskandari1,2‡, 
Arsen Mamakhanyan1,2, Rami M. Srouji4, Rachel Chirayil1,2, Sangmoo Jeong1,2, Mojdeh Shakiba5, 
Edward R. Kastenhuber6, Shuibing Chen3,7, Carlie Sigel7, Scott W. Lowe6, William R. Jarnagin4, 
Craig B. Thompson6, Andrea Schietinger5, Kayvan R. Keshari1,2,3*

The ability to break down fructose is dependent on ketohexokinase (KHK) that phosphorylates fructose to 
fructose-1-phosphate (F1P). We show that KHK expression is tightly controlled and limited to a small number of 
organs and is down-regulated in liver and intestinal cancer cells. Loss of fructose metabolism is also apparent in 
hepatocellular adenoma and carcinoma (HCC) patient samples. KHK overexpression in liver cancer cells results in 
decreased fructose flux through glycolysis. We then developed a strategy to detect this metabolic switch in vivo 
using hyperpolarized magnetic resonance spectroscopy. Uniformly deuterating [2-13C]-fructose and dissolving 
in D2O increased its spin-lattice relaxation time (T1) fivefold, enabling detection of F1P and its loss in models of 
HCC. In summary, we posit that in the liver, fructolysis to F1P is lost in the development of cancer and can be used 
as a biomarker of tissue function in the clinic using metabolic imaging.

INTRODUCTION
Carbohydrate metabolism is central to the production of biosynthetic 
intermediates as well as energy in the form of adenosine triphosphate 
(ATP). Dietary carbohydrates are broken down into monosaccha-
rides such as galactose, glucose, and fructose (1). ATP is used to 
phosphorylate these hexoses, predominantly catalyzed by hexokinase 
(HK; E.C. 2.7.1.1). Higher eukaryotes have HKs with little substrate 
specificity, although lower prokaryotes display a greater repertoire 
of enzymes that are more selective for particular sugars (2). While 
glucose is the preferred hexose in most cells, fructose metabolism 
occurs through a specialized pathway, driven by uptake and involving 
the enzyme ketohexokinase (KHK; E.C. 2.7.1.3).

The liver has long been known to phosphorylate fructose to form 
fructose-1-phosphate (F1P), in contrast to HKs from other tissues 
that produce the corresponding 6-phosphate at a significantly slower 
rate. We now know that this reaction, which generates high concen-
trations of F1P, is catalyzed by KHK (3). Fructose metabolism via 
KHK is enabled by the expression of cell surface transporters that 
allow fructose uptake, including members of the facilitative glucose 
transporters (GLUTs), which consists of 14 members. In the liver, 
GLUT2 is the predominant transporter for fructose, allowing bi-
directional transport with low affinity. GLUT5 is the only transporter 
specific for fructose, with no ability to transport glucose or galactose, 
and is expressed mostly in the intestines and sperm (4). F1P is 

further metabolized by aldolase B (Aldo-B) that catalyzes the specific 
and reversible cleavage of hexoses. While there are three distinct 
aldolase isozymes, Aldo-B predominates in the liver, kidney, and 
intestines and preferably cleaves F1P to form glyceraldehyde and 
dihydroxyacetone phosphate (5).

The molecular mechanisms that govern the expression of KHK 
remain unclear. The human KHK gene spans nine exons on chromo-
some 2p, with two exons (3a and 3c) mutually exclusively spliced to 
form two isoforms, KHK-A and KHK-C (6). KHK-C is responsible 
for F1P production at physiological fructose concentrations, while 
KHK-A has been recently reported to be a protein kinase (7). There 
has only been one report of KHK transcriptional control, with the 
carbohydrate response element binding protein, up-regulating the 
enzyme in a uric acid–dependent manner (8).

Expression of KHK during dysfunction has also been poorly 
studied. As the ability to break down fructose via KHK is postulated 
to be a sign of excess, it is likely that loss of this enzyme is associated 
with disease. There has been a single study that observed lower RNA 
and reduced KHK enzymatic activity in human clear cell renal cell 
carcinoma (9). More recently, an isoform switch from KHK-C to 
KHK-A in hepatocellular carcinoma (HCC) has been demonstrated. 
The authors suggest a c-myc–mediated aberrant splicing mechanism, 
reducing fructose metabolism in HCC compared to the normal liver 
(7). An integrative genomic characterization of HCC by the Cancer 
Genome Atlas Research Network [The Cancer Genome Atlas (TCGA)] 
found that 44% of HCC displayed alteration in the WNT signaling 
axis (10), which includes c-myc as a component. This leaves a 
majority of HCC cases unaccounted for in terms of KHK expression 
and the ability to metabolize fructose. Besides cancer, fructose has 
been implicated in the development of metabolic syndrome in the 
Western world (11), but the expression of KHK in the etiology of 
this public health issue remains unknown.

If indeed the ability to break down fructose is lost in dysfunction, 
then it might be possible to exploit this phenotype as a biomarker 
for disease. Metabolic imaging using hyperpolarized magnetic 
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resonance spectroscopy (HP-MRS) has the ability to provide 
real-time, noninvasive quantification of metabolic flux (12). Hyper-
polarization enhances polarization of nuclear spins, with the most 
common method being dissolution dynamic nuclear polarization 
(dDNP). dDNP polarizes an MR-visible nuclei in a frozen sample, 
with microwave irradiation used to transfer polarization from an 
organic free radical. Rapid dissolution by injection of a heated 
physiological buffer enables injection of polarized nuclei into 
biological systems (13). Clinical trials in the prostate (14), heart 
(15), and brain (16) have been completed, detecting flux from in-
jected HP [1-13C] pyruvate to lactate, in a reaction catalyzed by 
lactate dehydrogenase (LDH). A loss of KHK activity could poten-
tially be quantified by injection of HP fructose in an analogous 
manner. HP [2-13C]-fructose has already been demonstrated to be 
detectable in a mouse model of cancer, with the 6-phosphate form 
being produced, catalyzed by tumor HK (17). In this study, we 
investigate the expression of KHK in development and disease, with 
the aim of using fructose metabolism as a potential early biomarker 
for dysfunction.

RESULTS
KHK expression is limited spatially and temporally
Although immunohistochemical profiling of KHK expression across 
tissues has been reported (18), we attempted to reproduce published 
results to compare KHK expression across developmental time as 
well as across organs. In sections of embryonic mice, we observed 
no staining at embryonic day 9 (E9) and minimal staining at E14. In 
contrast, E16 sections have developed distinctive livers that contain 
KHK-positive cells (Fig. 1A). This is in agreement with previous 
studies (19) suggesting that KHK is not synthesized in substantial 
amounts in the liver until after birth. In addition, this also matches 
the timeline of mouse liver development, where the liver diverticulum 
forms by E9 from endodermal layers and hepatoblast differentiation 
into hepatocyte and biliary cells occurs after E15 (20). Further ex-
pression of KHK is observed in the adult mouse kidney and intestine 
as expected (fig. S1A). In adult human tissues, the liver, intestines, 
and kidney demonstrated strong staining as expected, while the 
bladder, spleen, and brain were negative (Fig. 1B). Human intestinal 
organoids derived from human embryonic stem cells (21) also 

Fig. 1. KHK expression is limited spatially and temporally and lost in cancer. (A) Immunohistochemistry (IHC) of embryonic mouse tissue demonstrates lack of ex-
pression on E9 with positive staining evident from E14 across to E16. (B) Adult human tissues demonstrate staining in the liver, intestines, and kidney with no staining in 
other tissues. (C) Murine liver sections of normal BL6 and models of liver cancer. T represents tumor, while B represents regions of the liver. (D) Representative images in 
normal and diseased liver. Scale bars, 500 m. (E) Semiquantitative scoring of normal liver (n = 9) with a mean ± SD value of 241.1 ± 49.6, steatosis (n = 3) 133.3 ± 57.5, 
adenoma (n = 7) 135.7 ± 63.3, and HCC (n = 8) 70.0 ± 23.9. (F) Western blots showing loss of proteins associated with fructose metabolism in cancer compared to normal 
with associated (G) densitometric analysis. ns, not significant; GAPDH, glyceraldehyde phosphate dehydrogenase. (H) Cells incubated with 10 M of the fluorescent fructose 
analog, 1-NBDF. Fluorescence intensity displayed statistically significant reduction of 1-NBDF uptake in HCC cells compared to HepG2. AU, arbitrary units. (I) Representative 
13C NMR spectra of cells supplemented with [2-13C]-fructose. Fructose consumption in media (J) of HepG2 cells increased over 24 hours, with 2.8 ± 0.9 mM fructose 
consumed compared to 0.8 ± 0.2 mM in Huh7. F1P levels in HepG2 cells (K) peaked 4 hours after labeling at 0.19 ± 0.06 mM while undetectable in Huh7. (L) HepG2 cells 
grown in 25 mM fructose proliferated at similar rates to control, while Huh7 cells were unable to grow at the same rate. All P values were calculated using a Student’s t test 
with *P < 0.05. DMEMHG, Dulbecco’s modified Eagle’s medium high glucose.
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demonstrated a time-dependent expression of KHK (fig. S1B). Only 
well-differentiated organoids, approximately 80 days after addition 
of defined growth factors, expressed KHK.

KHK expression is reduced in mouse models and human 
liver disease
To assess the role of KHK in disease, we performed immunohisto-
chemistry (IHC) on a number of genetically engineered mouse 
(GEM) models of liver cancer. In five distinct GEM models with 
mutations in different oncogenes and/or tumor suppressors, we ob-
served markedly lower levels of KHK expression in tumor regions 
compared to adjacent normal tissue (Fig. 1C). While the histological 
appearance of the liver tumors was morphologically distinctly 
dependent on the mutation present, KHK appeared to be uniformly 
down-regulated, suggesting that reduction of fructose metabolism 
may confer a selective advantage in tumorigenesis. To ensure clinical 
relevance, we then mined publicly available expression databases 
across different cancer types to query the level of proteins involved 
in fructose metabolism. In TCGA, across 23 different cancer types, 
normal samples showed higher expression of KHK compared to 
paired tumor samples in cholangiocarcinoma, chromophobe renal 
cell carcinoma, renal papillary cell carcinoma, and, significantly, 
HCC (fig. S1C). Within the HCC cohort, expression of Glut2, KHK, 
and Aldo-B trended higher in normal samples, compared to paired 
tumor samples. This trend is statistically significant in the molecular 
subtype, iCluster-1, that has been previously shown to have worse 
prognosis compared to other subtypes, across all proteins involved 
in fructose metabolism (fig. S1D).

Last, we investigated KHK expression in patient FFPE sections. 
IHC of normal (n = 9), steatotic liver (n = 3), adenoma (n = 7), and 
HCC (n = 8) sections probed using a KHK antibody showed re-
duced enzyme expression in disease as shown in Fig. 1D. The slides 
were reviewed by a pathologist (C.S.) and were assigned semi-
quantitative scores based on a combined, multiparametric H-score 
(22) (Fig. 1E). Normal liver tissue displayed a mean score of 
241.1 ± 49.6. Steatotic and adenoma samples displayed lower 
H-score values but were not statistically significant compared to 
normal (133.3 ± 57.5 and 135.7 ± 63.3, respectively). However, 
human HCC samples consistently presented the lowest H-scores 
with a mean of 70.0 ± 23.9, which was statistically significant com-
pared to normal human liver tissue.

KHK expression is lost in HCC and results in reduced 
fructose derived F1P
As KHK expression appeared to be tightly controlled in develop-
ment and down-regulated in cancer models as well as humans, we 
investigated whether this enzyme in cancer cell lines in comparison 
to normal human hepatocytes. Whole cell lysates were blotted for 
KHK, as well as associated transporters and Aldo-B. While normal 
lysates from primary hepatocytes demonstrated strong expression 
of proteins associated with fructose metabolism at the transporter 
and enzyme levels, we found that the liver cancer cell lines displayed 
much reduced expression of the transporter as well as KHK and 
Aldo-B (Fig. 1F). It was challenging to Western blot these cell lines 
in the same gel with normal hepatocytes, given the dynamic range 
of protein levels, so the Western blots were repeated for the cell 
lines. The human hepatoblastoma cell line HepG2 and a derivative 
HepG2/C3A express the highest levels of the KHK as compared to 
the HCC cell lines Huh7 and Hep3B (Fig. 1G). This trend was also 

observed across a range of intestinal cancer cell lines when com-
pared to normal intestinal lysates (fig. S1E).

To characterize total fructose uptake, we investigated whether 
HCC cell lines were able to uptake the fluorescent fructose derivative, 
1-(7-nitro-1,2,3-benzadiazole)-fructose (1-NBDF). Accordingly, 
HepG2 cells retain the highest levels of fluorescent 1-NBDF com-
pared to HCC cells (Fig. 1H and fig. S1F). To confirm that KHK-
mediated metabolism was indeed lost in HCC cells, we incubated 
cells with [2-13C]-fructose. Using 13C NMR, we were able to identify that 
[2-13C]F1P (fructose-1-phosphate) exhibited characteristic splitting 
due to J-coupling between the 13C2 and 31P, providing a means of 
quantifying F1P via the downfield resonance (Fig. 1I and fig. S1G). 
While both HepG2 and Huh7 displayed an increase of fructose 
consumption over time, HepG2 consumed over twice the amount 
of fructose after 24 hours compared to Huh7 cells (Fig. 1J). Accord-
ingly, higher levels of [2-13C]F1P were measurable in HepG2 lysates 
as early as 4 hours after [2-13C] incubation, while F1P was nearly 
undetectable in Huh7 cells (Fig. 1K). We further confirmed that 
this resonance was indeed F1P by incubating HepG2 cells with a se-
lective KHK inhibitor (fig. S1H). Furthermore, these hepatoblasto-
ma cells are also able to proliferate in fructose as the sole carbon 
source, while Huh7 cells were not able to grow in fructose alone at 
the same rate (Fig. 1L). These results suggest that the ability to break 
down fructose is tightly controlled over developmental time and 
spatially across different organs with loss KHK-mediated fructose 
metabolism in disease.

Overexpression of KHK reroutes metabolism and  
results in cell death
With this metabolic switch, we sought to characterize the long-term 
effects of KHK overexpression. First, we transiently overexpressed 
KHK fused to green fluorescent protein (GFP) in both Huh7 and 
Hep3B cells (fig. S2A). Incubation of these cells with fructose for 
6 days results in near-complete cell death for GFP-positive cells 
(Fig. 2B). To more deeply study the metabolic consequences of KHK 
overexpression, we developed stable KHK-overexpressed (KHK-OV) 
HepG2 and Huh7 cells (Fig. 2C). Tracing with [2-13C]-fructose in 
these cell lines reveals a marked increase in [2-13C]-fructose-1-phosphate 
as expected (Fig. 2, D and E). To establish the effect of KHK over-
expression downstream of F1P, cells were incubated with [U-13C]
fructose, and stable isotope tracing into glycolysis was measured 
using liquid chromatography–mass spectrometry (LC-MS) (Fig. 2F) 
following 4 hours of incubation. Furthermore, both cell lines demon-
strated reduced generation of labeled lactate as well as citrate-derived 
fructose as compared to the glucose condition, highlighting the 
reduction in carbon flux both into glycolysis and subsequent me-
tabolism into the tricarboxylic acid (TCA) cycle (Fig. 2G and fig. S2A). 
KHK-OV–expressed Huh7 cells demonstrated a reduction in the 
total pool of ATP as well as the resulting adenosine monophosphate 
(AMP)/ATP ratio (Fig. 2, H to J), in line with the enzymatic action 
of KHK. While KHK-OV Huh7 cells show a characteristic decrease 
in all the components of glycolysis, KHK-OV HepG2 cells gain the 
capacity to perform gluconeogenesis from fructose, highlighted by the 
formation of m + 3 glucose-6-phosphate and m + 3 glucose (Fig. 2G 
and fig. S2A). This is in line with the canonical connection between 
KHK expression and gluconeogenesis, suggesting that in the pres-
ence of fructose, KHK reverses the net direction of glycolytic flux. 
Together, these data support the notion that HCC cells are unable to 
survive in the presence of fructose when KHK expressed, rerouting 
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metabolism and implying that loss of KHK activity and metabolism 
of fructose are required for cancer cell survival.

Toward metabolic imaging of fructose metabolism 
in the liver
The ability to noninvasively detect metabolism in real time has re-
sulted in the rapid adoption of HP-MRS in clinical trials. As a proof 
of concept, HP [2-13C]-fructose has been injected into a transgenic 
prostate cancer model; however, the T1 relaxation time, which dic-
tates HP probe lifetime, of [2-13C]-fructose was reported to be 16 s at 
11.7 T. Ultimately, this approach was not feasible for the detection 
of F1P, and to date, there are no viable strategies for measuring this 
flux noninvasively in vivo.

To this end, we took advantage of recent developments from our 
laboratory to leverage solvation using D2O (23). In addition, we 
developed a novel method to deuterate [2-13C]-fructose using a 
ruthenium-on-activated-carbon (Ru/C) catalyst under a hydrogen 
atmosphere in D2O as a deuterium source. This has recently been 
demonstrated on other sugars such as glucose, ribose, and deoxyribose 

(24). Site selectivity can be achieved by protection of hydroxyl 
groups as acetals, as H-D exchange does not occur on positions 
adjacent to protected hydroxyls (Fig. 3A). Figure 3B depicts repre-
sentative dynamics of [2-13C]-fructose dissolved in H2O (black trace) 
or U-2H-[2-13C]-fructose dissolved in D2O, with the latter displaying a 
marked extension of the HP signal. Quantification of the T1 values 
for [2-13C]-fructose was measured to be 18.9 ± 0.1 s, while [U-2H, 2-13C] 
fructose showed a marked increase to 92.5 ± 17.2 s (Fig. 3, C and D).

To further this new strategy for HP F1P detection, we used an 
autochthonous AST model that expresses SV40 large T-antigen driven 
by albumin-specific Cre recombinase in hepatocytes. Using this opti-
mized approach, we imaged both mice harboring HCC and their 
aged-matched controls (Fig. 3, E and F). Fructose exists as multiple 
isomers that can be readily resolved in 13C NMR, the predominant 
form being the fructopyranose [approximately 70% in solution (17)]. 
Representative spectra demonstrate not only the HP fructopyranose 
and furanose forms but also that of the HP F1P, which exists pre-
dominantly as a pyranose (Fig. 3G). Given that the tumors are ubiq-
uitous throughout the liver, we quantified regions of interest of the 

Fig. 2. KHK overexpression shunts 13C fructose through F1P and reduced glycolysis. (A) Fluorescent micrographs of Huh7 cells transiently transfected with plasmid 
expression KHKC-2A-GFP. A progressive loss of fluorescent cells was observed in the presence of DMEM supplemented with 12.5 mM fructose, indicating negative selection 
of HCC cells that express KHK. (B) Similar results were quantified with transfected Hep3B cells, with only 12.5 ± 1.2% fluorescent cells remaining after 6 days of culture in 
the presence of fructose (n = 3 biological replicates are used per group, and statistics were calculated using a Student’s t test with a *P < 0.05). (C) Representative Western 
blot demonstrating increased expression of KHK for stable HepG2 and Huh7 cell lines as compared to control virus. (D) Representative 13C NMR data showing increased 
generation of intracellular [2-13C] fructopyraonse-1-phosphate after incubation with [2-13C]fructose for 4 hours in KHK overexpression cells as compared to control vector. 
(E) Quantitation of 13C F1P generated in 4 hours (means ± SD, n = 3 biological replicates). (F) Metabolic scheme highlighting the isotope labeling of glycolytic intermediates 
and the TCA cycle when cells are rapidly exposed to [U-13C]fructose. ADP, adenosine diphosphate; NADH, reduced form of NAD+; DHAP, glyceraldehyde and dihydroxy-
acetone phosphate; CoA, coenzyme A; GA, glyceraldyhyde; GA3P,  glyceraldehyde 3-phosphate; alphaKG, α-Ketoglutaric acid. (G) Key enriched intermediates from [U-13C]
fructose are reduced with KHK overexpression in Huh7 cells (means ± SD, n = 3 biological replicates). N.D., not determined. (H) Total ATP and (I) AMP pools as well as the 
(J) ATP/AMP ratio are significantly reduced with KHK overexpression in Huh7 cells (means ± SD, n = 3 biological replicates). All P values were calculated using a Student’s 
t test with *P < 0.05, **P < 0.01, and ****P < 0.0001.
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entire lobes of the liver for both normal and tumor mice. Quantifi-
cation of this resonance demonstrated significantly decreased HP 
F1P generation in 9- to 10-week-old HCC mice as compared to 
controls (Fig. 3H). This was additionally confirmed in nude mice, 
demonstrating similar HP F1P levels to aged matched control AST 
mice (fig. S3). Furthermore, an increase in the HP furanose peak is 
observed in HCC mice, highlighting a concomitant decrease in the 
total pyranose signal, further confirming the metabolism through 
F1P (Fig. 3I).

Confirmation of metabolic rewiring in liver cancer
To verify that metabolic imaging can detect altered KHK activity, 
we performed in vivo 13C isotopic tracer experiments. First, we took 
advantage of a tamoxifen-induced SV40 large T-antigen liver model 
and assessed KHK expression at 50 days after tamoxifen adminis-
tration. Analogous to our previous animal models, the KHK expres-
sion level was completely lost throughout the liver (fig. S4A). To 
assess KHK loss in time, using the same AST model that expresses 
SV40 large T-antigen driven by albumin-specific Cre recombinase 
in hepatocytes, we measured KHK expression with age (Fig. 4A). 

This model of liver cancer also displayed substantial loss of KHK 
expression (Fig. 4, B and C). Measurement of labeled fructose after 
a rapid intraperitoneal injection showed a significant reduction in 
plasma-labeled fructose with evolution of the model as well as a 
significant loss in labeled glucose derived from gluconeogenesis 
(Fig. 4, D and E). This is consistent with our in vitro KHK-OV data, 
demonstrating the role of KHK in driving gluconeogenesis. More-
over, at 10 weeks, plasma levels of labeled lactate derived from 
fructose are increased, suggesting the same rerouting of metabolism 
observed in our hyperpolarized imaging data (Fig. 4F) and implicated 
in the KHK-OV in vitro experiments (fig. S2). Tumor levels of 
labeled F1P are reduced as early as 4 weeks (Fig. 4H), in line with the 
reduction in F1P generated in the tamoxifen-induced model (fig. S4E), 
consistent with loss of KHK as a mediator of metabolic flux.

DISCUSSION
KHK is an ancient enzyme with more similarity to prokaryotic HKs 
that are substrate specific. Persistence of this enzyme is limited to a 
few organs and provides a selective advantage when nutrient sources 

Fig. 3. Metabolic imaging of liver disease using Hyperpolarized [2-13C]fructose. (A) Synthesis of deuterated [2-13C]fructose 3. RT, room temperature. (B) Dynamic 
spectra of HP [2-13C]fructose dissolved in H2O (black) and HP 3 dissolved in D2O (red) on a 1-T 13C NMR spectrometer shows prolonged hyperpolarized signal as a result 
of substrate deuteration and dissolution in D2O. (C) Quantification of T1 values measured using the area under the curve obtained from dynamic spectra. (D) Calculated 
T1 values were found to be 18.9 ± 0.1 s for HP [2-13C]fructose dissolved in H2O and 92.5 ± 17.2 s for HP 3 dissolved in D2O. (E) Schematic of [2-13C]fructose injection in the 
autochthonous model of liver cancer, at 10 weeks of age. The autochthonous mouse model was imaged using hyperpolarized (HP) [2-13C]fructose MRI at 10 weeks of age 
against age-matched controls (F). (G) Healthy livers produce F1P as shown by HP MRI, whereas disease state livers exhibit decreased production of F1P. Typical spectra of 
healthy and disease state livers obtained from HP MRI infusions showing decreased production of F1P in liver disease. (H) The observed ratio of F1P to (fructose + F1P) 
using HP fructose imaging can be used to diagnosis liver cancer. (I) The observed ratio of the HP furanose peak to total carbon signal is significantly increased in liver 
disease and can be used to diagnosis liver cancer (means ± SD, n = 4 normal and n = 3 10-week tumor biological replicates). All P values were calculated using a Student’s 
t test with *P < 0.05 and **P < 0.01.
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are scarce; whatever little available fructose can be converted to glucose 
for systemic use. This may explain the presence of this enzyme even 
in organisms that are mainly carnivorous (25)—while there is a 
trade-off between energy yield and protein cost (26), limiting ex-
pression to particular tissues might be an efficient way to ensure 
metabolic flexibility in times of low nutrient availability.

Analysis of KHK sequence homology revealed little similarity to 
other mammalian HKs with the enzyme more closely related to 
prokaryotic ribokinases (6). It has been postulated that persistence 
of this ancient enzyme provided a selective advantage to maximize 
usage of any low, intermittent levels of fructose available in times of 
need (27). This is supported by tracing studies of the fate of ingested 
fructose in humans, with more than 50% being converted to glucose 
(28), the preferred hexose in most tissue types. Therefore, the ability 
to break down fructose is a sign of good times, arguing for strict 
temporal and spatial control of KHK expression according to 
nutrient availability.

As the presence of KHK function is specialized and its distribu-
tion limited, we hypothesized that its expression would be down-
regulated in dysfunction. Furthermore, KHK has been posited as a 
driver of metabolic dysfunction, so homeostatic control and negative 
feedback mechanisms must exist when fructose metabolism through 
this pathway results in harmful consequences. In a panel of liver 
and intestinal cancer cell lines, we observe not only a loss of KHK 
but also reduced expression in fructose-associated transporters as 
well as the aldolase (Aldo-B) that is responsible for breaking down 
F1P. Further strengthening our hypothesis is the observation that 
human HCC samples appear to down-regulate KHK. Recent work 
in a genetically modified mouse model of intestinal tumor has 

shown avid metabolism of fructose via KHK (29). The authors 
hypothesize that high-fructose corn syrup, which consists of 
glucose:fructose in a 45:55 ratio, results in increased glycolysis and 
fatty acid synthesis as a result of KHK-dependent ATP depletion. 
While our results appear contrary to their body of work in mouse 
models with respect to KHK expression in cancer, it may be at-
tributed to differences in human and mouse physiology, as well as 
tissue-specific regulation of fructose metabolism.

As the KHK presence may be a clinically relevant, we were 
motivated to explore the mechanisms that controlled KHK expres-
sion. Regulation of KHK expression during development is also 
unknown, except for the observation that enzymatic activity is low 
in the fetal liver (19), with a switch from KHK-A to KHK-C in the 
adult (30). KHK expression is a late event during development, 
with several reports noting its absence until after birth. Breast milk 
contains no fructose, so the extracellular signals that turn on 
KHK remain a mystery. The same is seen in tissue differentiation—
pluripotent cells do not appear to contain KHK until growth 
factors are present to direct differentiation of specialized cell types. 
Directed differentiation of mouse intestinal organoids has shed 
some light on KHK expression in the small intestine, with stem cells 
seeming to lack the enzyme. When these stem cells are differen-
tiated into absorptive enterocyte and secretory goblet cells, they 
respond to fructose stimulation by expressing KHK, as measured 
by real-time polymerase chain reaction (PCR) (31). Conserva-
tion of this expression pattern in human small intestine remains 
unknown.

While there have been recent reports where GLUT5-mediated 
fructose uptake was increased in acute myeloid leukemia (32) and 

Fig. 4. Isotope tracing of fructose metabolism in liver cancer. (A) Scheme of the rapid isotope tracing experiment. (B) Western blot analysis showing progress loss of 
KHK with age. (C) Immunohistochemistry confirming loss of KHK when comparing 10-week to age-matched normal. (D) Plasma [2-13C]fructose, (E) [2-13C]glucose, and 
(F) [2-13C]lactate measured in mice, 5 min after injection of [2-13C]fructose. (G) [2-13C]fructose and (H) [2-13C]fructose-1-phsophate in the mouse liver per tumor 5 min after 
injection of [2-13C]fructose (means ± SD, n = 5 normal, n = 3 4-week, n = 5 8-week, and n = 4 10-week tumor biological replicates). All P values were calculated using a 
Student’s t test with *P < 0.05, **P < 0.01, and ***P < 0.001.
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lung cancer (33), there has been no evidence that fructose was broken 
down via KHK. It is entirely possible that this ability to metabolize 
fructose is mediated by HK. Although HKs have a much lower Km 
for glucose, these enzymes have a broad preference for hexoses and 
are able to phosphorylate fructose in the 6-position.

The ability to detect fructose metabolism has been pursued for 
over a decade using a multitude of imaging modalities including 
fluorescence (34) and positron emission tomography (35). Neither 
of these modalities has the ability to distinguish KHK- versus 
HK-mediated fructose metabolism. However, HP-MRS has the 
ability to differentiate phosphorylation of fructose to either F6P or 
F1P. While HK-mediated fructose metabolism has previously been 
implicated using HP [2-13C]-fructose (17), this is the first report using 
an HP probe to directly measure KHK-catalyzed formation of F1P, 
further confirmed in the same models using extensive isotope tracing 
within a similar timeframe. While we demonstrate that KHK down-
expression in liver tumors appears to be a relatively early event, the 
magnitude of loss and subsequent sensitivity of detection using mo-
lecular imaging remain to be determined. Nevertheless, the ability 
to noninvasively detect fructose metabolic flux through KHK opens 
the possibility of early detection of dysfunction in tissues that 
normally metabolize fructose. This would have a substantial impact 
in the field of metabolic disease, organ transplantation, infection, 
toxicity and cancer. It is tempting to suggest that if KHK is wired for 
metabolic flexibility, then its loss would be an early event present an 
opportunity for disease detection as quickly as possible to allow rapid 
intervention. This is further supported by recent reports arguing for 
the loss of KHK-C in the development of nonalcoholic fatty liver 
disease and differential use of fructose (36, 37).

In conclusion, we have shown that control of KHK expression is 
controlled tightly over space and time. Viewed in the context of en-
abling metabolic flexibility, we demonstrate that in cancer, canonical 
fructose metabolism is lost, trading off the ability to use a scarce 
nutrient for rapidly incorporating biomass and ATP using glucose. 
This loss extended to human liver cancer, suggesting a novel 
biomarker. Last, we explored the potential of using a previously 
short-lived metabolic imaging modality and lengthening it signifi-
cantly for the purpose of translating HP-MRS for detection of 
fructose metabolism.

METHODS
Cell culture conditions
HepG2, Hep3B, and Huh7 cells were obtained from the American 
Type Culture Collection and cultured in RPMI 1640 (Gibco) media 
supplemented with 10% fetal bovine serum and 2.5 mM l-glutamine, 
unless indicated otherwise. All cells were grown under standard 
culture conditions, incubated at 37°C in 5% CO2. For mitogen-
activated protein kinase kinase inhibition studies, U0126 was obtained 
from Cayman Chemicals and used at 100 nM. For transfection 
studies, KHK-C (NM_006488) tagged with GFP on the C terminus 
was constructed and purchased from Origene (Rockville, MD) and 
transfected using the jetPRIME transfection reagent (PolyPlus, NY) 
according to the manufacturer’s instructions. For fluorescent fructose 
studies, 1-NBDF was used at 10 M concentration and incubated 
for 1 hour in complete cell culture media without glucose. Fluorescence 
was visualized using EVOS FL Auto 2 (Life Technologies, CA) with 
GFP light cubes (470/22-nm excitation; 510/42-nm emission). 
Colonic organoids were generated from induced pluripotent stem 

cells as previously described (21), fixed, and embedded in paraffin 
before IHC.

KHK stable overexpression
The pCDH-EF1-MCS-T2A-RFP-Puro plasmid (Systems Bio-
sciences, catalog no. CD822A-1) was used to produce lentivirus 
expressing exogenous KHK. Cells were cultured to 70% confluence 
for lentiviral transfection. Culture medium with varying viral titers 
an polybrene (4 g/ml; Sigma-Aldrich, catalog no. TR1003) was 
added, and cells were immediately spun at 2200 rpm for 1 hour 
at room temperature and then transferred to an incubator for 
24 hours. Viral titer was then removed, and cells were washed with 
phosphate-buffered saline (PBS) and incubated in standard culture 
media for 1 day. Stable transfectants were selected by incubating 
with puromycin dihydrochloride (2 g/ml; Sigma-Aldrich, catalog 
no. P9620) for 3 days and then expanded for 2 to 3 weeks in stan-
dard culture media. Cells were then sorted and collected on the 
basis of red fluorescent protein (RFP) expression using a FACSAria 
Flow Cytometer (BD Biosciences).

Cell lysis and Western blotting
Cells were lysed in Pierce RIPA buffer with 100 Halt protease and 
phosphatase inhibitor cocktail (Thermo Fisher Scientific). The sam-
ples were resolved by 4 to 12% SDS–polyacrylamide gel electrophoresis 
and transferred to nitrocellulose membranes. The blots were blocked 
with 5% bovine serum albumin and 1% Tween 20 tris-buffered 
saline. Primary antibody concentrations were used according to the 
manufacturer’s recommendations.

Histology and IHC of murine models and  
human tissues
All normal mouse tissues were obtained from the C57/BL6 back-
ground. Harvested tissues were fixed in 10% neutral-buffered 
formalin and embedded in paraffin before sectioning. Human liver 
FFPE sections were obtained from patients who underwent liver 
biopsies or resection at Memorial Sloan Kettering Cancer Center 
from 2007 to 2017 as part of the management of their benign or 
neoplastic liver lesions. All human work was approved by the Me-
morial Sloan Kettering (MSK) Institutional Review Board under 
protocol #06-107, and informed consent is acquired from patients 
before biopsy. The median age of the patients included in this study 
was 55.5 years (range, 22 to 83). The IHC detection of KHK was 
performed at the Molecular Cytology Core Facility of Memorial 
Sloan Kettering Cancer Center, using a Discovery XT processor 
(Ventana Medical Systems). Slides were counterstained with 
hematoxylin and coverslipped with Permount (Thermo Fisher 
Scientific). A rabbit monoclonal HNF4 antibody (Cell Signaling 
Technology, catalog no. 3113) was used in 0.1 g/ml concentration. 
The incubation with the primary antibody was done for 5 hours, 
followed by 60 min of incubation with biotinylated goat anti-
rabbit immunoglobulin G (IgG) (Vector Laboratories, catalog no. 
PK6101) in blocker D (5.75 g/ml) and streptavidin–horseradish 
peroxidase, and a DAB detection kit (Ventana Medical Systems) was 
used according to the manufacturer’s instructions. A rabbit mono-
clonal KHK (Sigma-Aldrich, catalog no. HPA007040) was used in 
5 g/ml concentration. The pathologist (C.S.) reviewed the hema-
toxylin and eosin stain and IHC-stained slides blinded to patient 
identification and prior diagnosis. The percentage of positive staining 
cells and intensity of staining were recorded to calculate an H-score. 
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Of the 27 sections reviewed by the pathologist, eight slides were 
identified as HCC, seven were identified as hepatocellular adenoma, 
three were identified as steatotic, and nine were identified as benign.

TCGA bioinformatics analysis
The expression of SLC2A2, KHK, and ALDOB was quantified using 
the liver hepatocellular carcinoma (LIHC) dataset from the TCGA.  
This dataset consisted of a total of 369 tumor and 50 normal samples. 
The expression level was expressed as log2(TPM + 1) with a log2(FC) 
cutoff = 1, P value cutoff = 0.05, and a jitter size = 0.4. Clustering of 
LIHC based on integrative molecular subtyping was performed on 
the basis of previously defined sequencing performed by the TCGA 
(10). KHK expression data for all other TCGA cancer types were 
quantified with the same parameters described above. All analyses 
were performed on the Gene Expression Profiling Interactive 
Analysis (38) interface developed by Peking University, Beijing, China 
(http://gepia2.cancer-pku.cn/#index).

Metabolite identification using nuclear magnetic resonance
Extracellular metabolites in cell culture media were directly mea-
sured using 1H nuclear magnetic resonance (NMR) on a 14.1-T NMR 
spectrometer (Bruker Biospin), after addition of 100 ml of 10 mM 
PBS in D2O, containing 0.5 mM dextran sulfate sodium as an inter-
nal standard and 10 mM imidazole as a pH indicator to 100 ml of 
media. Cell culture and tissue metabolites were extracted with addi-
tion of 80% ice-cold methanol. Extracts were placed at 80°C over-
night and then centrifuged, and the supernatant was isolated and 
lyophilized. The dried water-soluble extract was dissolved in 600 ml 
of standard and 10 mM imidazole as pH indicator. NMR spectros-
copy was performed on a 14.1-T NMR spectrometer (Bruker Bio-
spin), equipped with a cryoprobe and automatic sample changer. 1H 
and 13C spectra were acquired, and resonances were quantified 
using Chenomx NMR Suite (Chenomx Inc.).

LC-MS metabolomics
Cells were incubated with [U-13C6]fructose for 4 hours, washed twice 
with ice-cold PBS, and lysed with 80% methanol (in water). Targeted 
LC-MS analyses were conducted on a Q Exactive Orbitrap Mass 
Spectrometer (Thermo Fisher Scientific) coupled to a Vanquish 
UPLC (ultra-performance liquid chromatography) system (Thermo 
Fisher Scientific), and the mass spectrometer was operated in polar-
ity-switching mode. A SeQuant ZIC-HILIC column (2.1 mm i.d. 
by 150 mm, Merck) was used for separation of metabolites, and the 
flow rate was 150 ml/min. Buffers consisted of 100% acetonitrile 
for A and 0.1% ammonium hydroxide/20 mM ammonium ace-
tate in water for B. Gradient ran from 30% A for 20 min, followed 
by a wash with 30% A and re-equilibration at 85% A. Metabolites 
and their 13C isotopologs were identified on the basis of standard 
retention time and exact mass within 5 ppm. The relative quantifi-
cation was performed on the basis of the metabolite peak area. 
All data analyses were performed using in-house written scripts.

Mouse models
Autochthonous liver cancer model with SV40 large T antigen 
as a defined tumor-specific oncogenic driver antigen  
(AST cancer model)
Cre/loxP-based cancer mouse models allow tumors to form within 
their physiologic environment in a temporally and spatially controlled 
manner. Albumin-floxstop-Tag (AST) mice contain a loxP-flanked 

stop cassette followed by the oncogenic SV40 large T antigen (Tag) 
under the control of the albumin-promoter/enhancer sequence to 
limit the expression of Tag to hepatocytes (39, 40). Tag initiates 
tumor formation by inhibiting tumor suppressors, including p53 and 
Rb family members, and is also a potent antigen target for CD8 
T cells (41). Cre recombinase excises the stop cassette, initiating Tag 
expression. Cre recombination can be mediated, and tumors were 
initiated as follows: ASTxAlb:Cre AST mice are crossed to Alb:Cre 
[Alb:Cre (B6.Cg-Tg(Alb-cre)21Mgn/J)] mice (Jackson Laboratories), 
which constitutively express Cre recombinase in hepatocytes. In 
ASTxAlb:Cre mice, Cre recombinase leads to the excision of the 
stop cassette neonatally and results in SV40 Tag oncogene expres-
sion and subsequent tumor initiation in hepatocytes after birth.
The tamoxifen-induced liver cancer model (ASTxCre-ERT2) 
These mice are generated by crossing the same AST mice with 
Cre-ERT2 [B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J] mice (Jackson 
Laboratories) to generate mice where hepatocellular tumorigenesis 
is initiated by tamoxifen administration (42). All other GEM models 
of liver cancer were developed by the Lowe laboratory as previously 
described (43). All animal experiments were approved by the Insti-
tutional Animal Care and Use Committee at Memorial Sloan 
Kettering Cancer Center.

Mouse infusion studies and NMR analysis
Five hundred microliters of fructose (4000 mg/kg) was intraperito-
neally injected to each mouse. After 5 min, the mouse was kept under 
isoflurane for 1 min, and 200 l of blood sample was collected in 
microtainer tubes (BD-365985) via a retro-orbital procedure. After 
cervical dislocation, liver samples were collected (~8 min from 
intraperitoneal injection) and quickly snap-frozen. Blood samples 
were centrifuged at 14,000 rpm for 10 min. Fifty microliters of plasma 
was added to 650 l of standard containing 100 mM sodium phos-
phate (90% H2O and 10% D2O), 1 mM methionine (13CH3) as a 
concentration reference standard, the final pH adjusted to 6.6 and 
placed into a 5-mm NMR tube for subsequent NMR analysis. For 
each liver, stratified random sampling (three to five regions) has been 
done to find representative properties associated with the entire liver. 
A mass of 200 mg of wet weight of liver was dissected. A solution of 
perchloric acid (4%; 1:4, w/v) was added to pooled tumors from 
each mouse inside the prefilled bead mill tubes (Thermo Fisher Sci-
entific, catalog no. 15-340-151). The tissues were finely grounded in 
Bead Ruptor 24 Bead Mill Homogenizer (Omni international Inc.) 
for 3 min. Next, the vials were centrifuged at 14,000 rpm for 15 min. 
The supernatant was transferred to a new 5-ml Eppendorf tube, 
where chloroform/tri-n-octylamine (78%/22%, v/v) was added in a 
1:2 volumetric ratio. The samples were centrifuged at 4000 rpm for 
15 min; the aqueous phase was removed and transferred to a 20-ml 
scintillation glass vial and then lyophilized. Then, dried samples 
were dissolved in 700 l of standard containing 100 mM sodium 
phosphate (90% H2O and 10% D2O), 1 mM methionine (13CH3) as 
a concentration reference standard, the final pH adjusted to 6.6 and 
placed into a 5-mm NMR tube for subsequent NMR analysis. NMR 
acquisition was performed on a 14.1-T NMR spectrometer equipped 
with an auto sampler and 13C probe (Bruker Biospin). 1D13C NMR 
spectra for each sample were acquired with a delay of 2 s, acquisi-
tion time of 1.27 s, 30° pulse, and 1024 averages. Resonances of 
each metabolite were identified using commercial standard solution 
made in our laboratory, and bar plots were generated using GraphPad 
Prism software.
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Synthesis of deuterated [2-13C]-D-fructose 3
A total of 2.0 g of [2-13C]-D-fructose (10.75 mmol) and 100 ml of 
HPLC grade methanol were added to a 250-ml Erlenmeyer flask. 
Once dissolved, 100 l of acetyl chloride (110.4 mg, 1.406 mmol, 
0.15 equiv) was added, and the reaction mixture was sealed and 
stirred at room temperature overnight. Amberlite IRA-410 OH resin 
(2 g) was then added and stirred for 15 min. The reaction mixture 
was filtered and the resin was washed twice with 50 ml of methanol. 
The solvent was evaporated to afford 1 as a clear oil. The oil was 
used directly in the next reaction as is. The deuteration of 1 was 
adopted from previously reported methods (44). A total of 21.3 ml 
of D2O (0.25 M) was added to 100-ml round bottom flask containing 
1.04 g of 1 (5.33 mmol). Freshly ground NaOH (85 mg; 2.13 mmol, 
0.4 equiv) was added to the reaction mixture. Ru/C (2.1 g of 5 wt %) 
was added to the reaction mixture. H2 was bubbled into the reaction 
mixture for 15 min. The reaction mixture was then stirred under H2 
at 80°C. After 24 hours, the reaction mixture was filtered and washed 
with 100 ml of H2O. The reaction mixture was brought up to pH 7 
by addition of DOWEX 50WX8 hydrogen form resin. The resin was 
filtered and the solution was lyophilized to afford a clear oil. This 
procedure was repeated twice until deuterium incorporation of 2 was 
found by NMR to be >96%. A total of 3.9 ml of 0.001 M HCl in H2O 
was added to 367 mg of 2 (1.96 mmol). The reaction mixture was 
refluxed with a Dean-Stark trap for 3 hours (water in the Dean-Stark 
trap). After 3 hours, the reaction mixture was cooled and IRA-410 
OH resin was added to pH 7. The reaction mixture was filtered 
and lyophilized to give a clear foam. The product was purified by 
reverse-phase HPLC to give 3 as a solid upon evaporation.

Hyperpolarized fructose magnetic resonance and  
T1 measurements at 1 T
Dynamic nuclear polarization was performed with a 5.0-T SpinLab 
Hyperpolarizer (GE Healthcare). A 2.0 M solution of 3 dissolved 
in water containing 15 mM OX063 trityl radical (Oxford Instru-
ments) was polarized in a 5.0-T SpinLab Hyperpolarizer for 3 hours. 
The hyperpolarized substrate was ejected from the polarizer via 
dissolution with a large excess of superheated D2O to a final con-
centration of 25 mM with a resultant pH of 7.2. Polarization quan-
tification was carried immediately after dissolution. One milliliter 
of the hyperpolarized dissolution was added to an NMR tube and 
transferred to a 1-T Spinsolve 13C NMR spectrometer (Magritek, 
NZ). NMR spectra were acquired every 3 s with a 5° excitation over 
3 min. Apparent relaxation time (T1) was fitted to a mono-expo-
nential curve and corrected for flip angle. Thermal polarization was 
determined from the average spectrum of 1024 scans acquired with 
90° flip angle every 10 s. Final polarization values after correcting for 
flip angles and the apparent T1 were calculated to be 5 to 10% for all 
HP fructose dissolutions. Substrate concentration was measured by 
13C NMR at 14.1 T in the presence of 1 mM Gd-DOTA and 15 mM 
[13C]-acetate standard. The integral of the C2 carbon of fructose was 
compared to that of the acetate standard to calculate concentrations.

Hyperpolarized fructose magnetic resonance imaging
All animal experiments were approved by the Institutional Animal 
Care and Use Committee at Memorial Sloan Kettering Cancer Center 
(protocol number 13-12-019). A 1/3 mm diameter, 28-cm-long 
catheter (Braintree Scientific, USA) was placed in the lateral tail vein 
of mice (8 to 9 weeks old), and a heparing (10 U/ml) in saline solution 
was used to prevent coagulation and blockage of the catheter. The 

mouse was anesthetized with 1 liter/min room air and 1.5% isoflurane 
and loaded in a Bruker 3 T magnetic resonance imaging (MRI) 
equipped with a dual tune 1H/13C coil. A 4 M [13C, 15N]-acetonitrile 
phantom was placed beside the mouse, and the mouse was positioned 
such that its liver was centered within the coil. Axial 1H-T2-weighted 
spin echo images were acquired before MRSI (magnetic resonance 
spectroscopy imaging) studies to denote anatomy and place voxels 
on the region of interest using 36 mm by 30 mm field of view (FOV), 
10 slices at 2 mm per slice. Intravenous injection of HP 3 in D2O was 
started 20 s after dissolution. HP solution (250 l) was injected over 
10 s via the implanted tail catheter. An axial two-dimensional (2D) 
CSI (chemical shift imagery) sequence was used to acquire HP fructose 
MRS. 2D CSI data were acquired immediately after the injection was 
completed for 20 s with 20° constant flip angle, 6.75 mm × 5.625 mm 
resolution, 36 mm by 30 mm FOV, 10-mm slab thickness, 8 by 
8 image size, and 1.67 Hz per points spectral resolution.

Image reconstruction
Data were reconstructed offline using MATLAB (MathWorks). The 
data were zero-filled in the spectral and spatial dimensions to 256 
spectral points and 16 × 16 spatial points and baseline-corrected. 
Only voxels containing >80% liver by voxel volume were chosen for 
quantification and statistical analysis to limit the influence of partial 
volume effects and metabolism in adjacent tissue.

HP MRI analysis
For animal studies, n = 3 or n = 4 was selected to validate the HP 
biomarker procedure. No samples or animals were excluded from 
data analyses. Quantification of NMR spectra obtained after recon-
struction was performed using Mnova NMR. The peak area of the 
pyranose isoform of HP [2-13C]-fructose (98 ppm) and HP [2-13C]
fructose-1-phosphate (99 ppm) and the furanose isoform of HP 
[2-13C]-fructose (102 ppm) were used to calculate relevant ratios. 
The ratio of furanose isoform of HP [2-13C]fructose to total carbon 
was expressed using the following formula: furanose isoform of HP 
[2-13C]fructose/pyranose isoform of HP [2-13C]fructose + HP 
[2-13C]fructose-1-phosphate + furanose isoform of HP [2-13C]fructose). 
Fructose to fructose-1-phophate was used to calculate relevant 
ratios. Quantitative data are representative of means ± SD and de-
termined to be statistically significant when P < 0.05 by two-tailed 
Student’s t test. In figures, asterisks denote statistical significance as 
calculated by Student’s t test (*P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001).

Statistical analysis
A two-tailed, unpaired Student’s t test was used to calculate P values, 
with P < 0.05 used to determine statistical significance.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm7985

View/request a protocol for this paper from Bio-protocol.
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