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SUMMARY

Cancer metastasis accounts for the majority of cancer-related deaths and remains a clinical
challenge. Metastatic cancer cells generally resemble cells of the primary cancer, but they may be
influenced by the milieu of the organs they colonize. Here, we show that colorectal cancer (CRC)
cells undergo metabolic reprogramming after they metastasize and colonize the liver, a key
metabolic organ. In particular, via GATABG, metastatic cells in the liver up-regulate the enzyme
aldolase B (ALDOB), which enhances fructose metabolism and provides fuel for major pathways
of central carbon metabolism during tumor cell proliferation. Targeting ALDOB or reducing
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dietary fructose significantly reduces liver metastatic growth but has little effect on the primary
tumor. Our findings suggest that metastatic cells can take advantage of reprogrammed metabolism
in their new microenvironment, especially in a metabolically active organ such as the liver.
Manipulation of involved pathways may impact the course of metastatic growth.
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XXX et al show that, during colonization of the liver, the liver environment can cause colon cancer
cells (CRC) to undergo metabolic reprogramming by upregulating aldolase B, which enhances
fructose metabolism and promotes growth of CRC liver metastases. Targeting aldolase B or
reducing dietary fructose reduces liver metastasis growth.

INTRODUCTION

Primary tumors gradually accumulate genetic alterations and are influenced by their
microenvironment until they acquire the ability to metastasize to distant organs (Gupta and
Massague, 2006; Valastyan and Weinberg, 2011). Typical of this process, CRC progresses
through an adenoma-to-carcinoma sequence that eventually leads to metastasis (Barker et
al., 2009; Clevers, 2006), preferentially (~70% patients) to the liver (Rothbarth and van de
Velde, 2005). At this phase, the disease becomes challenging to treat and eventually
develops resistance to most forms of combination therapy, making CRC metastasis a leading
cause of cancer-related deaths (Andre et al., 2004; Meyerhardt and Mayer, 2005). Patients
with inoperable liver metastasis respond poorly to chemotherapeutic intervention and have a
median survival of 6 to 9 months (Alberts et al., 2005). Liver lesions have also been shown
to seed tertiary tumors in the lungs of patients (Nguyen et al., 2009).

Current chemotherapy for advanced CRC does not target liver metastases specifically. This
is partly based on observations that CRC metastases are not consistently associated with any
specific genetic mutations (Jones et al., 2008) and that they generally resemble cells in the
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primary tumor. However, emerging evidence suggests that non-genetic alterations, such as
epigenetic and metabolic reprogramming, may promote cancer metastasis (Dupuy et al.,
2015; LeBleu et al., 2014; Loo et al., 2015; Piskounova et al., 2015; Ragusa et al., 2014;
Singovski et al., 2015; Wu et al., 2015). Targeting such mechanisms may provide a new way
to develop therapeutics against metastasis.

In this study, data from both clinical samples and an /n vivo CRC metastasis model via
cecum transplantation suggest that specific metabolic pathways are altered in CRC liver
metastases. In particular, liver metastases upregulate ALDOB, an enzyme involved in
fructose metabolism. Intrahepatic implantation indicates that the liver environment causes
CRC cells to upregulate ALDOB. Metabolomics and 13C-labeled fructose tracing studies
indicate that ALDOB promotes fructose metabolism to fuel glycolysis, gluconeogenesis and
the pentose phosphate pathway. ALDOB knockdown or dietary fructose restriction
suppresses growth of CRC liver metastases, but not primary tumors or lung metastases,
highlighting the importance of tumor microenvironment.

Meta-analysis of Clinical CRC Liver Metastases

We identified four NCBI Gene Expression Omnibus (GEO) databases that contain
transcriptomic profiles of 102 normal colon, 254 primary CRC, and 111 CRC liver
metastasis samples (Barrett et al., 2013; Del Rio et al., 2013; Pizzini et al., 2013; Sheffer et
al., 2009; Stange et al., 2010) (Table S1A). 90 matched samples (normal colon, primary
CRC, liver metastasis) from 30 Stage IV CRC patients from these datasets were selected and
processed by standard GEOZ2R analysis, followed by quantile normalization and log2
transformation. Paired differential analysis comparing matching normal colon tissues and
primary CRC samples identified a set of differentially expressed genes, about 9.5% of which
are involved in metabolic pathways (Figure 1A). In comparison, 23% of differentially
expressed genes between matching primary CRC and liver metastasis are metabolism
related, and more than 90% of the differentially expressed metabolic genes are upregulated
in the liver metastases (Figure 1B). We also found 9 matched normal liver and liver
metastasis samples from two of the GEO datasets (GSE14297 and GSE41258), which
showed significant differences in metabolite levels (Figure 1C). Gene Set Enrichment
Analysis (GSEA) between primary CRC and liver metastasis samples suggested highly
altered activity levels in certain metabolic pathways (Figure 1D) including glycolysis/
gluconeogenesis, amino acid metabolism, and fructose and mannose metabolism. This meta-
analysis across independent clinical datasets and platforms suggests potential metabolic
reprogramming between primary CRC and liver metastasis.

Analysis of 186 primary tumor samples, 47 liver metastatic samples, and 20 lung metastatic
(unmatched) samples in the GSE41258 CRC dataset (Sheffer et al., 2009) suggests that liver
metastases and lung metastases have distinct transcriptomic signatures (Figure S1A). There
is little overlap between genes up- or down-regulated in liver vs. lung metastases (Figure
S1B). Pathway analysis indicates that more metabolic pathways are upregulated in liver
metastases compared to lung metastases (Figure S1C).
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Integrated Metabolomics and Transcriptomics Analysis of a CRC Liver Metastasis Model

Next, we used an /77 vivo CRC metastatic model by injecting mCherry- and luciferase-
labeled HCT116 cells into NOD/SCID mice to study how the microenvironment affects
CRC cell metabolism (Bu et al., 2015). Five weeks after injection, primary, liver metastatic
and lung metastatic tumors were harvested and processed for metabolomics using a high-
resolution, Q Exactive liquid chromatography-mass spectrometry (LC-MS) platform and
bioinformatics analytical workflow (Liu et al., 2014). Analysis shows the presence of
distinct metabolite clusters in primary tumors vs. liver metastases (Figure 1E, supplemental
item Table S6). Differential analyses identified metabolites with significantly altered levels
in liver metastases relative to primary tumors (Figure S1D). For example, metabolites of the
glycolysis/gluconeogenesis and pentose phosphate pathways were upregulated in liver
metastases (Figure 1F). Differential analysis, metabolite set enrichment analysis (MSEA),
and similarity matrix analysis of metabolites suggest that the lung and liver environments
regulate CRC cell metabolism differently, consistent with transcriptomic analyses of the
clinical GEO datasets (Figures S1D-S1F).

RNA-seq was then performed to measure expression levels of the involved metabolic
enzymes. To remove stromal cells, HCT116 cells were purified from ceca and livers of
tumor-bearing mice based on mCherry expression using fluorescence-activated cell sorting
(FACS) (Figure S1G). RNA-seq measurements were then carried out on the purified CRC
cells (Figure S1H).

Integrated analysis of transcriptomics and metabolomics data identified metabolic pathways
that were likely altered in CRC cells from liver metastases compared to primary tumors,
which were further validated by the GEO datasets to highlight clinically relevant pathways
(Figures 1G, S1I and Table S1B). For example, glycolysis, gluconeogenesis, fructose
metabolism, and pentose phosphate pathways seem to be upregulated in CRC cells from
liver metastases. Pathways that only contained alterations in metabolite levels but not in
enzyme expression were not included as such metabolite differences could have occurred
within the lesion’s stromal cells rather than the CRC cells. Altogether, the analyses suggest
that CRC cells in the liver have multiple metabolic alterations compared to their counterparts
in the primary tumor.

ALDOB is Upregulated in Liver Metastases

Among the altered metabolic pathways, we considered fructose metabolism to be quite
unique. While the intestine may be a major site of fructose metabolism at low doses of
fructose, at high doses, the liver is likely the major site of fructose metabolism (Hannou et
al., 2018; Jang et al., 2018). Moreover, at high fructose consumption rates, fructose
metabolism within the liver has been implicated in multiple fructose-induced chronic
metabolic diseases (Cantley, 2014; Hannou et al., 2018; Softic et al., 2017). Fructose
contributes to de novo glucose production by providing substrate that enters glycolytic/
gluconeogenic carbon pools at the triose kinase-mediated step. Fructose is first metabolized
by ketohexokinase (KHK) to fructose-1-phosphate which is converted into glyceraldehyde
and dihydroxyacetone phosphate (DHAP) in a reversible reaction catalyzed by ALDOB.
Glyceraldehyde is then phosphorylated by the triose kinase and the resulting
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glyceraldehyde-3-phosphate (GAP) can either serve as a glycolytic substrate or condense
with DHAP into F1,6BP through the action of ALDOB to enter the gluconeogenic pathway
(Feinman and Fine, 2013). As one of the three aldolase isoforms (A, B, and C), ALDOB
shows comparable activity toward F1P and F1,6BP and participates in both glycolysis and
gluconeogenic pathways (Penhoet et al., 1966) (Figure S2A). ALDOB is in part rate-limiting
for fructose metabolism within the liver as shown by large increases in F1P levels in the liver
after administration of large fructose loads (Kim et al., 2016; Niewoehner et al., 1984).

ALDOB was among the top metabolic genes identified in our meta-analysis of matched
samples in the GEO dataset (Table S1C). The metabolites involved with ALDOB as shown
in Figure S2A were significantly upregulated in liver metastases (Figure 1F). A paired
differential analysis of 90 matched samples from 30 patients confirmed that ALDOB is
consistently upregulated in liver metastasis compared to matched normal colon and primary
CRC (Figure 2A). On the other hand, the aldolase A (the aldolase isoform that is not specific
to fructose metabolism), KHK, HK1, HK2 and GLUTS5 (fructose transporter) levels
remained largely unchanged (Figure 2A). Analysis of the 9 matching liver metastasis and
normal liver samples in GSE14297 and GSE41258 suggest that ALDOB and KHK levels are
even higher in normal liver, while ALDOA, HK1, and HK2 levels are higher in liver
metastasis (Figure S2B). Analysis of the unmatched 186 primary, 47 liver, and 20 lung CRC
samples from GSE41258 confirmed that ALDOB is upregulated in liver metastasis but not
in lung metastasis, while aldolase A, KHK, HK1, HK2 and GLUTS5 levels remain
unchanged between primary and metastatic samples (Figure S2C).

To further confirm ALDOB upregulation in CRC liver metastases, we meticulously collected
and carried out microarray measurements on 39 primary colon carcinoma, 74 liver
metastatic, and 8 lung metastatic samples from stage IV CRC patients at Duke Oncology
Center (Table S2, GSE41568). Gene expression analysis indicated upregulation of ALDOB
(log(fc)=3.75, p=5.03E-08) in liver metastases compared to primary tumors, while there was
no significant difference in the levels of aldolase A, HK1, HK2, and GLUTS5 (Figure 2B). In
this dataset, KHK level was also increased in liver metastases. Pathway enrichment analysis
of this dataset highlights carbohydrate, glycolysis, gluconeogenesis, and pentose phosphate
pathways in liver metastases (Figure S2D). ALDOB and the other enzymes are not
upregulated in the lung metastases (Figure 2B), consistent with previous analyses of the
GSE41258 dataset. Last, we performed differential analysis (unpaired) for ALDOB in all
five GEO datasets respectively, including matched and unmatched samples, which again
showed that ALDOB is consistently upregulated in liver metastases (Table S3A). We then
compared the ALDOB protein levels in CRC liver metastases and adjacent normal liver
tissues from four CRC patients (Table S3B). ALDOB protein levels are higher in normal
liver than in CRC liver metastasis in 3 out of the 4 cases (Figure S2E). Taken together,
clinical CRC liver metastasis upregulates ALDOB compared to primary tumor, although the
levels are still lower than those of normal hepatocytes.

Liver metastases upregulate ALDOB

To confirm ALDOB upregulation in liver metastases, we implanted three CRC cell lines —
HCT116 and two liver metastatic patient-derived xenograft (PDX) cell lines, CRC119 and
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CRC57, into the cecum termini of NOD/SCID mice (Cespedes et al., 2007; Fu et al., 1991)
(Table S4). The cells carried dual-labeled reporter constructs, stably expressing fluorescence
protein (mCherry or GFP) and luciferase. Before cecal injection, FACS analysis showed
single peaks in terms of KHK, ALDOB and HK expression in these CRC lines (Figure
S3A). After cecal injections, the CRC cells first formed orthotopic tumors within 2 weeks.
They subsequently developed CRC liver metastases in 5 weeks. After both primary cecal
tumors and liver metastases were harvested, CRC cells were isolated by FACS based on
fluorescence (Figures 3A and S3B). Liver metastases had significantly higher ALDOB
levels than their primary counterparts, while KHK and HK levels remained largely
unchanged (Figures 3B—3D). 20% to 40% of the mice also developed lung metastases,
although ALDOB was not upregulated in lung metastases compared to the primary cecum
tumors (Figure S3C).

To investigate whether the liver environment can cause ALDOB upregulation in CRC cells,
we injected HCT116, CRC119, and CRC57 cells directly into the mouse liver and cecum
simultaneously. CRC tumors promptly formed in the livers and ceca, and we harvested the
respective tumors 10 days after the injection before metastases from cecum to liver could
form, which takes 3~5 weeks in the cecum-injection model (Figure 3E). From the harvested
tumors, CRC cells were isolated by FACS based on fluorescence. Western blot confirmed
higher ALDOB levels in CRC cells isolated from the liver than from the cecum, while KHK
and HK levels remained similar (Figures 3F-3H). On the other hand, migrated and non-
migrated CRC cells in the transwell migration assay expressed similar ALDOB levels,
suggesting that ALDOB is not associated with enhanced migration capability (Figures S3D-
S3G). Furthermore, after being cultured /n vitro, disassociated tumor cells from liver and
cecum express similar ALDOB levels (Figure S3H). Taken together, these data suggest that
the liver environment can cause CRC cells to upregulate ALDOB.

We analyzed 2kb sequences of the ALDOB promoter and identified a putative GATAG
binding motif at —255 to —262 (Figure 3I). GATAG expression has been reported to be
associated with poor prognosis and liver metastasis (Shen et al., 2013). ChIP-gPCR was then
performed to validate this putative GATAG6 binding motif, which showed that GATAG
binding to the ALDOB promoter was significantly enriched in CRC cells isolated from the
liver relative to cells isolated from the cecum (Figures 3J and S31). We then cultured CRC
cells in medium containing a range of fructose concentrations (0-40mM and 0-2mM). As
shown by Western blot, ALDOB levels were upregulated by fructose in a dose dependent
manner, which was abrogated by GATA6 knockdown. This indicates that ALDOB
upregulation in response to fructose is dependent on GATAG (Figures 3K, S3J-S3L).
GATAG levels responded to fructose levels more modestly (Figures 3L and S3M), and
GATAG binding to the ALDOB promoter was significantly enriched in response to fructose
(Figure 3M). Altogether, CRC liver metastasis upregulates ALDOB, which also responds to
fructose levels in a GATA6-dependent manner.

ALDOB enhances fructose metabolism

The products of ALDOB-mediated reactions could contribute to glucose, glycogen, lactate,
and lipid synthesis, all essential for sustaining highly proliferative cells. Fructose
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metabolism could also enhance glycogen and lipid deposition (Stanhope et al., 2009).
Immunohistochemical staining with periodic acid Schiff (PAS) with amylase digestion or
Oil Red O on tumor and normal tissues from primary and metastatic lesions suggest liver
metastases have higher glycogen accumulation and lipid deposits (Figures S30-S3R).

We then purified HCT116 cells from the liver metastases based on mCherry expression (LV-
HCT116) and studied phenotypic changes in these cells by measuring cellular energetics
parameters including extracellular acidification rate (ECAR, indicative of lactate production
from glycolytic energy metabolism) and oxygen consumption rate (OCR, indicative of
mitochondrial respiration) in the presence or absence of 11mM fructose. The cells showed a
significant increase in ECAR and no change in OCR, which suggests that liver-derived CRC
cells are capable of utilizing fructose to perform glycolytic functions, whereas cecum-
derived CRC cells did not show significant increase in ECAR (Figure S3S).

To assess the contribution of ALDOB to cell growth and metabolism, we ectopically
expressed ALDOB as well as knocked down ALDOB in CRC cells using two shRNAs and
validated the knockdown and overexpression efficiencies by Western blot (Figures S4A—
S4B). ALDOB overexpression or knockdown significantly affected CRC cell proliferation in
fructose-containing but not glucose-containing media with dialyzed FBS (Figure S4C),
suggesting that ALDOB plays an important role in fructose metabolism for CRC cell
growth.

We performed stable isotope tracing analysis by adding [U-13C] fructose to culture medium
with dialyzed FBS and tracing the labeled 13C in metabolites using Gas Chromatography
Mass Spectrometry (GC-MS). We performed tracing on control (WT), ALDOB knockdown
(KD), and ALDOB overexpression (OE) cells (Figures 4, S4D-S4F).

As fructose enters glycolysis at the triose phosphate level, it contributes to lower glycolysis,
as illustrated by enrichments in label incorporation of pyruvate, the terminal intermediate of
glycolysis (Figures 4 and S4D). Label incorporation of Alanine, an amino acid closely
downstream of pyruvate, is also enriched (Figures 4 and S4D). Label incorporation of M+2
citrate indicates that fructose contributes directly to acetyl CoA entry into the TCA cycle
(Figures 4 and S4D). M+2 label incorporation decreases several folds from citrate to
glutamate, and M+3 aspartate is <1% for all conditions tested, suggesting that pyruvate
anaplerosis through carboxylation into the TCA cycle is minimal and that glutamine in the
medium is likely the predominant anaplerotic carbon source (Figures 4 and S4D). The levels
of label incorporation among measured metabolites were largely similar between the
hypoxia and normoxia conditions (Figure S4G).

To assess whether upper glycolytic intermediates (e.g. G6P) and nucleotide precursors (e.g.
ribose-5-phosphate) were labeled from [U-13C] fructose, we hydrolyzed cell pellet-derived
glycogen and RNA into the monomer sugars (glucose and ribose, respectively) and
measured the 13C-enrichment. Both glucose and ribose displayed enrichment from
[U-13C]fructose (fragmentation in mass spectrometry results in loss of one carbon from the
sugar, hence M+5 for glucose and M+4 for ribose, see methods (Long et al., 2016;
McConnell and Antoniewicz, 2016)) (Figure 4). Other sugar monomers were also labeled
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(Figure S4E). Hence fructose is a source for upper glycolytic and the pentose phosphate
pathway intermediates. Label incorporation of fatty acids was also observed (Figure S4H),
indicating that the M+2 citrate may contribute to cytosolic acetyl-CoA pool for de novo
lipogenesis.

Ectopic ALDOB expression (OE) greatly enhanced label incorporation of the above
metabolites (Figures 4 and S4D-S4E), whereas ALDOB knockdown reduced label
incorporation, with some (e.g., ribose) below detection limits (Figure S4F). Therefore,
ALDOB promotes the contribution of fructose to major pathways of central carbon
metabolism (glycolysis/gluconeogenesis, PPP, and Pyruvate entry into TCA).

ALDOB promotes growth of CRC liver metastases

ALDOB knockdown in HCT116, CRC119, and CRC57 cells did not affect CRC cell
migration cultured in either glucose- or fructose-containing medium /7 vitro (Figures S5A—
S5F). However, while cecal transplanted HCT116, CRC119, or CRC57 cells with control
vectors developed liver metastases efficiently (5 out of 5 mice for all three cell lines),
ALDOB knockdown suppressed CRC liver metastasis in the cecum injection model.
Injected HCT116, CRC119, or CRC57 cells with ALDOB knockdown by shRNA1
developed detectable liver metastases in only 2, 2, and 2 out of 5 mice respectively and 2, 1,
and 2 out of 5 mice by sShRNA2 respectively (Figures 5A-5E). Furthermore, the liver
metastases grown from ALDOB knockdown cells were far fewer and much smaller than
those grown from control cells. We then performed intrahepatic injection to see whether
ALDOB promotes CRC growth in the liver. HCT116, CRC119, and CRC57 cells with
control vectors grew significantly bigger tumors than cells with ALDOB knockdown in the
liver (Figures 5F-5H). Ki67 staining indicated that loss of ALDOB decreased proliferative
rates of tumor cells in the liver (Figure 51). ALDOB knockdown did not seem to affect CRC
lung metastasis in the cecum injection model—control cells and ALDOB knockdown cells
developed similar number of lung metastases (1-3 out of 5 mice). Additionally, the sizes of
the metastatic lung lesions were similar between the control group and the ALDOB
knockdown group (Figures S5G-S5I1). We then used an alternative lung metastasis model via
tail vein injection of the control and ALDOB knockdown cells. All 5 mice injected with
either control cells or ALDOB knockdown cells developed lung metastases of similar sizes
(Figures S5J and S5K).

To take into consideration the effect of host immune system, we knocked down ALDOB in
the mouse CRC cell line CT26 and injected them into immunocompetent BALB/c mice.
Both cecum injection and intrahepatic injection models confirmed that loss of ALDOB
suppressed CRC growth in the livers of immunocompetent mice compared to the control
groups (5 mice per group) (Figures S5L-S5P). Ki67 staining indicated that loss of ALDOB
decreased proliferation of CT26 cells in the liver (Figures S5Q and S5R).

GATAG6 knockdown also suppressed CRC liver metastasis in the cecum-injection model,
consistent with its role in regulation of ALDOB (Figures S5S-S5U). However, GATA6
levels in the clinical GEO datasets were not significantly different between primary colon
tumor and liver metastases (Figure S5V). The correlations between GATA6 and ALDOB
expression in the matching liver metastases, primary colon tumor, and normal colon were
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not very high either (Figure S5W). Therefore, although both ALDOB and GATA6
knockdowns suppress liver metastasis, ALDOB is more specific to liver metastasis.

Targeting fructose metabolism suppresses liver metastases

We next considered whether manipulating the level of fructose intake would impact tumor
growth specifically in the liver. After cecum injection (5 mice per group), mice fed with a
regulated diet with high fructose showed increased CRC liver metastases, while mice fed
with a regulated diet devoid of fructose showed reduced liver metastases relative to the
control mice (Figures 6A-6D and Table S5). We subsequently combined the two treatments.
Mice were injected with ALDOB knockdown followed by a regulated diet devoid of
fructose, which suppressed liver metastases as expected (Figures 6A—6D). Cecum injection
of CT26 cells into immunocompetent BALB/c mice showed similar results regarding the
effect of fructose diets on liver metastases (Figures S6A and S6B). Consistently, high
fructose diets reduced mouse survival, while low fructose diet and ALDOB knockdown
prolonged mouse survival. The survival benefits were stronger in the intrahepatic injection
model than in the cecum-injection model, presumably because the latter group was already
dying from their cecum tumors, which were largely unaffected by fructose diet or ALDOB
knockdown (Figures 6E and S6C-S6F). Consistent with ALDOB knockdown, high fructose
diet or fructose restriction did not affect lung metastasis in both the cecum injection and the
tail vein injection model (Figures S5G-S5K).

We measured insulin, glucose, and fructose in mice fed with the three diets. Insulin levels in
plasma and liver were somewhat similar among the three diets, although fructose diets
slightly reduced insulin levels in the liver (Figures S6G and S6H). Glucose levels in plasma
were also similar among the three groups (Figure S61), while the fructose level was only
high in the group fed with fructose rich diet (Figure S6J). However, despite fructose in the
plasma, little fructose was detected in the liver tissues (< 0.2 nmol/mg tissue) in all three
groups (Figures S6K and S6L). Fructose might have been rapidly converted to F1P by the
abundant KHK from hepatocytes in the liver homogenates when we sampled, pulverized and
homogenized the entire liver. This would be consistent with previous reports that F1P levels
increase 10-fold to around 1 mM within 10 minutes after fructose ingestion and remain
elevated for several hours in rodent liver (Niewoehner et al., 1984).

We then validated the role of ALDOB in promoting CRC tumor growth in the liver using an
alternative model. For this we generated HCT116 lines (LV-HCT116) that exhibited specific
tropism to the liver through sequential passaging in the livers of NOD/SCID mice. ALDOB
knockdown was carried out by transfecting LV-HCT116 cells with the same shRNA
constructs. Consistent with the cecum injection model, ALDOB knockdown and fructose
restriction suppressed CRC tumor in the liver (Figures S6M—-S6R). With regard to
suppression of L\V-HCT116 tumors in the liver, ALDOB knockdown and fructose restriction
seem to be more effective than 5-Fluorouracil or Oxaliplatin, both of which are frontline
chemotherapy for advanced and metastatic CRC (Figures S6S-S6V) (Alberts et al., 2005;
Andre et al., 2004). Unlike ALDOB knockdown or fructose-restricted diet, 5-Fluorouracil or
Oxaliplatin provided little benefit in terms of tumor suppression or survival. Hence, targeting
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ALDOB and fructose metabolism has the potential to impact the growth of liver metastases
and to complement current chemotherapies.

DISCUSSION

Current CRC chemotherapies do not distinguish the site of metastasis. However, CRC cells
may have to adjust to the metabolic environment in the liver after they migrate there from
the colon. We show that metastatic CRC cells are capable of adjusting to nutrient changes in
their colonized organ. Metastatic CRC cells upregulate ALDOB in the liver, which promote
fructose metabolism to boost the central carbon metabolism. Silencing of ALDOB or dietary
fructose restriction suppresses CRC liver metastasis. Targeting fructose metabolism presents
a potentially interesting strategy to treat CRC liver metastasis.

Current CRC chemotherapies tend not to distinguish the organ environment of metastatic
lesion. Our work suggests that metastatic cancer cells are capable of adjusting their
metabolism to become more similar to the colonized organ. The specialized metabolism that
occurs in the liver presents a particularly intriguing case, given that liver is not only an
important organ for CRC metastasis, but also a common metastatic site for breast, lung,
kidney, esophageal, melanoma, ovarian, uterine, pancreatic, and stomach cancer, among
others. For example, liver-metastatic breast cancer cells increase PDK1 expression and
exhibit an enhanced glycolytic phenotype compared to bone- or lung-metastatic cells
(Dupuy et al., 2015). We analyzed GEO datasets containing breast and pancreatic cancer
primary tumors and liver metastases (Desai et al., 2013; Moffitt et al., 2015; Tobin et al.,
2015; Van den Broeck et al., 2012; Weigelt et al., 2005). Differential analysis found ALDOB
upregulation in liver metastases (Figure S6W). Fructose restriction also reduced liver
metastasis of a breast cancer cell line (MDA-MB-231) (Figure S6X). Our study raises the
question as to whether the liver milieu contributes to its ability to host metastases from
diverse cancers that retain the potential to upregulate ALDOB once resident in the liver.
Fructose restriction and blocking fructose-related enzymes may be a viable strategy to
suppress liver metastasis of other cancer types.

LIMITATIONS OF STUDY

Mutations in the human ALDOB gene give rise to hereditary fructose intolerance (HFI),
which is phenocopied by ALDOB knockout in mice (Oppelt et al., 2015). HFI patients
develop liver diseases and may experience liver failure after fructose consumption,
suggesting that accumulation of F1P may be toxic to the liver. Therefore, therapeutically
targeting ALDOB may cause toxic side effects unless patients abide by dietary fructose
restriction. An alternative is to target the upstream enzyme KHK, which catalyzes the first
step that converts fructose to F1P. Targeting KHK instead of ALDOB is more specific to
fructose metabolism and prevents F1P-induced toxicity (Lanaspa et al., 2013).

Fructose may not act solely as a carbon source to stimulate tumor cell proliferation. Fructose
may also activate other pro-growth metabolic and signaling pathways. F1P can upregulate
hexokinase glucokinase (GCK) and pyruvate kinase, which promote glycolysis (Hannou et
al., 2018). Fructose enzymes have also been shown to regulate hepatic secretion of FGF21,
which regulates energy, glucose, and lipid homeostasis (Fisher et al., 2017). Therefore,
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fructose metabolism may amplify its effect by stimulating tumor cells to metabolize other
nutrients available in the liver.

The impact of fructose on CRC liver metastasis may not be limited to tumor cells alone.
Fructose-enriched diets can induce liver damage, obesity, glucose intolerance, hepatomegaly,
and nonalcoholic fatty liver disease in animal models (Kavanagh et al., 2013; Kawasaki et
al., 2009; Softic et al., 2017; Vos and Lavine, 2013). Fructose may enhance the progression
of nonalcoholic fatty liver disease and clinical liver fibrosis, which are risk factors for liver
cancer (Abdelmalek et al., 2012; Abdelmalek et al., 2010). Hence, diets high in fructose may
disrupt normal liver homeostasis to create a more conducive environment for tumor growth
in addition to providing fuel for CRC cell metabolism.

Recent measurements suggest that the small intestine in mice metabolizes a large fraction of
fructose but high dose of fructose still reaches the liver (Jang et al., 2018). With
consumption of large amounts of fructose, the liver is likely a major site of fructose
metabolism (Gonzalez and Betts, 2018; Mayes, 1993). After fructose ingestion, F1P levels
increase 10-fold to around 1 mM within 10 minutes and remain elevated for several hours in
rat liver, suggesting that fructose does reach the liver (Niewoehner et al., 1984). In human,
fructose infusion causes rapid ATP depletion in the liver (Cortez-Pinto et al., 1999).
Excessive hepatic fructose has also been implicated in an array of metabolic diseases
(Cantley, 2014; Hannou et al., 2018; Softic et al., 2017). However, the possibility remains
that part of the fructose effect on CRC liver metastasis might be indirectly due to fructose
metabolized in the intestine.

STAR*METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Xiling Shen (xs37@duke.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal and Diets—All animal experiments were approved by Cornell Center for Animal
Resources and Education (CARE), following the protocols 2009-0071 and 2010-0100, and
by Duke Animal Care and Use Program, following the protocol A286-15-11. 6-8 week old
NOD/SCID mice and BALB/c mice were used throughout the study. Select groups of mice
were fed with a fructose-restricted and fructose-high diet purchased from Research Diets
(New Brunswick, NJ). Diet ingredients are available in Table S5. Tumor-bearing mice were
treated with 5-Fluorouracil (Sigma, St. Louis, MO) at a dose of 100 mg/kg, Oxaliplatin
(Sigma, St. Louis, MO) at a dose of 6 mg/kg, 2-deoxyglucose (Sigma, St. Louis, MO) at a
dose of 500 mg/kg or normal saline as vehicle control through intraperitoneal route twice a
week.

Cell Culture—Human CRC cell line HCT1186, patient derived xenograft human CRC cell
lines CRC119 and CRC57 and BALB/c mouse colon cancer cell line CT26 were used in the
study. The cell lines were grown in RPMI 1640 complete medium with 10% FBS and 1%
penicillin-streptomycin solution.
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METHOD DETAILS

Cecal Injection and IVIS imaging—2x10° cells carrying a luciferase/mCherry or
luciferase/GFP vector were injected into the mice for the cecum injection model and the
intrahepatic injection model. 5x10° cells were injected for intravenous injection. Luciferase
signal was tracked /n vivo using the VIS luciferase imaging system 200 (Xenogen) for
tumor development. Liver metastases were evaluated based on mCherry signals by an
OV100 microscope (Olympus) after scarifying the mice.

Lentiviral Vector Constructs and Infection—The dual mCherry and luciferase
reporter was constructed using lentiviral pFUW backbone (Addgene). Briefly, the vector was
cut by restriction enzymes BamHI and EcoRI. The firefly luciferase-E2A—-mCherry was
amplified and connected by overlapping PCR and cut by BamHI and EcoRI. E2A is a self-
cleaving peptide sequence. Immediately after luciferase-E2A-mCherry is translated into a
fusion protein, it splits into separate luciferase and mCherry inside mammalian cells.
ALDOB and GATAG lentiviral ShRNA constructs were purchased from Sigma Mission
shRNA dataset.

The lentiviral vectors were co-transfected with helper plasmids into 293T cells. The viral
supernatant was collected 48 hours after transfection and was used to infect CRC cells.

Western blot—Western blot was performed as described previously (Bu et al., 2015).
Samples were prepared using the cancer cells purified by FACS based on mCherry
expression. Antibodies used included anti-human ALDOB antibody (PA5-30218, 1:2000,
Pierce), anti-Hexokinase (C35C4, 1:1000, Cell Signaling), anti-ketohexokinase (ab197593,
1:2000, Abcam), anti-GATA6 (AF1700, 1:1000, R&D system) and anti-actin (13E5, 1:1000,
Cell Signaling; 4967S, Cell Signaling Technology).

Metabolomics—Primary cecum tumors and liver metastases were harvested from the
mice. The tissues were rinsed with water and immediately transferred to a tube and placed in
liquid nitrogen. Frozen tissue was minced, weighed, and 5 mg was dissolved in 80%
methanol. Samples were centrifuged at maximum speed at 4°C. The resulting supernatant
was transferred to a fresh tube and dried using SpeedVac concentrator (SPD131DDA,
Thermo Scientific). Pellets were dissolved in 50ul water, and diluted with equal volume of
acetonitrile:methanol (1:1, v:v) solution. Tubes were centrifuged again for 5 minutes to
eliminate insoluble pellets, and 5 ul was injected into mass spectrometry tubes to measure
polar metabolites using LC-MS as previously described (Liu et al., 2014).

Isotope tracing analysis with 13C-labeled fructose—Cells were cultured in
unlabeled fructose-containing RPMI 1640 medium for 24 hours, then switched into 13C
labeled fructose-containing medium (8 mM [U-13C] D-fructose, 0 mM D-glucose and 2 mM
L-glutamine) for 9 hours and 24 hours, respectively. To harvest intracellular metabolites,
media was aspirated from the cultures, metabolism was quenched with 80% cold methanol,
and the resulting lysates were stored in —80°C until processing for GC-MS analysis. For GC-
MS analysis, the clarified supernatants were dried under N, gas-flow at 37°C using an
evaporator. Amino and organic acids were derivatized via methoximation and silylation as
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previously described (Ahn and Antoniewicz, 2011). Briefly, metabolites were resuspended
in 25 uL of methoxylamine hydrochloride (2% (w/v) in pyridine) and incubated at 40°C for
90 minutes on a heating block. After brief centrifugation, 35 pL of MTBSTFA + 1%
TBDMS was added and the samples were incubated at 60°C for 30 minutes. To measure
13C-enrichment of monomer sugars, lysates were first hydrolyzed in an acid-mediated
process to liberate any bound sugars from macromolecules (McConnell and Antoniewicz,
2016) and then subsequently treated via aldonitrile propionate derivatization as previously
described (Antoniewicz et al., 2011). Fatty acids were extracted from the biomass pellets
through a dual phase extraction (Crown et al., 2015), and the samples were prepared for
FAME derivatization (Long and Antoniewicz, 2014), for GC-MS analysis. GC-MS analysis
was performed on an Agilent 7890B GC system equipped with a HP-5MS capillary column
connected to an Agilent 5977A Mass Spectrometer. Mass isotopomer distributions were
obtained by integration of ion chromatograms (Antoniewicz et al., 2007) and corrected for
natural isotope abundances (Fernandez et al., 1996).

Bioenergetics Assay—L iver metastases cells were purified by FACS based on mCherry
expression and seeded into 24-well Seahorse XF24 cell culture microplate at a density of
40,000 cells per well in 2 steps. First, 100 ul of growth medium was added, cells were
incubated for 4 hours to ensure the formation of a monolayer, and then another 150 ul of
growth medium was added. The next day, the medium was switched to XF Base medium
without supplements and in the absence of glucose and glutamine. Fructose (11 mM) was
added to port A for injection. Both the cell plate and the fructose solution were incubated at
37°C without CO5, for 1 hour prior to assay. Baseline OCR and ECAR measurements were
recorded before and after fructose injection into the medium.

Insulin, glucose, and fructose measurements—BIlood was collected from mice with
ad libitum feeding in three dietary groups (regular chow diet, fructose-high diet, and
fructose-restrict diet, Table S5). Liver tissues were frozen using a freeze clamp. Glucose and
fructose levels in the plasma were measured by a modified GC-MS method (Antoniewicz et
al., 2011; Long and Antoniewicz, 2014). Briefly, internal standard of U-13C glucose or
U-13C fructose were added for quantification. Protein in the plasma was precipitated with
methanol. Samples were air-dried. Hydroxylamine/pyridine solution was added, and samples
were then incubated for 60 min at 90°C, followed by adding propionic anhydride to react at
60°C for 30 min. Samples were then evaporated to dryness under airflow and re-dissolved in
ethyl acetate for GC-MS analysis on the Agilent 7890B GC system. Glucose and fructose
measurements used m/z 370 and m/z 401 respectively.

Liver insulin was extracted from snap frozen liver samples using Tissue Extraction Reagent |
(FNNO0O071, ThermoFisher, USA). Insulin in both plasma and liver tissue was measured by
UltraSensitive Mouse Insulin ELISA Kit (90080, Crystal Chem. Inc. USA), described
previously (Kim et al., 2016).

Microarray Analysis—39 primary colon carcinoma, 74 liver metastatic samples, and 8
lung metastatic samples were collected from stage IV CRC patients at Duke Oncology
Center. Their transcriptomes were profiled using the Affymetrix Human Genome U133 Plus
2.0 array and pre-processed by the Affymetirx MAS5 algorithm in the R Affy package.
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Integrated Analysis of RNA-seq and Metabolomics—Cancer cells were purified by
FACS based on mCherry expression, and the transcriptomes were profiled using Illumina
HiSeq2000 at the Genomics Core of Weill Cornell Medical College. TopHat2 (Kim et al.,
2013) and HTSeq (Anders et al., 2015) were used for RNA-seq data analysis with UCSC
hg19 as the reference genome. The differential analysis of the RNA-seq data was performed
using DESeqg2(Love et al., 2014). The significant-differential (p value <0.05) genes were
selected and integrated with the significant-differential (p value <0.05) metabolites from
differential analysis of metabolomics data. The integrated gene-metabolite profile was
analyzed by the Integrated Pathway Analysis module of the MetaboAnalyst (Xia et al.,
2015; Xia and Wishart, 2016) (http://www.metaboanalyst.ca).

Meta-Analysis—Four NCBI:GEO datasets including clinical samples of normal colon,
primary CRC tumor and liver metastases were selected to investigate the differential
transcriptomic signatures (Table S1A). Within these four datasets, a total of 90 matched
normal colon, primary CRC tumor, and liver metastatic samples from 30 patients were
integrated for analysis. The microarray data were processed by quantile normalization and
log2 transformation following the standard GEO2R analysis and then paired differential
analysis were performed using the R package the Linear Models for Microarray Data
(Limma) (Ritchie et al., 2015).

QUANTIFICATION AND STATISTICAL ANALYSIS

Limma was used for the differential analyses of transcriptomic data and metabolomic data.
The global metabolic maps were generated from the KEGG mapper toolbox using
Interactive Pathway Explorer (iPATH2) (Yamada et al., 2011). Gene Set Enrichment
Analysis (GSEA) of the clinical microarray data was performed using the GSEA software
(Subramanian et al., 2005). Heatmaps and hierarchal clustering were performed using
Morpheus available from (https://software.broadinstitute.org/morpheus/). Data are presented
as mean = s.d. P values of < 0.05 were considered statistically significant. The statistical
details can be found in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Colon cancer liver metastasis upregulates ALDOB, an enzyme for fructose
metabolism

Metabolized fructose provides fuel for the central carbon metabolism

Targeting ALDOB or its upstream regulator GATAG6 reduces liver metastasis
growth

Reducing dietary fructose diminishes liver metastatic growth
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Figure 1. Comparison of metabolic states of primary CRC and liver metastasis
(A and B) Volcano plots of differential metabolic gene expression between paired normal

colon and primary CRC (A) and paired primary CRC and liver metastases (B) samples from
30 CRC liver metastasis patients selected from 4 public GEO datasets (Table S1A). (C)
Volcano plots of differential metabolic gene expression between paired CRC liver
metastases and normal liver samples from 9 CRC liver metastasis patients selected from
GSE41258 and GSE14297 (Table S1A). Each circle represents a gene. Red color refers to
significantly upregulated genes (p value < 0.05 and fold change >2) while blue color refers
to significantly downregulated genes (p value < 0.05 and fold change >2). (D) Gene Set
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Enrichment Analysis (GSEA) of upregulated metabolic pathways in liver metastases based
on comparison of the paired samples. (E) Heatmap of metabolite clusters in primary colon
tumor and liver metastases measured by LC-MS based metabolomics. (F) Representation of
the upregulated glycolysis/gluconeogenesis (top) and pentose phosphate (bottom) pathways
and MS peak intensity of their corresponding intermediate metabolites. *, p<0.05; ***
p<0.001. p-value was calculated based on linear model. (G) Integrated pathway analysis of
transcriptomic and metabolomics data. The significantly enriched (p value < 0.05, fold
change >1) genes from RNA-seq and significantly enriched (p value < 0.05, fold change >1)
metabolites from metabolomics comparing liver metastases samples to primary tumor
samples were integrated by combining hypergeometric test for enrichment analysis and
degree centrality in topology analysis based on gene-metabolite pathways using Metabolyst.
The identified enrichment pathway list is compared with the clinical enriched pathway
(Figure 1D) and the consistently enriched pathways are shown. x axis: p values from
hypergeometric test, y axis: hits refers to the number of upregulated metabolites/genes
overlapping with the ones in the metabolic pathway. Color bar refers to the topology analysis
that calculates the importance of the genes and metabolites on its position within a metabolic
pathway based on degree centrality. See also Figure S1.
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Figure 2. Liver metastases upregulate ALDOB
(A) Paired box plots comparing expression levels of ALDOB, ALDOA, KHK, HK1, HK2

and GLUTS5 between matched samples of normal colon, primary CRC, and liver metastases
from 30 patients in 4 GEO datasets (Table S1A). Dots refer to different samples, and lines
connect the paired samples. Different colors refer to different datasets. ***, p<0.001. p-
values were calculated based on paired linear model using Limma. (B) Analysis of the
expression levels of ALDOB, ALDOA, KHK, HK1, HK2 and GLUT5 in 39 primary colon
carcinoma, 74 liver metastatic and 8 lung metastatic samples from stage IV CRC patients in
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GSE41568. p-values were calculated based on linear model using Limma. ***, p<0.001. See
also Figure S2.
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Figure 3. Liver metastasis upregulates ALDOB in vivo
(A) Schematic and representative IVIS luciferase /n vivo images of the orthotopic/metastatic

cecum injection mouse model. (B-D) Western blot showing ALDOB expression increased in
liver metastases compared to primary cecum tumors derived from cecum-injected HCT116
(B), CRC119 (C) and CRC57 (D) cells. (E) Schematic and representative 1VIS luciferase in
vivo images of simultaneous cecum and intrahepatic injection mouse model. (F-H) Western
blot showing higher ALDOB expression in liver tumors than in cecum tumors from HCT116
(F), CRC119 (G) and CRC57 (H) cells. (I) Schematic of GATA6 binding motif in ALDOB
promoter. (J) ChIP-gPCR showing enrichement of GATAG binding to the ALDOB promoter
in CRC cells isolated from liver metastases compared to those from primary cecum tumors.
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Signals were normalized with Actin (input). The fold changes were calculated by
normalized with IgG control antibody. (K) Western blot showing upregulation of ALDOB in
response to fructose under hypoxia is dependent on GATAG. (L) Western blot showing
GATAG expression in response to fructose under hypoxia. (M) ChIP-gPCR showing
enrichment of GATAG binding to the ALDOB promoter in CRC cells in response to fructose
under hypoxia. Signals were normalized by Actin (input). The fold changes were calculated
based on normalization with 1gG control antibody. Error bars denote s.d. of triplicates. *,
p<0.05; ***, p<0.001. See also Figure S3
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Figure 4. ALDOB regulates fructose metabolism
Tracing analysis using 13C labeled fructose by GC-MS. 13C labeled carbon was analyzed

after cells were incubated in 13C labeled fructose-containing medium (8 mM [U-13C]
fructose, 0 mM glucose) for 24 hours. WT: control; OE: ectopic ALDOB expression. The
bar diagrams show the abundance (%) of isotopomers of glucose (M+5), ribose (M+4),
pyruvate (M+3), alanine (M+3), citrate (M+2), glutamate (M+2), malate (M+2) and
aspartate (M+2). The abundance represents the percentage of the corresponding isotopomer
(e.g. pyruvate M+3) among all isotopomers of the metabolite (e.g. pyruvate: M+0, M+1, M
+2, M+3). The isotopomer distributions have been corrected for natural isotope abundances.
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Error bars denote s.d. of triplicates. p-values were calculated based on Student's t-test. **,
p<0.01; ***, p<0.001. The schematic diagrams show the corresponding isotopomer
transition from 13C labeled fructose, and the red circles represents the number of detected
13C labeled carbons in the intermediate metabolites. For glucose and ribose, the
fragmentation in mass spectrometry resulted in the loss of one carbon, therefore the bar
diagrams denote M+5 for glucose and M+4 for ribose. See also Figure S4.
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Figure 5. Silencing of ALDOB suppresses CRC liver metastasis
(A) Schematic of the cecum injection model. (B-E) Analysis of CRC liver metastasis in

mice with cecum injection of HCT116, CRC119, and CRC57 cells carrying dual luciferase/
fluorescent reporter constructs. Representative IVIS luciferase /n vivoimages (B), bright
field and fluorescent images of livers, and quantification of liver metastasis (C-E) show
ALDOB knockdown suppressed liver metastasis. (F) Schematic of the intrahepatic injection
model. (G and H) Analysis of CRC growth in liver with intrahepatic injection of HCT116,
CRC119, and CRC57 cells carrying dual luciferase/fluorescence reporter constructs.
Representative IVIS luciferase /n vivo images (G) and bright-field and fluorescent images of
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livers (H) show ALDOB knockdown suppressed CRC growth in the liver. (1) Representative
Ki67 staining images and percentage of Ki67+ cells in CRC liver metastases showing
ALDOB knockdown suppressed CRC cells proliferation in the liver. Error bars denote s.d.
of 5 mice per group. ***, p<0.001. p-values were calculated based on one-way ANOVA. See
also Figure S5 and S6.
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Figure 6. Dietary fructose restriction suppresses CRC liver metastasis
(A) Representative 1VIS luciferase /in vivoimages of mice with CRC cell HCT116, CRC119

and CRC57 injected in cecum and fed with a regular diet (Normal), a fructose-high diet
(High), a fructose-restricted diet (Low), or a fructose restricted diet + ALDOB knockdown
(Low+ALDOB KD). (B-D) Bright field and fluorescent images of liver tissue from the mice
in (A). Liver metastasis was quantified using the Image J software. Error bars denote s.d. of
5 mice per group. p-values were calculated based on one-way ANOVA. (E) Survival curves
of mice intrahepatically injected with CRC cells and fed with a regular diet (Normal), a
fructose-high diet (High), a fructose-restricted diet (Low), or a fructose restricted diet +
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ALDOB knockdown (Low+ALDOB KD). p value was calculated in comparison with
normal diet group on the base of log-rank test. **, p<0.01; ***, p<0.001. See also Figure S5
and S6; Table S5.
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